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Abstract

Osteoarthritis (OA) is a chronic degenerative disease of the articulated joint that affects
approximately 10% of men and 18% of women over the age of 60 globally. There is no
cure for OA, and current treatments aim to attenuate the symptoms e.g., non-steroidal
anti-inflammatories are used to manage pain, and in severe cases, surgical intervention
may be necessary. There is currently no validated in vitro model of OA, which limits
understanding of the disease and makes the development of new therapies more

challenging.

Animal models of OA do exist; however, scientists are now expected to adhere to the
“3Rs” principle of animal experimentation: reduce, replace, and refine. The
development of a physiological in vitro model of OA would reduce the need for animal
experimentation and improve the consistency of results obtained using in vitro and in

vivo models.

Development of a typical two-dimensional (2D) in vitro model of OA is challenging as the
key cell types, in particular cartilage cells, often lose their phenotype. Additionally, in
vitro models often focus on only one cell type (predominantly chondrocytes in the case
of OA) which does not give any indication of crosstalk between cartilage and bone cells
(osteoblasts) that becomes dysregulated in articulated joints during OA progression, a

phenomenon which has been recognised in more recent OA research.

With the development of three-dimensional (3D) cell culture technologies, such as self-
assembling supramolecular hydrogels, there is an opportunity to create a physiological
in vitro model of OA using these new materials; 3D models have been shown to maintain
cellular phenotypes and provide opportunities for the co-culture of multiple cell types

and for the creation of direct cellular interfaces.

The research described here aimed to develop a 3D hydrogel co-culture model of OA by
determining the most appropriate cell types and the optimal hydrogel conditions to
recapitulate the articulated joint under both physiological and OA pathological
conditions. Firstly, the most appropriate cell types were identified by analysis of the
expression of genes and proteins associated with healthy and diseased chondrocytes
and osteoblasts using RT-qPCR and immunoblotting techniques. The optimum hydrogel

conditions for growing these cells were determined using RT-qPCR, immunoblotting,
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immunostaining, and dye-based fluorescent staining, across a variety of hydrogel

culture conditions, including hydrogels of varying stiffnesses and composition.

Finally, autophagy, a cellular degradation pathway that plays a key role in OA, and is a
druggable target, was manipulated in vitro using the thiopurine Azathioprine, a potential

novel drug for the treatment of OA.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

AA L-ascorbic acid

AC Articular cartilage

ACAN Aggrecan

ADAMTS A Disintegrin and Metalloproteinase with Thrombospondin motifs
ADAMTS-4 | A Disintegrin and Metalloproteinase with Thrombospondin motifs-4
ADAMTS-5 | A Disintegrin and Metalloproteinase with Thrombospondin motifs-5
ALP Alkaline phosphatase

AMPK AMP-activated protein kinase

ANOVA Analysis of variance

AP-1 Activator protein 1

ATG101 Autophagy-related 101

ATG12 Autophagy-related 12

ATG13 Autophagy-related 13

ATG14 Autophagy-related 14

ATG16 Autophagy-related 16

ATG3 Autophagy-related 3

ATG4 Autophagy-related 4

ATG5 Autophagy-related 5

ATG7 Autophagy-related 7

ATP Adenosine triphosphate

BLC Bone lining cells

BGLAP Osteocalcin

BMP Bone morphogenetic proteins

BMSC Bone marrow stem cells

BMU Basic multicellular unit

BRC Bone-remodelling compartment

BSA Bovine serum albumin

BSP Bone sialoprotein

CCL2 Chemokine ligand 2

CCL5 Chemokine ligand 5

cFMS Macrophage colony stimulating factor receptor
COL10A1 | Collagen type 10 alpha 1 chain

CoL1A1 Collagen type 1 alpha 1 chain

CoL2A1 Collagen type 2 alpha 1 chain

COMP Cartilage oligomeric protein

COX-2 Cyclooxygenase-2

CSF-1 Colony-stimulating factor 1

DAPI 4',6-diamidino-2-phenylindole

DC Detergent compatible

DC-STAMP | Dendritic cell specific transmembrane protein
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DMEM Dulbecco's modified eagle medium

DMM Destabilisation of the medial meniscus
DMP1 Dentin matrix protein 1

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

ECL Enhanced chemiluminescence

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinases
FADD Fas-associated death domain protein

FCS Fetal calf serum

FGF Fibroblast growth factor

FGF23 Fibroblast growth factor 23

FIP200 Focal adhesion kinase family interacting protein of 200 kD
GAG Glucosaminogylcans

GFOGER Type 1 collagen-like binding motif

GP38 Glycoprotein 38

HPA Hydroxyapatite

IGF-I Insulin-like growth factor 1

IHH Indian hedgehog

IKVAV Laminin-like binding motif

IL-1 Interleukin-1

IL-10 Interleukin-10

IL-1B Interleukin-1 beta

IL-6 Interleukin-6

IL-8 Interleukin-8

JNK c-Jun N-terminal kinases

LC3 Microtubule-associated protein 1A/1B-light chain 3
LSB Laemmli sample buffer

LSCM Laser scanning confocal microscopy
MAPK Mitogen-activated protein kinase

M-CSF Macrophage colony-stimulation factor
MEPE Matrix extracellular phosphoglycoprotein
MITF Microphthalmia-associated transcription factor
MMP1 Matrix metalloproteinase-1

MMP13 Matrix metalloproteinase-13

MMP14 Matrix metalloproteinase-14

MMP3 Matrix metalloproteinase-3

MSC Mesenchymal stem cells

MTOR Mammalian target of rapamycin
MTORC1 Mammalian target of rapamycin complex 1
MV Matrix vesicle

NCP Non-collagenous proteins




NFATc1 Nuclear factor of activated T-cells c1

NFkB Nuclear factor kappa-light-chain-enhancer of activated B cells

NHS National health service

NO Nitric oxide

NSAID Nonsteroidal antinflammatory drugs

NTC No template control

OA Osteoarthritis

OCN Osteocalcin

OPG Osteoprotegrin

OPN Osteopontin

P/S Penicillin-streptomycin

PARP poly (ADP-ribose) polymerase

PBS Phosphate buffered saline

PCL Poly (e-caprolactone)

PCR Polymerase chain reaction

PDPN Podoplanin

PE Phosphatidylethanolamine

PEG Poly (ethylene glycol)

PFA Paraformaldehyde

PGE2 Prostaglandin E2

PGLA Poly (D, L-lactide—co-glycolide acid

PHEX Phosphate-regulating gene with homologies to endopeptidases on the X
chromosome

PI Propidium lodide

PI3K Phosphatidylinositol 3-kinase

POSTN Periostin

PO,3 Phosphate

PPF Poly(propylene fumarate)

PTH Parathyroid hormone

PU.1 Transcription factor PU.1

RANK Receptor activator of nuclear kf3

RANKL receptor activator of nuclear kp ligand

RER Rough-endoplasmic reticulum

RGD Fibronectin-like binding motif

RIN RNA integrity number

RIPA Radio-immunoprecipitation buffer

RNA Ribonucleic acid

RNA Ribonucleic acid

ROS Reactive oxygen species

RT Reverse transcription

RUNX2 Runt-related transcription factor 2

SCB Subchondral bone

SLRPS Small leucine-rich proteoglycans

SOST Sclerostin




SOX5 Sex-determining region Y-box 5

SOX6 Sex-determining region Y-box 6

SOX9 Sex-determining region Y-box 9

TGF-B Transforming growth factor-beta
TGF-B3 Transforming growth factor-beta 3
TIMP1 Tissue inhibitor of metalloproteinase-1
TNFR-1 Tissue inhibitor of metalloproteinase-1
TNFR-2 Tissue inhibitor of metalloproteinase-2
TNF-a Tumour necrosis factor-alpha

TRADD TNFR-1 associated death domain
TRAF2 TNF receptor-associated factor 2

TRAP Tartrate-resistant acid phosphatase
UBL Ubiquitin-like

UK United Kingdom

ULK1 Unc-51-like kinase

UPR Unfolded protein response

USA United States of America

VEGF Vascular endothelial growth factor
VEGFA Vascular endothelial growth factor A
VPS15 Vacuolar protein sorting 15

VPS34 Vacuolar protein sorting 34

B-GP Beta-glycerophosphate
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1 Chapter 1: Background

1.1 Preface

Osteoarthritis (OA) is a chronic degenerative disease that impacts over one-third of UK
residents over the age of 45, with this number increasing due to growing rates of obesity
and an ageing population [1]. Various risk factors exist for OA including age, obesity,
physical trauma [2], genetic disposition [3] and “wear and tear” on articular - particularly
synovial joints. Patients who suffer from OA experience progressive loss of articular
cartilage (AC) and thickening of subchondral bone (SCB). These processes are
perpetuated by abnormal cartilage restoration and bone remodelling that ultimately
leads to patient disability [4]. OA presents clinical symptoms such as pain, stiffness,
swelling and decreased range of motion and eventually, disability [4—6]. Unfortunately,
there are currently no effective treatments for OA. Management of the condition
typically involves the attenuation of symptoms via anti-inflammatory medications with
disease progression resulting in invasive surgical interventions such as arthroplasty.
Previous research has primarily considered AC degradation as the main driving factor in
OA pathogenesis however more recently, research has shown that SCB also plays a key
role in this process. This has led to the hypothesis that OA should be considered a
disease of the whole joint manifesting as a result of interactions between both the SCB
and AC. There are currently no in vitro models available to test this hypothesis,
potentially due to the drawbacks associated with two-dimensional (2D) in vitro
modelling of the disease, therefore this thesis will aim to detail the development of a
novel three-dimensional (3D) in vitro model of OA to investigate bone-cartilage crosstalk

under pathological conditions.

1.2 The articular joint

1.2.1 Overview of articular joints

Joints exist within the body to connect the individual bones of the skeleton, providing
support and leverage that allows for locomotion by facilitating the movement of
multiple components of the musculoskeletal system as a single functional unit. The

synovial joint or, diarthrodial joint, is a highly specialised anatomical region that allows
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for simple as well as complex movement, these joints can be found throughout the body
in a variety of locations including the hip and knee. Synovial joints are defined by the
variety of tissues found throughout the joint space and the conglomeration of these
tissues with each providing important components integral to joint stability, movement,
and flexibility [7]. Within the diarthrodial joint space, a cartilaginous interface can be
found between the bones involved in articulated movement and this interface is
encased in a synovial membrane filled with synovial fluid. Each of these tissues
possesses unique structural properties that collectively provide support, strength and
shock absorption against compressive forces and impact, which occur during normal

movement and locomotion (Figure 1).

Subchondral trabeculag ———~—»

Fibrous capsule —» [ - Subchondral bone plate
\\‘—4—’#“"—\. . \
Joint cavity (contains Synovial membrane

synovial fluid) | T — Articular cartilage

Created in BioRender.com bio

Figure 1. General synovial joint. Figure adapted from Prekasan and Saju (2016) [8] and created using

BioRender.

1.2.2 Subchondral bone and the synovial joint

Bone is an adaptive tissue that serves a variety of functions within the body; some of
which are apparent, for example, structural support, permission of movement and

protection. Additionally, bone enacts several complex functions including mineral
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homeostasis, growth factor and cytokine regulation [9], and haematopoiesis linking this
tissue to immune processes [10]. Within the synovial joint, bone is found below the
articular cartilage and here it is known as the subchondral bone (SCB). This SCB provides
mechanical strength to the joint and is directly linked to the calcified cartilage and hard

diaphysis in long bones, giving it a critical role in impact absorption; a function derived

from its unique architecture (Figure 2) [11].

Figure 2. The AC-SCB interface. Four distinct regions of AC can be found within a synovial joint, these are
found interfacing with the bone underneath the cartilage known as subchondral bone. Figure adapted

from Mahjoub et. al. (2012) [12] using Servier Medical Art.

The SCB is separated from the calcified cartilage by a region known as the tidemark
which interfaces directly with what is known as the SCB plate; a layer of bone with
location-dependent variation in thickness ranging from 10um to 3mm. Thinner regions
of the SCB plate are generally comprised of appositional layers of trabecular bone with
low numbers of haversian canals [13]. Trabecular bone is also found in the medullary
cavity (Figure 3) and is known for its complex networked structure, around 20% of this
tissue is comprised of bone with the remaining volume being made up of bone marrow
and fat [14]. Trabecular bone provides flexibility and load transference and is also

important for bone and cartilage nutrient supply, as inferred by its metabolic activity,
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porosity, vascularization, and innervation [14—16]. Thicker regions of the SCB plate are
structurally like compact bone. Compact bone is an extremely strong and dense material
characterised by the presence of high numbers of osteons (Figure 3) [13, 17]. These
osteons are comprised of concentric lamellae of cortical bone that provide strong
support against multi-directional shearing and permit the direct connection between
arteries, veins and nerves of SCB to the AC [15, 18]. Notably, the shape and diameter of
these osteons are governed by both ageing and compressive forces being relayed

through the joint [19].
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Figure 3. Ultrastructure of trabecular and cortical bone. Note that cortical bone image details structures
in a transverse orientation however osteons are shown from a sagittal axial view. Figure adapted from El-

Ganzuri et. al. (2016) [20]. using Servier Medical Art.

Itis the combined assets of both trabecular and cortical bone that give the SCB its unique
load-bearing properties with the compact SCB plate providing a solid platform for
support, and the trabecular bone providing elasticity and shock absorption. These
properties stem from the SCB being biphasic; it possesses both inorganic and organic
components which yield specific, beneficial mechanical properties. The inorganic matrix
consists of calcium (Ca?*) and phosphate (PO4*) crystals deposited on an organic matrix

in the form of hydroxyapatite (Cas(POa4)3(OH)) which provides a rigid structure. The
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organic component of the matrix (osteoid) is comprised primarily of collagen type |
(~90% of the osteoid) as well as proteoglycans and glycosaminoglycans that form an
elastic, supple material [13, 18]. Additionally, the organic matrix contains other non-
collagenous proteins (NCPs) such as periostin, osteocalcin and alkaline phosphatase;
markers of extracellular matrix formation and mineralization [21-24]. Synthesis of this
organic matrix and subsequent mineralization is achieved via tightly regulated processes
that can be induced in response to mechanical bone loading. This allows for the
resorption of old bone and deposition of new bone in response to stress in accordance
with Wolff’s Law. Wolff’s Law states that bone will adapt in response to the loading
under which it is subjected, thus resulting in the formation of new bone along lines of
stress [13]. This process of modelling and remodelling primarily involves three different
terminally differentiated cell types: osteoblasts (bone-building cells), osteoclasts (bone-

resorbing cells) and osteocytes (bone-signalling cells) [24, 25].

1.2.3 Osteoblasts, osteoclasts, and osteocytes

1.2.3.1 Osteoblasts

The synthesis of a new organic matrix and its subsequent mineralization is carried out
by cells known as osteoblasts. Osteoblasts are mononuclear, cuboidal cells derived from
mesenchymal stem cells (MSCs) [26]. These cells can be found around the surface of the
bone and display features commonly associated with protein-synthesising cells such as
plentiful rough-endoplasmic reticulum (RER) and prominent Golgi apparatus and a
variety of secretory vesicles [27]. Osteoblast differentiation is regulated by a variety of
transcription factors including runt-related transcription factor-2 (Runx2), osterix (Osx),
the activator protein (AP-1) family, activating transcription factor 4 (Atf4), B-catenin.
Runx2 and Osx are considered the two primary transcription factors for maturation with
Runx2 being considered a master regulator of osteoblast differentiation as Runx-2
knockout mice are found bereft of osteoblasts entirely [28]. The differentiation process
itself is influenced by hormones, growth factors (GFs) and cytokines such as parathyroid
hormone (PTH), parathyroid hormone-related proteins (PTHrPs), insulin-like growth
factor | (IGF-I), bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs),

as well as Wingless (Wnt) and notch signalling.
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Both Runx2 and Osx factors have a role in early-stage differentiation with Runx2
upregulating the expression of genes associated with matrix production including bone
sialoprotein (BSP), collagen | (COL1A1), osteocalcin (OCN), alkaline phosphatase (ALP)
and osteopontin (OPN); with Osx potentiating this process [29, 30]. It is worth noting
that during late-stage differentiation, Runx-2 has been shown to inhibit the final
maturation of bone cells resulting in the impairment of bone matrix production and
mineralization, whereas Osx has been shown to be necessary for these processes [30,

31].

Osteoblast differentiation is characterised by the formation of a collection of osteoblast
progenitor cells which express both Runx2 and Coll1A1l, this is then followed by
proliferation with osteoblast progenitors expressing ALP activity and are at this stage
considered pre-osteoblasts [27]. The transition to mature osteoblast is characterised by
an increase in Osx expression [30], subsequent secretion of bone matrix proteins such
as collagen I, OCN and bone sialoproteins | and Il (BSP-I, BSP-II) [29] as well as an

accompanying cuboidal morphological change [32].

1.2.3.2 Bone lining cells

Bone lining cells (BLC) are osteoblasts which have become quiescent and can be found
upon most trabecular and cortical bone surfaces. These cells are observed as a flat layer
with a seam of the non-mineralized matrix. The cytoplasm is found to be extended along
the bone surface with cell processes extending into the canaliculi and forming gap
junctions with other BLCs and osteocytes [33]. Once stimulated the quiescent cells are
activated, becoming larger, cuboidal in shape, and reacquiring their secretory activity.
Activated BLCs can produce a variety of matrix-degrading enzymes and their associated
inhibitors including matrix-metalloproteinase-13 (MMP-13), MMP14 and tissue
inhibitor of metalloproteinase-1 (TIMP1) [34]. Additionally, BLCs can promote and
inhibit osteoclastogenesis by expressing receptor activator of nuclear kB ligand (RANKL)
and osteoprotegerin (OPG). It is suggested that these cells may act as a mechanical
barrier preventing inappropriate resorption of bone during remodelling whilst isolating
osteoclastic activity from the bone marrow by creating a bone-remodelling

compartment (BRC) [35]
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1.2.3.3 Osteocytes

Osteocytes comprise around 95% of all bone cells present in mammalian bones. These
cells are considered to have critical roles in bone remodelling, displaying
mechanosensory properties and the ability to interact with both osteoblasts and
osteoclasts [36, 37]. These cells are derived from osteoblasts which become embedded
within the osteoblastic organic matrix that they secrete; ultimately becoming entombed
once this matrix mineralizes [38]. Entombed osteocytes are found within lacunae
displaying a dendritic morphology. These dendrites spread throughout canaliculiin bone
— tunnels that connect cells on the bone to the vasculature, creating what is known as
the lacunocanalicular network [39, 40] Interestingly, the morphology of the cell body
differs depending on what type of bone they are found within; trabecular bone-derived
osteocytes have a rounded shape whereas those found in cortical bone display an
elongated morphology [41]. It is considered that osteocytogenesis is marked by four
individual stages of transition from the osteoblast precursor: osteoid-osteocyte,
preosteocyte, young osteocyte and mature osteocyte [38]. The shift from osteoblast to
osteocyte is accompanied by a distinct shift in genetic profile with a downregulation in
osteoblast markers such as collagen | and alkaline phosphatase, and an upregulation of
specific genes and their associated proteins such as dentin matrix protein 1 (DMP1),
E11/GP38/podoplanin, FGF-23, matrix extracellular phosphoglycoprotein (MEPE),
phosphate-regulating gene with homologies to endopeptidases on the X chromosome
(PHEX) [42—45]. Once maturation has been achieved, the expression of genes such as
SOST and its protein counterpart sclerostin can also be detected [46]. In addition to
upregulating the aforementioned genes and their protein counterparts, osteocytes are
found upregulating proteins related to cytoskeletal function such as destrin,

macrophage capping protein (CapG), and E11 [47, 48].

1.2.3.4 Osteoclasts

Osteoclasts are the product of the fusion of mononuclear cells of a hematopoietic stem
cell lineage, creating large multinucleated, terminally differentiated cells that are
responsible for the resorption of bone [27]. This fusion is driven by cytokines such as

macrophage colony-stimulation factor (M-CSF) which is produced by osteoprogenitor
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mesenchymal cells (MSCs) and osteoblasts, and receptor-activator of nuclear factor k-
ligand (RANKL) which is also produced by osteoblasts, osteocytes and stromal cells. M-
CSF targets the receptor cFMS which works to promote proliferation of osteoclast
precursor cells and inhibit their apoptosis [49]. RANKL is part of a resorption regulating
system alongside its receptor, receptor activator of nuclear factor-kappa B (RANK), the
inhibitor of RANKL, and OPG. RANKL directly binds to RANK inducing osteoclast
formation [50]. However, the soluble receptor OPG, produced by osteoblasts and
osteocytes can directly bind to RANKL and inhibit the RANK/RANKL interaction,
preventing its osteoclastogenic effects [51, 52]. In addition to directly promoting
osteoclastogenesis, the RANK/RANKL interaction induces the upregulation of other
osteoclastogenic transcription factors such as the nuclear factor of activated T-cells c1
(NFATc1). NFATc1 interacts with transcription factors PU.1, cFos and MITF to induce
osteoclast genes TRAP and cathepsin K [53]. It also upregulates the expression of DC-
STAMP, a transcription factor that is vital for precursor fusion [54]. Once osteoclasts
have formed and become activated upon a bone substrate, these cells polarize and
subsequently form four distinct domains: the sealing zone, the ruffled border, the
basolateral domain, and the functional secretory domain [55]. Both the sealing zone and
ruffled border are in direct contact with the bone surface, and it is here resorption takes
place. The sealing zone is an organelle-free zone that is characterised by the presence
of an F-actin ring [56] and separates the osteoclast cell body and organelles from the
ruffled border [55]. The ruffled border is formed due to lysosome and endosome
trafficking, a vacuolar-type H*-ATPase proton pump helps acidify the area of resorption
[56], known as the lacuna, allowing the breakdown of apatite crystals via osteoclastic
release of protons and enzymes such as tartare-resistant acid phosphatase (TRAP),

cathepsin K and matrix metalloproteinase-9 (MMP-9) [57, 58].

1.2.4 Bone matrix deposition and mineralization

Formation of the bone matrix by osteoblasts occurs in two phases: the deposition of an
organic matrix, followed by the mineralization of this matrix. The organic matrix also
known as, “osteoid” is a dense substance comprised of cross-linked type | collagen
supplemented with smaller non-collagenous proteins such as osteocalcin in addition to
proteoglycans such as decorin and biglycan [59]. In this matrix, collagen | is arranged
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into fibrillar structures with characteristic periodic banding, appearing as large rod-like
structures. This macrostructure is achieved by the formation of a collagen triple helix.
The triple helical structure here is achieved by the assembly of three parallel polypeptide
strands forming a left-handed helix that is facilitated by repeating sequences of Xaa-Yaa-
glycine in which X and Y are often proline or hydroxyproline residues followed by any
amino acid [60, 61]. These polypeptides are arranged in a heterotrimeric fashion with
two similar a-1 chains and an a-2 chain [59] and are configured in large parallel arrays
with overlapping regions and “gap” or “hole” zones [59]. These zones are important for
the mineralization process. NCPs such as osteocalcin are also important for the
mineralization process. Osteocalcin is a low molecular weight protein (~5.8kDa) found
only in bone and teeth. The presence of three y-carboxyglutamic acid residues within
the structure of OCN provides calcium-binding properties conveying an affinity for
hydroxyapatite [62]. Research has shown that impairment of OCN function via
incomplete carboxylation leads to an increased chance of osteoporosis [63] however
OCN deficient mice display increased bone mass and functional quality [64]. Therefore,
a regulatory role has been suggested for this protein which is further highlighted by its
ability to act in an endocrine fashion by stimulating the B-cells of the pancreas to
produce insulin which may be a pro-osteoblastic agent [65]. Proteoglycans such as
decorin and biglycan belong to the small leucine-rich proteoglycans (SLRPSs) family and
have been shown to have an established function in regard to matrix structure and
mineralization. Decorin is found throughout most collagenous matrices with its key
function being that of collagen fibril assembly [66], disruption of the gene responsible
for decorin production yields abnormal collagen structure and was shown to induce skin
fragility in rat models [67]. Additionally, it has been shown that decorin may play a role
in mineralization with high levels delaying and low levels accelerating the mineralization
process [68]. Studies have shown decorin localizing to collagen fibrils at the osteoid
border with calcification fusing these fibrils and causing a decrease of decorin around
these fibrils [69]. Biglycan similarly to decorin is involved in collagen fibril assembly with
ablation variation in collagen fibre size, shape, and arrangement [70] but may also affect
osteogenesis. Biglycan deficiency has been shown to effect bone morphogenetic
protein-4 (BMP-4) signalling — a member of the TGF-B family of cytokines — reducing

Runx2 expression and therefore reducing osteoblast differentiation.
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Bone mineralization involves the deposition of minerals onto the organic matrix
substrate. In this process, calcium (Ca®*) and phosphate (PO4*) crystals are deposited in
the form of hydroxyapatite (Cas(PO4)3(OH)). These mineral deposits have been found to
be site specific within the collagen fibril: in the intrafibrillar gap spaces where carboxy-
and amino-terminal ends of serially arranged collagen triple helices meet and
interfibrillar spaces between the fibrils [71]. The exact mechanism by which
mineralization occurs is unknown; however, there are two main theories that account
for this process: collagen template-mediated mineralization and matrix vesicle-

mediated matrix mineralization.

Collagen template-mediated mineralization involves the direct nucleation and
deposition of CaPO4 crystals onto specific regions within the collagen fibrils. These
crystals then diffuse throughout the collagen fibrils creating an amorphous phase which
is then transformed into oriented apatite crystals which is coordinated by the collagen

fibre arrangement [72].

Alternatively, the matrix vesicle (MV)-mediated mineralization process involves the
secretion of extracellular vesicles from cells such as osteoblasts, chondrocytes and
odontoblasts [73]. These MVs are small (~¥100nm in diameter) particles that are
produced via budding from the cell membrane [74]. MVs initiate mineralization by
drawing Ca?* that is pulled into the MV structure such as calcium-binding acidic
phospholipids i.e., phosphatidyl serine [75]. Local intravesicular and perivesicular
phosphate concentrations are raised by membrane-bound enriched phosphohydrolases
such as alkaline phosphatase (ALPL) [76]. The uptake of phosphate is also facilitated by
a sodium-dependent phosphate transporter that is present in MVs [77]. This
accumulation of Ca?* and PO4* leads to the precipitation of the first CaPO4 mineral
deposits within the MV, eventually leading to hydroxyapatite formation [74]. Once
hydroxyapatite crystals have been formed, these are released from the MV into the
extravesicular environment, MV binding to ECM collagens Il and X which may act as a
bridge for crystal propagation into the extravesicular matrix [78]. Upon mineral release,
vesicular mineralization would occur followed by extravesicular collagen mineralization
[79] which possesses distinct temporospatial characteristics. The mineral is first seen
deposited in and on the collagen in a localized manner, and subsequently engulfing the

remainder of the fibre as time progresses [79].
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Mineralization processes are regulated by serum concentrations of both calcium and
phosphate. Deprivation of calcium can be seen to cause rickets, with symptoms
including progressive genu valgum due to the bone being soft and under-mineralized
[80]. Inorganic pyrophosphate (PPi) acts as an inhibitor to mineralization by preventing
the incorporation of calcium and inorganic phosphate into apatite crystals however the
ectoenzyme alkaline phosphatase (ALPL) acts to hydrolyse PPi into inorganic phosphate

(Pi). With an increasing Pi/PPi ratio, the mineralization process is promoted [81].

1.2.5 Bone Remodelling

Bone remodelling is a multi-step process involving osteoblasts, osteoclasts and
osteocytes. Osteoblasts and osteoclasts form a basic multicellular unit (BMU) which is
responsible for osteoclastic degradation (resorption) of old bone matrix and subsequent
osteoblastic deposition of new bone matrix. This process is regulated by factors in the
cellular microenvironment or in response to mechanical stimulation of osteocytes
achieved by locomotion or trauma [24, 25]. Remodelling is a multi-step process that
involves an activation phase, a resorption phase, a reverse phase, a formation phase,

and a termination phase [82].

The activation phase involves the stimulation of bone lining cells via mechanical
stimulation detected by osteocytes [83], or by factors released into the bone
microenvironment such as the serum-calcium regulator: parathyroid hormone (PTH).
Stimulation of the bone lining cells results in a cascade of signalling events that begins

the process of bone resorption.

The resorption phase involves the recruitment of osteoclast precursors via osteoblast-
produced chemokines such as monocyte chemoattractant protein-1 (MCP-1) [84]. In
addition to this, increased osteoblastic expression of colony-stimulating factor-1 (CSF-1)
and receptor activator of nuclear kB ligand (RANKL). CSF-1 expression results in an
increase in proliferation and survival of osteoclast precursors whilst RANKL interacts
with its receptor, receptor activator of nuclear kB (RANK) [85, 86]. RANK is present on
the surface of pre-osteoclasts and RANK-RANKL interaction drives these cells toward a
differentiated multinucleated state via pre-osteoclast fusion. Throughout this phase

expression of osteoprotegrin (OPG) a known osteoclastogenesis inhibitor is down-
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regulated [86]. Subsequently, a catabolic phenotype is induced in which osteoblasts
upregulate matrix metalloproteinases (MMPs) [87] such as MMP-13 [88]. These MMPs
degrade the unmineralized osteoid that lines the bone surface and exposes arginine,
glycine and aspartate (RGD) adhesion sites found on the underlying mineralized bone
which facilitates osteoclast attachment [89]. Once bound to these sites the osteoclasts
create a clear zone, or sealed zone — a microenvironment in which controlled resorption
of the bone can occur. Osteoclasts will then work to acidify this microenvironment via
the release of hydrogen ions (H*). In this instance, acidification serves two functions: to
leech the mineral component of the bone and to increase the activity of specific
osteoclast-derived enzymes such as the collagenolytic cathepsin K [90]. This bipartite
process ensures that the mineral and organic components of bone are appropriately
degraded and resorbed, leaving resorption pits known as Howship’s lacunae [91]. This

leads to the reversal phase.

Once resorption and formation of the Howship’s lacunae have occurred, the reversal
phase occurs. Reversal is conducted by a mononuclear cell of unknown origin and there
is contention as to whether this process is undertaken by cells derived from an
osteoblastic lineage [92], monocytic lineage [93] or is in fact conducted by cells from
both lineages in tandem [89]. This unknown cell clears any undigested, de-mineralized
matrix and then prepares the leftover mineralized surface for new bone formation
achieved by the creation of an osteopontin-rich cement line upon which collagen is

deposited.

The formation phase of bone remodelling may be induced by resorption-formation
coupling factors released from resorbed bone, or from cells actively involved in the
remodelling process. Growth factors such as the osteotropic transforming growth factor
beta-1 (TGF-B) may be liberated from resorbed bone and have been shown to induce
coupling between resorption and formation [94]. Osteoclasts have been shown to
directly produce coupling signals in the form of soluble molecules such as sphingosine
1-phosphate which induces osteoblast precursor recruitment and promotes mature
osteoblast survival [95]. Additionally, osteoclasts may be responsible for coupling via
direct interactions with osteoblasts via the EphB4-ephrin-B2 bidirectional signalling
complex. Osteoclasts express the ephrin-B2 ligand with which osteoblastic EphB4

receptors interact; this interaction is bidirectional and can either: enhance osteogenic
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differentiation whilst also inhibiting osteoclastogenesis, or conversely, enhance
osteoclastogenesis and inhibit osteogenesis [96]. Mechanical or PTH stimulation of
osteocytes may also link the resorption-formation process as both stimuli have been
found to decrease the production of sclerostin — a known inhibitor of bone formation

produced in osteocytes [97, 98].

Once formation has been induced osteoblastic precursors will return to the resorption
lacunae and differentiate. At this stage, they will produce molecules associated with the
organic bone matrix such as collagen | as well as non-collagenous proteins and this
matrix will subsequently become mineralized with the mature osteoblasts either
becoming apoptotic, transitioning to a bone lining cell phenotype, or becoming

embedded within the bone and differentiating into an osteocyte [89].

1.2.6 Cartilage and the articular joint

In articulated joints, hyaline cartilage is found in the joint space sheathing bone surfaces
— acting as a barrier providing lubrication and shock absorption [99]. This cartilage is
comprised of sparsely distributed chondrocytes surrounded by a thick extracellular
matrix (ECM), split into four distinct zones: superficial, intermediate, radial, and
calcified, with each of these zones possessing properties that are unique and

necessitated by cartilage function (Figure 4) [12, 100].
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Figure 4. Three-dimensional representation of the AC-SCB interface. The articular cartilage is split into
four distinct zones, the superficial zone, intermediate zone, radial zone, and calcified zone. The tidemark
denotes the interfacial region between the AC and SCB. Main structural molecules are highlighted along
with their appropriate orientations which can be seen to be unique in each separate cartilage region. The
orientation and phenotype of chondrocytes can also be seen to differ throughout the AC. Figure adapted

from Baumann et. al. (2019) [101]. using Servier Medical Art.

1.2.7 Chondrocytes

Development of the articular joint and cartilage is dependent on MSCs that progressively
differentiate through various chondrocyte stages, each with a different role and function
in development [100, 102]. Chondrocytes are mononuclear cells responsible for the
deposition of the cartilaginous matrix; synthesising collagen, glycoproteins,
proteoglycans and hyaluronan [103]. During the process of endochondral ossification
and articular cartilage formation, these cells transition through various stages of activity,
altering their morphology, as well as gene and protein expression profiles. Once a limb
has fully developed these cells are then only active in regions known as the growth plate
and AC [102, 104]. Although AC chondrocytes are metabolically active, the level of
metabolic turnover they experience is low due to their aneural, avascular, alymphatic
microenvironment which is particularly hypoxic. Chondrocytes are therefore dependent

on nutrient diffusion through the ECM [105].
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1.2.8 Articular cartilage formation

AC is produced because of the embryonic development of the appendicular skeleton.
Most of the appendicular human skeleton is formed during embryonic development as
a hyaline cartilaginous anlage (Figure 5) [102], with AC forming at the end of many of
these ossified structures to facilitate skeletal movement and provide support creating
articular joints. Endochondral ossification is initiated via the condensation of MSCs
characterised by an increase in expression of the transcription factor SOX9, a key
chondrogenic regulator. This condensation eventually produces a cartilage primordium
containing immature chondrocytes [106, 107]. These immature chondrocytes no longer
undergo the regular cell cycle and increase in volume dramatically becoming what is
known as hypertrophic chondrocytes [108]. As cartilage grows longitudinally,
chondrocytes continually differentiate into hypertrophic chondrocytes and are
eventually replaced by bone in the primary ossification centre. Production and
maturation of chondrocytes then become limited to the epiphysis of the developing
structure a region known as the growth plate; a secondary ossification centre forms here
and separates the growth plate from the distal region of long bones. Throughout the
process of chondrocyte hypertrophy, longitudinal extension, growth plate formation
and resultant AC formation, chondrocytes change between distinct expression profiles
in a progressive manner, altering the properties of the developing skeletal element and
articular joint [106]. Small, rounded chondrocytes in the epiphyseal region give rise to
flattened immature chondrocytes expressing chondrogenic transcription factors SOX5,
SOX6 and SOX9, as well as Col2al and aggrecan (ACAN). These cells mature into pre-
hypertrophic chondrocytes that are characterised by the expression of the parathyroid
hormone 1 receptor (Pthlr) and the cell signalling protein Indian hedgehog (IHH).
Further maturation occurs with pre-hypertrophic chondrocytes becoming early
hypertrophic chondrocytes characterised by expression of Col10al. Throughout this
transition through hypertrophic states, the expression of SOX5, SOX6 and SOX9 as well
as Col2al and Acan. Pre-hypertrophic chondrocytes eventually mature once more into
late hypertrophic chondrocytes expressing vascular endothelial growth factor (VEGFA),
MMP-13 and OPN. The expression of VEGFA and MMP-13 promotes blood vessel
formation and matrix remodelling, allowing endothelial cells, osteoblasts, and
osteoblast precursors to infiltrate the tissue. These cells work in tandem with

perichondrium-derived osteoblasts to remodel the growth plate and form trabecular
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bone [109, 110]. These endochondral structures are mapped during articular joint
formation, with presumptive articular joint spaces in the cartilaginous anlagen becoming
marked by an inter-zone of mesenchyme which will act as the site of stable articular
cartilage formation. This area is indicated by the presence of flat mesenchymal cells
[102] and the removal of this site results in no joint formation, highlighting its
importance [111]. These interzone cells are chondrocyte-derived, however, they can be
characterised by a cessation in Col2al expression [112] and expression of growth
differentiation factor-5 (Gdf-5) and versican at each presumptive articular joint site [113,
114]. These inter-zones differentiate into three layers: two chondrogenic layers which
will cover the surfaces of the opposing developing skeletal structures and an
intermediate layer that exists between these chondrogenic layers [102]. The exact
mechanism of articular cartilage formation following these processes is not fully
elucidated, however, it has been suggested that the aforementioned chondrogenic
layers are incorporated into bone epiphysis, whereas cells from the intermediate layer
differentiate to become articular chondrocytes, creating a layered structure that
eventually transitions in to mature articular cartilage creating two distinct borders
between anlagen structures and resulting in joint cavitation [115]. Research has
suggested that articular cartilage develops in an appositional manner, with new articular
cartilage chondrocytes developing at the articular surface, expanding in the
intermediate zone, and becoming terminally differentiated in the radial zone creating
mature articular cartilage [116]. Upon maturation, AC takes on a very distinct and varied
phenotype and genotype within the tissue itself, creating a unique structure

necessitated by its’ function [100].
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Figure 5. Schematic showing synovial joint formation using the digit as an example articulated structure

(A-F). (A) Initial condensations of mesenchymal chondroprogenitors forming an uninterrupted anlage. (B)
The joint site is determined by currently unknown mechanisms, potentially Hox genes. (C) The interzone
forms via the clustering of mesenchymal cells creating a distinct region in which the joint will form,
simultaneously mesenchymal cells making up the remainder of the anlage differentiate into chondrocytes
and produce the cartilaginous template for the skeleton. (D) Cavitation begins and leads to the separation
of the anlagen. (E) Anlagen at each side of the newly formed cavity begins to change shape and form
complimentary interlocking structures. (F) Distinct tissues form and create a cohesive joint structure. This
entire process is continuous, and the above schematic highlights a stepwise process for descriptive

purposes. Figure adapted from Pacifi et. al. (2005) [104] using Servier Medical Art.

1.2.9 Mature articular cartilage and maintenance

The mature AC ECM consists of predominantly type Il collagen, glycoproteins,
proteoglycans such as aggrecan, and water; these yield strong tensile properties whilst
keeping the matrix flexible [99]. Type Il collagen exists as the main structural component
of the AC. It is structurally similar to type | collagen as detailed in section 1.1.4. existing
as a large, fibrillar, trimeric molecule. However, type Il collagen is a homotrimeric
molecule comprised of three a-1 collagen chains compared to type | collagen’s
heterotrimeric two a-1 chains and one a-2 chain [117]. The most abundant proteoglycan
in cartilage is aggrecan. Aggrecan directly binds to hyaluronan which is bound to

collagen fibrils [118]. Aggrecan contains many glycosaminoglycans including chondroitin
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and keratan sulphate which provide this molecule with an overall negative charge which
helps the cartilage retain water and therefore create osmotic pressure giving cartilage
properties that allow it to resist deformation and compression [118]. AC contains other
non-collagenous molecules such as the glycoproteins lubricin and cartilage oligomeric
matrix protein (COMP). Lubricin functions to provide lubrication of the articular surface
[119] whereas COMP interacts with a variety of other ECM components such as collagen
type | and Il helping retain matrix structure and microfibril formation within the
ECM[120, 121]. Glycosaminoglycans such as hyaluronan are also key components of the
ECM. Hyaluronan has lubricant properties [122], but in addition to this, provides
mechanical stiffness and acts as an intermediate binding molecule between aggrecan

and the collagen network [123].

The AC can be split into four distinct zones: superficial, intermediate, radial, and
calcified. Chondrocyte morphology, as well as ECM matrix composition and structure,
has been found to change depending on which region in the articular cartilage the
chondrocytes are located. The superficial zone contains flattened chondrocytes
arranged amongst collagen fibres that run parallel to the joint surface providing shear
stress resistance [100]. In the intermediate zone, chondrocytes are found to be more
rounded and dispersed amongst a randomly organised collagen network. In both the
superficial and intermediate zones, the chondrocytes show a differentiated phenotype
with the high secretion of collagen type Il, IX and XI as well as proteoglycans [12, 124].
In contrast, the radial zone is characterised by collagen fibres which extend through the
matrix arranged perpendicular to the joint surface, where terminally differentiated,
chondrocytes are found arranged in columns and expressing hypertrophy markers:
predominantly collagen type X [12, 124, 125]. Below the radial zone, the tidemark can
be found which splits non-mineralized cartilage from the calcified cartilage [126]. Finally,
the calcified zone acts as an interface between mineralized cartilage and subchondral
bone. This region contains hypertrophic chondrocytes which also express collagen type
X [12, 125]. Collagen type X is associated with the regulation of proteolytic enzymes
which act to remove the cartilage ECM paving the way for vascularisation, innervation

and calcification ultimately facilitating bone growth and turnover [12, 124, 127].

Once developed, mature AC exists as a permanent tissue, which differs from the

transient cartilage involved in the process of skeletal development and endochondral
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ossification; their capacity to undergo proliferation, maturation and hypertrophy is
greatly diminished. However, under disease conditions, such as those found in OA [100].
Under OA conditions articular chondrocytes can take on a genotypic profile similar to
those found in the growth plate and can display a hypertrophic phenotype as well as a
catabolic activity associated with bone-cartilage remodelling, this ultimately results in

the degradation of the AC [100, 128, 129].

1.3 Osteoarthritis overview

OA is a chronic degenerative disease that results in the progressive loss of articular joint
cartilage and thickening of SCB and is perpetuated by abnormal cartilage restoration and
bone remodelling that ultimately leads to patient disability (Figure 6) [4, 130]. As OA
progresses the condition is characterised by joint space narrowing, as well as the
formation of bone marrow lesions, cysts, and tidemark duplication [131-133].
Additionally, the calcified cartilage region is found to increase in volume and is subject
to vascular penetration which eventually reaches the non-calcified articular cartilage.
Outside of the osteochondral tissues, the synovium surrounding these tissues is often
found inflamed, undergoing fibrosis and vascularisation [134, 135]. OA presents clinical
symptoms such as pain, stiffness, swelling and decreased range of motion [5, 130].
Various risk factors exist for OA including age, obesity, physical trauma, and genetic
disposition [2, 3]. Despite this obscured aetiology, the pathology of osteoarthritis
follows a similar phenotype regardless of cause. Cartilage degradation and bone

remodelling are key driving factors in disease onset and progression.

35



Figure 6. Three-dimensional diagram displaying the structure of the AC-SCB interface and how these
differ between healthy and OA cartilage. OA results in the loss of superficial and intermediate cartilage.
Blood vessels can be seen to penetrate the articular cartilage from the underlying subchondral bone.
Additionally, subchondral bone may also penetrate the articular cartilage space in the form of
osteophytes. These processes can result in loss of mobility and further degradation of the joint tissues.

Figure adapted from Baumann et. al. (2019) [101] using Servier Medical Art.

1.3.1 Osteoarthritis and bone

OA impacts both bone and cartilage and therefore should be considered a disease of the
whole joint. Beneath the AC and tidemark region SCB exists in two discrete structures —
the SCB plate and the subchondral trabeculae [136]. The SCB plate is a porous calcified
bone plate through which many blood vessels and nerve fibres extend. These blood
vessels and nerve fibres are responsible for providing nutritional support to the cartilage
and the SCB calcified plate and trabeculae provide structural support [136]. Increasing
evidence is suggesting that bone may in fact play a role in early OA development,
radiographical scans have indicated increased SCB turnover is evident prior to the
appearance of radiographically detectable knee OA [137]. Additionally, markers of bone
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and cartilage turnover: bone sialoprotein (BSP) and cartilage-oligomeric matrix protein
(COMP) were both found to be elevated in the early stages of knee OA suggesting that
turnover processes between these tissues are occurring simultaneously [138]. Animal
models have shown that induced SCB damage can lead to degradation of the articular
cartilage [139], and spontaneous animal OA models show the thickening of the SCB plate

and increased urinary markers of OA [140].

In osteoarthritic bone, abnormal mineralisation can be observed, this may be due to
abnormalities in type | collagen fibres. Increased levels of TGF-B1 may be responsible for
this process, type | collagen exists as a heterotrimer of al and a2 chains at a ratio of
2.4:1, in OA this is elevated to between 4:1 and 17:1 [141, 142]. Deposition of this
abnormal collagen and its associated high osteoid volume contributes toward hypo-
mineralized SCB which is compensated for by an increase in the number of trabeculae
and volume of these structures, providing a stiff structure. These abnormal properties
may cause altered mechanical loading and subsequently weakening of the SCB further
perpetuating pathological bone development this weakening has been associated with
the development of bone marrow lesions. These lesions are characterised by trabecular
bone abnormalities, fibrosis of the bone marrow and oedema [143—-145]. These bone
marrow lesions often pre-exist in locations that become sites of bone marrow cysts and
develop into bone cysts [146]. Bone marrow lesions have been shown to be associated
with predictions of OA progression and cartilage loss, and cysts have been associated
with articular cartilage degradation [147]. Certainly, once the loading mechanics exerted
on bone are altered SCB remodelling will also occur according to Wolff’s law. Increases
in bone turnover have been indicated by In vitro studies, demonstrated by increased
alkaline phosphatase activity, osteocalcin, and insulin-like growth factor (IGF-1) release
in SCB derived from human OA patients [148, 149]. IGF-I acts to promote osteoblast
differentiation and production of type | collagen and has bone-protective effects [150].
Additionally, TGF-B has been suggested as a potential contributor to aberrant bone
anabolism in OA as a correlation between total TGF-B and severity of OA has been
highlighted in previous research; SCB derived from OA patients has also shown increases
in MRNA of TGF-B1 and TGF-B3 [151, 152]. Under OA conditions it has been shown that
osteocytes and chondrocytes act as sources of influence for bone remodelling by

producing RANKL [153, 154]. The association of RANKL-RANK is known to induce
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osteoclast progenitor differentiation into mature osteoclasts whilst promoting
osteoclast survival and bone resorption [155, 156]. This leads to aberrant bone
remodelling under OA conditions. Further pathologic behaviours may also be induced
by a variety of cytokines, including IL-1B [157]. IL-1f is a regulator of bone formation and
has shown the ability to inhibit the production of mineralized nodules in vitro [158].
Additionally, IL-1B has been shown to promote bone resorption [159] and is a potent
osteoclast activation factor [160] potentially acting via the production of prostaglandin

E2 (PGE2) a known inflammatory mediator [161].

1.3.2 Osteoarthritis and cartilage

Under physiological conditions, this cartilage undergoes regular turnover, with
degradation and restoration occurring in a homeostatic manner. However, under
osteoarthritic conditions, there are a variety of pathological changes that result in

increased levels of both cartilage synthesis and degradation (Figure 7) [162].

38



Figure 7. Impact of common OA-associated risk factors on the AC and chondrocytes (A-B). (A) shows the

direct effects of OA risk factors such as mechanical insult, joint instability and cytokine signalling on the
AC; anabolic processes are indicated by green text and catabolic processes are indicated by red text. (B)
details the impacts of these OA risk factors on chondrocytes directly; anabolic effects are indicated by
green arrows and catabolic effects are indicated by red arrows. Figure adapted from Sandell and Aigner

(2001) [162] using Servier Medical Art.
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In the osteoarthritic joint, anabolic synthesis of key proteins has been linked to several
well-characterised growth factors. Transforming Growth Factor B (TGF-B) has been
shown to increase secretion of ECM components including type Il collagen whilst having
a regulatory role in articular chondrocyte hypertrophy and maturation under an OA
phenotype [163]. Prevention of canonical TGF-B signalling is characterized by
chondrocyte hypertrophy and expression of type X collagen, an indicator of chondrocyte
terminal differentiation. The presence of TGF-B can inhibit IL-1 protease-inducing
activity and directly inhibit nitric oxide (NO) another characteristic degradative factor of
OA [164, 165]. Bone morphogenetic proteins (BMPs) are part of the TGF-B family and
research has highlighted a potential role for BMPs such as BMP-2 and BMP-7 in OA
progression. Bone morphogenetic protein-7 has been implicated in the stimulation of
type Il collagen and aggrecan secretion as well as counteracting inflammatory IL-1
activity [166, 167]. It has been shown that insulin-like growth factor (IGF-I) expression is
lost with OA progression and that this results in increased OA severity, a loss of
chondrocytes and ECM integrity [168]. However, despite the anabolism found under OA
conditions, it is overshadowed by catabolic activity, which ultimately results in an overall
degradative phenotype. Chondrocytes show a decrease in cartilage-specific genes such
as those responsible for collagen type Il (COL2A1) and aggrecan (ACAN) [169].
Expression of the key chondrogenic transcription factor SOX9 is also found to greatly
decrease with OA severity [169]. In conjunction with this, there is an upregulation in
genes that indicate chondrocyte hypertrophy such as Runx2 [28, 170], and COL10A1
[169]. Additionally, in OA cartilage, type Il collagen and type X collagen are shown to
have an inverse relationship — OA reduces type |l collagen as a function of disease
severity, whilst increasing collagen type X expression [169]. This process coincides with
chondrocytes and the synovium-producing pro-inflammatory factors that contribute to
OA pathology, including cytokines: IL-1, IL-6, IL-10, TNF-a, and chemokines such as MCP-
1[171]. Amongst a variety of pro-inflammatory effects, cytokines such as IL-1 and TNF-
o have been shown to increase the levels of a variety of matrix metalloproteinases
(MMPs) such as collagenase MMP-13 and gelatinase MMP-3 [172]. Matrix
metalloproteinase-13 is responsible for the breakdown of the collagen type Il
components of the ECM [173] whereas MMP-3 hydrolyses aggrecan [174]. MMP-13 may
be considered one of the key degradative players in articular cartilage destruction as it

specifically targets AC resident collagen type Il fibres [175]. The presence of IL-1B also
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stimulates the ADAMTS (a disintegrin and metalloproteinase with thrombospondin
motifs) family of metalloproteinases, particularly aggrecanases: ADAMTS-4 and
ADAMTS-5 [176]. Under osteoarthritic conditions, chondrocytes form clusters that
highly express vascular endothelial growth factor (VEGF) and VEGF receptors [177].
Possessing many functions, VEGF has been found to induce MMP-3 and MMP-13 and
decrease levels of MMP and ADAMTS inhibitors TIMP-1, TIMP-2, and TIMP-3 [177, 178].
Furthermore, VEGF facilitates vascular penetration in the SCB and extension into AC
[179] and is associated with endochondral ossification via the stimulation of osteoblast

migration and the hypertrophic terminal differentiation of chondrocytes [180].

Due to both IL-1B and TNF-a playing a role in osteoarthritic pathology of both bone and
cartilage, this study will focus on these cytokines when considering the creation of an in
vitro model of OA disease. Notably, both IL-1B and TNF-a can elicit a potent
inflammatory response via the nuclear factor kappa B (NFkB) pathway. IL-1 and TNF-a
stimulation of the NFkB pathway has been shown to inhibit type Il collagen expression
and upregulate the expression of a variety of MMPs including the OA hallmark MMP-13
in a synergistic fashion [181-185]. Stimulation of the NF-kB pathway has also been
shown to induce the production of the ADAMTS enzymes, as well as a variety of other
inflammatory mediators that can inhibit cartilage proteoglycan synthesis such as PGE;
[186]. Stimulation of NF-kB by both IL-1B and TNF-a also increases autocrine production
of proinflammatory molecules such as IL-6 and TNF-a and also drives the production of
chemotactic IL-8 [186]. TNF-a has also been shown to induce apoptosis, a currently
debated process in OA pathology [186]. A more comprehensive overview of the impacts

of IL-18 and TNF-a in OA can be seen in Figure 8 and 9.
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Figure 8. The function of IL-1B in OA pathogenesis. Upon binding to its receptor, IL-1B exerts a signalling
cascade via NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) and MAPK (mitogen-
activated protein kinase) pathways. MAPK is responsible for further stimulation of ERK (extracellular
signal-regulated kinases), JNK (c-Jun N-terminal kinases) and p38 MAPK. Overall, these pathways act to
inhibit the production of and degrade key AC ECM components. NF-kB and MAPK activation causes the
inhibition of type Il collagen synthesis via SOX-9 inhibition, additionally, proteoglycan synthesis is inhibited
via NF-kB mediated increases in COX-2 (cyclooxygenase-2), NO (nitric oxide) and PGE-2 (prostaglandin E2).
The NF-kB and MAPK are also responsible for upregulating the ADAMTS and MMP family of enzymes
which are responsible for the degradation of proteoglycans and collagens respectively. Cytokines and
chemokines are upregulated via NF-kB and MAPK activation; IL-6 and TNF-a act to promote inflammatory
cell migration and inflammation in the synovium, whereas chemokines IL-8, CCL5 (chemokine ligand 5)
and CCL2 (chemokine ligand 2) further influence chemotaxis. Figure adapted from Molnar et. al. (2006)
[186] using Servier Medical Art.
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Figure 9. The function of TNF-a in OA pathogenesis. TNF-a acts upon two receptors: TNRF-1 and TNRF-
2. Binding of TNF-a to TNFR-1 can result in the formation of two different complexes: complex 1 and
complex 2. Complex 1 promotes cell survival and the activation of NF-kB, MAPK and AP-1 pathways,
resulting in the degradation of proteoglycans, disruption of collagens, as well as the inhibition of the
synthesis of collagens and proteoglycans. Alternatively, complex 2 leads to the formation of FADD (Fas-
associated death domain protein) and the activation of procaspase 8/10 and caspase 3, resulting in
apoptosis of the cell. TNFR-2 activation results in the activation of both NF-kB and JNK pathways, further
driving proteoglycan degradation, collagen disruption and inhibition of the synthesis of these key

structural molecules. Figured adapted from Molnar et. al. (2006) [186] using Biorender.

1.3.3 Bone-cartilage crosstalk in osteoarthritis

While previous research has considered bone or cartilage pathology individually, more
recent research has focused on the potential crosstalk between bone and cartilage and
how they may share a role in the pathology of OA. Evidence has shown that in healthy
patients un-calcified cartilage dips through calcified cartilage and is able to interface
with bone and bone marrow spaces presenting direct connections between AC and SCB
[187]. Initially, it was thought that the SCB plate was impenetrable, however, it has been

shown that there are in fact holes present throughout the plate, additionally, these
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holes are in an area normally covered by the meniscus in healthy patients which may
become exposed under degradative OA conditions [188]. There are also a variety of
canals between AC and SCB which can act as a passageway for fluorescent dyes such as
sodium fluorescein (376Da) which can diffuse between bone marrow and articular space
in mouse models. Further research has shown larger molecules, such as those as large
as 12.3kDa can pass through the lacuna-canalicular network which houses osteocytes
and allows for their signalling functionality, notably this transport is enhanced under
loading conditions [189]. This highlights the potential of AC-derived signalling molecules
to directly influence the SCB and vice versa, for example, IGF-I [189, 190]. Additional
research into the impacts of loading on solute diffusion shows that large molecules
specifically, such as human serum albumin (66.5kDa), have enhanced diffusion through
cartilage under cyclic loading [191]. Abnormal bone remodelling may play a role in
increasing crosstalk between the bone and cartilage as revealed by a mouse model of
instability-induced knee OA which showed an increase in porosity in the subchondral
bone plate due to increased OA-induced osteoclast activity leading to further vascular
penetration of the SCB plate associated with OA progression [192]. This is further
highlighted by research conducted by Sanchez et. al. [193] in which osteoblasts derived
from “sclerotic” and “non-sclerotic” tissue were co-cultured with healthy chondrocytes.
Chondrocytes cultured with “sclerotic” osteoblasts were found to show reduced
expression of aggrecan whilst increasing levels of MMP3 and MMP13. Further
investigation showed that “sclerotic” osteoblasts also reduced mRNA expression of
Collagen Il, as well as increased expression of ADAMTS-4 and ADAMTS-5 [194].
Alternatively, loss of homeostasis may be induced by cellular signalling from diseased
cartilage in the form of metabolic cytokines such as RANKL/OPG expression [195]; OA-
driven increased permeability of the SCB plate may allow for these factors to transfer to
the SCB and alter bone remodelling. Additionally, growth factors such as TGF-B are
highly active in healthy AC; degradation of the cartilage and potential transferral of
these proteins to the SCB can result in altered bone remodelling increasing osteoclastic

activity [196].
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1.3.4 The role of autophagy in osteoarthritis

1.3.4.1 The autophagy pathway

Macroautophagy henceforth referred to as autophagy, is an intracellular degradation
system that breaks down and recycles aged and damaged macromolecules, proteins,
and organelles. Autophagy plays a critical role in the regulation of cell homeostasis and
is activated in response to a variety of pathological conditions including nutrient
deprivation, hypoxia, and endoplasmic reticulum stress [197]. Autophagy is a membrane
system that can be broken down into 5 main steps: initiation, nucleation, elongation,
maturation, and degradation (Figure 10). This process results in the formation of double-
membrane vesicles called autophagosomes which then fuse with lysosomes to form
autolysosomes, where cargo is degraded into its constituent parts such as amino acids,
aliphatic acids, nucleotides, and saccharides, which can then be recycled to support cell

survival and maintenance [197, 198].
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Figure 10. Key steps in mammalian autophagy. There are five key steps in the process of autophagy:
initiation, elongation, maturation, fusion, and degradation. Initiation of the autophagy process begins
with the formation of a double-membraned vesicle which will extend to engulf cargo such as damaged
organelles and other macromolecules. This membrane continually elongates forming a mature
autophagosome which will fuse with a lysosome containing degradative hydrolases. Upon fusion the
contents of the lysosome are mixed with the contents of the autophagosome resulting in their
degradation. These contents are released into the cell cytosol via lysosomal permeases for recycling.

Figure adapted from Sun et. al. (2013) [199] using Biorender.
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The regulation of autophagy is complex; initiation involves the formation of an isolation
membrane around the cargo to be degraded and is directly regulated by the unc-51-like
kinase (ULK1) complex, comprised of ULK1, FIP200, ATG13 and ATG101 [200]. The ULK1
complex is in turn regulated by the mammalian target of rapamycin (mTORC1) complex,
a major regulatory hub balancing cell growth and protein translation with the control of
autophagy [201]. mTORC1 is responsible for protein synthesis, cell size, cell-cycle
progression, and glucose homeostasis via S6 kinase (S6K1) which phosphorylates a
variety of substrates, the most studied of which is ribosomal protein S6 (rpS6) [202].
When cell stress occurs such as starvation, hypoxia, or organelle damage mTORC1
dissociates from ULK1 to allow initiation of autophagy [203]. Once ULK1 it is liberated
from mTORC1 control, the ULK1 complex activates the class Ill phosphatidylinositol 3-
kinase (P13K) complex, comprised of PI3K, beclin 1, VPS15, VPS34 and ATG14, which in
turn triggers vesicle nucleation [204]. Elongation and maturation are regulated by two
ubiquitin-like ATG conjugation pathways, ATG5-ATG12 and LC3/Atg8. ATG5 and ATG12
form a conjugate with ATG16, and this complex specifies the site of LC3-I lipidation for
autophagosome formation [205]. LC3 is then processed to LC3-I via ATG4, and this
complex is conjugated to phosphatidylethanolamine (PE) via ATG7 and ATG3 producing
LC3-Il, a lipidated molecule. As LC3-l is being conjugated, LC3-Il associates with the inner
membrane of the autophagosome as closure occurs and autophagosomes then fuse
with lysosomes to achieve cargo degradation; the products of which are made available
within the cell cytosol for re-use [197]. Due to the involvement of LC3-Il in the process
of autophagosome formation, this protein is a commonly used marker for the

assessment of autophagy levels in cells including the induction of this process [206].
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Figure 11. Regulation of mammalian autophagy. ULK1 is a protein kinase that acts as the key initiator of

autophagy. ULK1 is inhibited by mTORC1, under a change of conditions such as nutrient deprivation,
mTORC1 will dissociate from ULK1 allowing ULK1 to initiate the autophagy process. An initiation
membrane is formed from the endoplasmic reticulum (ER) or other cellular membrane sources; the
nucleation of which is promoted by the beclin-1 complex containing the lipid kinase Vps34. The ubiquitin
like (UBL) conjugation systems ATG12UBL and LC3UBL work together to facilitate the conjugation of
phosphatidylethanolamine (PE) to LC3, converting cytosolic LC3-I to LC3-Il which is translocated to the
membrane of the autophagosome. The vesicle matures forming a sealed autophagosome which fuses
with lysosomes creating autolysosomes which degrade the autophagosome cargo via lysosomal

proteases. Figure taken from Dikic and Elazar (2018) [207].

1.3.4.2 Autophagy is linked to the pathogenesis of osteoarthritis

Research has shown that autophagy levels are reduced with ageing; this prevents the
removal of malfunctioning or damaged intracellular macromolecules and is therefore
associated with a variety of aging-related diseases, including OA [208]. It has been
shown that overall levels of autophagy are decreased in OA cartilage resulting in
cartilage degeneration and apoptosis [209]. Therefore, autophagy may play a protective
role in age-related disease including OA. Induction of autophagy via mTORC1 knockout,
or pharmacological intervention, results in a decrease in chondrocyte apoptosis and

cartilage degeneration in surgically induced OA [210, 211]. Specifically, autophagy has
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been implicated directly in the amelioration of MMP13 activity. Increased MMP-13
expression, a hallmark symptom of OA, is accompanied by a concomitant reduction in
expression of LC3-ll a key indicator of autophagy activity [212, 213]. Further
amelioration of MMP-13 activity has been shown through the use of isoimperatorin,
which also worked to reduce expression of Col X and VEGF, an effect achieved via
autophagy induction both in vitro and in vivo using destabilisation of the medial
meniscus (DMM) mouse models [214]. Additionally, the ablation of key autophagy
genes such as ATG7 has been shown to result in the impairment of type Il collagen

secretion and ECM formation [215].

It is known that the processes of inflammation and autophagy are closely connected,
and it has been shown that TNF-a and IL-1f are both inducers of autophagy [216] and
that the pathway acts to specifically inhibit the production of IL-1B cytokines in vitro and
in vivo via targeting pro-IL-1f for degradation [217]. Autophagy has also been shown to
attenuate the impacts of TNF-a and IL-183 on cells via inhibition of NF-kB activity directly,

preventing translocation of p65, a key cellular subunit involved in NF-kB activation [218].

The NFkB pathway has been shown to have key pathological effects on OA pathogenesis
and disease progression promoting the degradation of proteoglycans, disruption of
collagen synthesis, down regulation of chondrogenesis and promotion of inflammation.
Therefore, modulation of the autophagy pathway may allow for attenuation of NF-kB
activation and expression, presenting a potential therapeutic avenue for one of the key

contributors to OA pathology.

1.4 In vitro models of osteoarthritis

Several in vitro models have been developed to study the pathogenesis of OA at both
tissue and cellular levels, however, no single model has proved to be the gold standard
for OA research [219]. To date, studies using 2D cell culture primarily consider the
chondrocyte as the “model” for OA with little consideration of the role of other cells
relevant to the articular joint such as osteoblasts and osteocytes found in the SCB, which
have been found to be aberrant in OA [195]. This may be due to the lack of funding for
the investigation into mechanosensory stimulation in monolayer cell culture systems,
which is also limited in its use in investigating cell-cell interactions and cell-ECM

interactions [220]. Therefore, to create a robust and reliable model of OA, the variety of
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articular joint tissues must be considered as a biological unit. Furthermore, in vitro, and
in vivo models often produce conflicting results. Thus, there is a need for an in vitro
model that generates results consistent with in vivo studies, and that overcomes the

limitations of the current 2D and 3D models.

1.4.1 Two-dimensional monolayer models

2D monolayer models are inexpensive, permit the use of a single source of cells for
multiple experimental treatments, and allow for rigorously controlled investigational
conditions. Typically, 2D monolayer models involve the culturing of either primary cells
or immortalised cell lines on a flat surface in polystyrene culture flasks, which exposes
the cultured cells to an equal volume of the surrounding media containing the various
nutrients and growth factors essential for cell development and proliferation [221, 222].
2D in vitro models have routinely allowed for the screening of chondroprotective
compounds to attenuate the catabolic factors involved in AC degradation. The usage of
primary cells including osteoblasts and chondrocytes in 2D models provides a system
that is associated with higher secretion of ECM and a phenotype more akin to that found
in vivo for the respective cell lineage. However, it is of note that primary cell culture is
substantially more expensive than the use of cell lines, with the primary cell source
material being difficult to obtain and limited in terms of how often they can be sub-
cultured before they undergo de-differentiation and lose their distinct phenotype. The
usage of cell lines provides a much less limited source of cell material however due to
their immortalized nature; these cells have evaded cellular senescence and are
associated with alterations in the expression of markers typically associated with their
non-immortalized counterpart. This can be exemplified by immortalized chondrocytes
which display a marked reduction in the secretion of ECM components compared to
primary cells, thus reducing their reliability as true cell models. 2D in vitro models have
routinely been used for cytokine stimulation such as IL-1 to induce an OA phenotype
which has allowed for the screening of chondroprotective compounds to attenuate the
catabolic factors involved in AC degradation (e.g., IL-1B, TNF-a NO, PGE,, COX-2, MMP3,
MMP-13, ADAMTS-4 and ADAMTS-5) [223, 224]. Manipulation of 2D culture can also
allow for the investigation of individual signalling pathways. For example, recent
interrogation of the Wnt/B-catenin signalling pathway with a novel inhibitor highlighted
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the critical role of the Wnt/B-catenin pathway in chondrogenesis and chondroprotection
[225]. Additionally, monolayer cultures are easily transfected to manipulate gene and
protein expression. For example, a proteomics study conducted on IL-1B/TNF-a
stimulated human primary chondrocytes that were transfected with microRNAs
(miRNA) identified proteins of the complement cascade, mediators of the NF-kB
pathway and several regulators of autophagy that may be important in the pathology of

OA [226].

Despite the benefits of 2D cell culture, there are numerous drawbacks that are inherent
in the nature of the system itself. When using primary cells in 2D culture such as primary
chondrocytes, little consideration is given as to the location from which these cells are
derived, be it from articular, costal or fibrillar cartilage, or a specific layer of the
cartilaginous matrix. Notably, 2D cell culture results in altered cell morphology as cells
are forced to grow in a planar environment where nutrient and oxygen gradients are
non-existent [227]. This can result in cellular polarisation due to limited connections
with surrounding cells. Polarisation is known to alter cell mechanotransduction; directly
impacting cell signalling and therefore the phenotype of the cell [228]. Chondrocyte
cultures are no exception to this as they have been found previously to de-differentiate
and adopt an elongated fibroblast-like shape that has been associated with an altered
genetic profile, including a reduction in the expression of aggrecan and other matrix-
specific genes [229]. Additionally, prolonged monolayer culture of chondrocytes results
in the increased expression of Collal mRNA, thus, signifying de-differentiation [230].
Furthermore, incongruous results are often found between in vivo and in vitro studies.
To date, publications using 2D cell culture primarily consider the chondrocyte as the

III

“model” for OA with little consideration of the role of other cells relevant to the articular
joint such as osteoblasts and osteocytes found in the SCB, which have been found to be
aberrant in OA [195]. This may be due to the lack of support for the investigation into
mechanosensory stimulation in monolayer cell culture systems, which is also limited in
its use in investigating cell-cell interactions and cell-ECM interactions. Therefore, to

create a robust and reliable model of OA, the variety of articular joint tissues must be

considered as a biological unit.
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1.4.2 Two-dimensional co-culture models

2D co-culture models allow the investigation of cell-cell interactions in a shared
environment. Like monolayer models, these can be used to investigate multiple
experimental treatments at once and have the potential to generate extensive data on
pathological mechanisms. Transwell plate models may be used which involve seeding
cells in the lower chamber of multi-well plates, with additional cells being seeded in
transwell plates suspended above each well. This allows for the investigation of cell-cell
communication via the secretion of soluble factors into the surrounding media [231,
232]. Using this method, it has been shown that when chondrocytes and synoviocytes
are co-cultured alongside adipose-derived mesenchymal stem cells, their expression of
pro-inflammatory cytokines including IL-1B, IL-6, IL-8 and TNF-a significantly decreases
[231]. A similar method revealed that chondrocytes cultured in the presence of adipose-
derived stem cells have higher viability following TNF-a challenge, thus highlighting a
paracrine chondroprotective role for adipose-derived stem cells [232]. As detailed, these
experiments allow for the exploration of a variety of factors in OA development.
However, it should be noted that many of the limitations associated with 2D monolayer
culture also exist in 2D co-culture, including altered cell morphology and an inability to

investigate direct cell-cell or cell-ECM contact.

1.4.3 Explant culture models

Explant models are derived directly from in vivo tissue and maintain cells in their 3D
surroundings, and both animal (e.g., murine femoral heads) and human (e.g., articular
cartilage, or whole osteochondral plugs) explant systems are used within the OA field.
These models still allow for the experimental manipulation provided by in vitro culture,
with experimental evidence suggesting tissue viability is maintained [233]. Explant
models have certain benefits such as enabling the investigation of compressive overload
on AC and providing insight into the impact of cartilage loading in disease progression;
a facet of OA that cannot be investigated by monolayer models [234]. Comparable to
monolayer culture, explants may undergo multiple treatments in vitro allowing for the
investigation of a variety of factors in a controlled environment. Unlike monolayer
culture, osteochondral explant models may be more readily used to investigate the

relationship between AC and the underlying SCB tissue. Osteochondral explants
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challenged with IL-1B have been found to express a significantly lower level of MMP-13
than cartilage explants alone; results from this study also indicate that osteochondral
explant expression of alkaline phosphatase may differ from chondrocyte explants [235].
Additionally, cartilage explants challenged with IL-13 produced an elevated level of TNF-
o compared to controls, whereas osteochondral explant TNF-a secretion was
unchanged, suggesting the presence of bone or synovium may reduce TNF-a expression
and highlighting the need to consider all joint tissues in the analysis of OA
pathophysiology [235]. In agreement, bone explants have been found to secrete
increased levels of pro-Col-I, IL-6 and MCP-1 compared to osteochondral explants when
challenged with lipopolysaccharide, suggesting that different cells within the
osteochondral tissues can attenuate one another [233]. Furthermore, Haltmayer et. al.
[236] detail a co-culture model in which horse osteochondral plugs and synovium
membrane explants were cultured in vitro and stimulated using IL-1B and TNF-a. This
study showed that the osteochondral-synovium co-culture enabled upregulation of
MMP1 expression, subsequently attenuating genetic expression of MMP3, MMP-13,
and IL-6 expression, as well as increasing gene expression of ECM products such as

collagen type Il

Clearly, explant models provide benefits over monolayer culture, particularly regarding
interactions between tissues, however, there are still shortcomings that must be
addressed when using these models. For example, cells at the surgical edge may die
when tissue is removed from specimens, and tissue from any single same biological
source is finite; with different sources potentially eliciting different responses [235].
Importantly, explanted tissues are cultured in artificial settings which limits the
investigation of mechanical loading effects or angiogenic effects following surgical
resection [233]. Additionally, cells derived from explant outgrowths are susceptible to
the de-differentiation and morphology changes observed over time in 2D culture, and
there is still a requirement for use of culture media which may contain components that

have undesirable effects on the tissues [233].

1.4.4 Three-dimensional prefabricated scaffold models
3D tissue scaffolds provide a platform in which biochemistry, matrix elasticity and micro-
architecture can be altered [237]; this is important as polarity, pore size and pore
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interconnectivity affect cell fate and the ability of cells to secrete ECM products.
Additionally, biologic hydrogels have the ability to support chondrocyte proliferation
and ECM production, as well as osteoblast growth and mineralisation, providing a

potential model for investigating activity at the osteochondral interface [237-239].

Biologic hydrogels represent a scaffold-based system that is derived from natural
resources, have a large water component, and are used due to their similarities to ECM
modifiability, bioactivity, biodegradability, porosity, biocompatibility and low
immunogenicity. Biologic hydrogels derived from materials such as alginate, gelatin,
chitosan and hyaluronan promote chondrocyte viability and proliferation, as well as
collagen type Il, aggrecan and Sox9 expression, markers which normally diminish in
monolayer culture [240-242]. Additionally, biologic hydrogels have the ability to
support chondrocyte proliferation and ECM production, as well as osteoblast growth
and mineralisation, providing a potential model for investigating activity at the
osteochondral interface an area important in OA pathology [243]. Remarkably, certain
biologic hydrogels can be manufactured through 3D printing, increasing availability and
reducing the need for fabrication and crosslinking with potentially toxic reagents and
hazardous processes [244]. Recent work on developing an in vitro 3D model of OA by
Galuzzi et. al. [245] has shown that nasal chondrocytes encapsulated within alginate
beads are able to produce increasing levels of glycosaminoglycans (GAG), however,
culture in these beads had no effect on AC chondrocyte GAG secretion, highlighting a
potential limitation for their use as a model of OA. Unfortunately, biological hydrogels
can suffer from variations in batch-to-batch manufacturing, as with explants, single
biological sources can vary which can impact the properties of the gel. These must be

considered when choosing a biological hydrogel culture system.

Synthetic hydrogels are prevalent in 3D tissue culture, and like biological hydrogels, they
possess desirable features for tissue culture [246, 247]. Importantly, synthetic hydrogels
do not originate from a finite source meaning variability between manufactured
products is reduced [248]. Synthetic hydrogels have been shown to facilitate
chondrogenesis and increased expression of key chondrocyte markers such as collagen
type I, and non-collagenous proteins such as osteocalcin, compared to 2D controls [249,
250]. Synthetic hydrogels can also be finely tuned via chemical modification, such as the

inclusion of chondrogenic molecules which are delivered to hydrogel-embedded cells
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such as biotinylated TGF-B3 which promotes chondrogenesis, as well as collagen type Il
and GAG expression [251]. Stiidle et. al. describes a model in which bone marrow stem
cells (BMSCs) seeded in Poly (ethylene glycol) (PEG) hydrogels are layered with non-
functionalised PEG-seeded nasal chondrocytes. This 3D construct results in a calcified
bottom layer of BMSCs and a cartilaginous top layer of chondrocytes producing a 3D co-
culture model interface of SCB and AC-like tissues which could be adapted for an
investigation into OA pathology [251]. Similarly, a hydrogel co-culture system has been
produced [252] using transwell plates to elucidate the relationship between
chondrocytes and macrophages in OA. Research has also shown synthetic hydrogels
such as those derived from PEG dimethacrylate are able to be integrated into a
mechanical loading system which was able to direct human mesenchymal stem cell
differentiation into AC, calcified cartilage and SCB tissues [247]. Preliminary data,
therefore, support the potential of a synthetic 3D hydrogel co-culture system that
includes multiple cell types involved in OA to investigate cell-cell interactions at a

molecular level in the context of OA development.

Hydrogels thus provide materials that have a variety of suitable characteristics for in
vitro modelling however, certain disadvantageous features exist and must be
considered. In vitro modelling must consider the composite parts of these hydrogels as
they are comprised of materials that are dissimilar to those found in the natural ECM
which may alter cell behaviour. Moreover, these hydrogels contain a large water
component, which has implications for the structural integrity of the gel as an anchoring
substrate and while this may be suitable for mimicking certain in vivo environments such
as AC, it may be unsuitable for others such as SCB which has very little ECM water

content in vivo.

Prefabricated scaffolds, comprised of biodegradable polymers, are favoured for their
biocompatibility, allowing for easy integration into biological systems as exemplified
using PCL (poly(e-caprolactone)) in surgical sutures and implants. Prefabricated scaffolds
also possess a low melting point, providing desirable thermoplastic properties which
facilitate 3D printing. Additionally, the viscoelastic properties of these scaffolds provide
benefits for cell culture as substrate stiffness can determine cell growth [253, 254].
However, it has been noted that polymers such as PCL are non-osteoinductive and

therefore their use in the culture of bone tissues is considered limited, limiting their
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potential to be used to investigate an osteoblastic OA phenotype [255]. To remedy this,
recent research has taken to altering PCL scaffold biochemistry and fabrication methods.
Indeed, osteoinductive and mechanically supportive molecules such as hydroxyapatite
(HPA) and Poly (propylene fumarate) (PPF) have been included to facilitate bone growth
[238]. PCL/HPA/PPF scaffolds were found to boost BMSC osteoinduction increasing
levels of calcium deposition and Runx2 expression, a marker of osteoblast
differentiation, and were particularly non-cytotoxic [238]. In consideration of improving
manufacturing methods, Brennan et. al. [256] developed a novel jet-spraying technique
as an alternative to the commercially accepted electrospinning technique.
Electrospinning produces nanofiber scaffolds that closely resemble the native bone
ECM; however, cell infiltration is a common problem with these scaffolds. Jet-spraying
manufacturing produced scaffolds that boost alkaline phosphatase levels and calcium
deposition whilst maintaining collagen production at similar levels to commercially
available electro-spun scaffolds — this is due to jet-spraying producing scaffolds with
smaller pore diameters and a greater variety of fibre thickness within the scaffold.
Notably, these scaffolds resulted in higher osteogenesis than their 2D counterparts

[256].

Pre-fabricated scaffolds also include microcarriers which do not possess the mesh-like
physical properties expected of a scaffold, but instead anchor cells on their surface
providing 3D support [257]. Thus far, microcarriers have shown desirable chondrogenic
qualities. Galuzzi et. al. [245] described the development of a silk/alginate microcarrier
model in which silk anchors human nasal chondrocytes to the surface of the silk/alginate
manufactured beads avoiding encapsulation and negating issues associated with cell
infiltration. These cells retained a chondrocyte phenotype via the expression of markers
such as collagen type Il and were metabolically active even after cryopreservation [245].
Microcarriers have also been shown to support biochemical modification [258]. A
microcarrier consisting of PGLA (poly (D, L-lactide—co-glycolide acid) coated with
fibronectin and poly-D-Lysine to promote cell adhesion and loaded with TGF-B was
shown to upregulate chondrogenic markers, whilst downregulating osteogenic proteins
[258]. This highlights the ability of 3D culture models to be tailored to guide stem cells
to a specific lineage giving more control over differentiation than can be found in 2D

models.
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By showing the chondrogenic and osteogenic potential that can also facilitate cell-cell
and cell-ECM interaction, scaffold-based systems, therefore, offer great potential as in
vitro systems to model OA. Notably, cell proliferation is typically found to be slower in
scaffold-based systems [259], as is cell migration [260]. However, research involving
these models is still in relative infancy compared to 2D in vitro models. Further work is
needed to establish the implications of these characteristics on model development as

well as the robustness and reliability of these systems.

1.4.5 Three-dimensional scaffold-free models

Pellet culture provides an alternative to a typical 3D culture that carries less of a financial
burden than other 3D systems such as hydrogels and scaffolds. Typically, pellet culture
involves maintaining centrifuged cell pellets in conical tubes, or multiwell plates, in such
a manner that the cells are clumped together, adding a 3D aspect to the culture system.
De-differentiated human AC chondrocytes cultured as a pellet have shown increased
expression of chondrogenic SOX9 as well as Col2al and aggrecan mRNAs [261].
Additionally, pellet cultured chondrocytes exhibit reduced expression of hypertrophy
markers such as collagen type X, as well as a reduction in calcification markers such as
Runx2 and alkaline phosphatase. Pellet culture also induces collagen type Il expression
to a higher level than both 3D alginate bead culture and monolayer culture, however,
expression of collagen type X and Runx2 protein did not differ between monolayer,

pellet, or alginate bead culture [261].

In contrast to the benefits described, pellet culture has inherent systematic
disadvantages that must be considered when using this in vitro culture method,
particularly for OA. Cells cultured in a pellet show a large reduction in proliferative
capacity, whilst cells in the centre of the pellet may be deprived of nutrients and oxygen;
providing an environment for maintaining non-hypertrophic chondrocytes-for in vitro

analysis [262].

However, these conditions can cause apoptosis; and more recent research has provided
an alternative chondrogenic model using transwell plates. Whilst these hypoxic and low-
nutrient conditions may be suitable for chondrogenesis, it has been shown that hypoxia

can reduce osteogenesis [263]. If an in vitro model of OA is to be fully comprehensive it
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must suitably support the variety of cell types that are found within an articular joint

including chondrocytes and osteoblasts.

Hanging drop cell culture involves pelleting cells and culturing them in an inverted
fashion against a 2D surface, allowing gravity to help maintain the cells in suspension
reducing the chance of polarisation. In vitro culture using the hanging drop technique
has been shown to promote an in vivo-like rounded morphology accompanied by
increased levels of Sox9 mRNA compared to both monolayer and typical pellet culture
methods. Additionally, hanging drop culture has been shown to induce upregulation of
proteoglycan 4 (Prg4) mRNA and its associated protein lubricin — which is found in
healthy AC joint space, providing lubrication [264]. Hanging drop models present similar
advantages as pellet culture systems, but notably, share the same disadvantages
therefore further research is required to determine their suitability as a potential

adaptable model for the in vitro investigation into OA.

1.4.6 Biogelx

Biogelx (Biogelx Ltd, UK) are commercial manufacturers of synthetic hydrogel products
that provide hydrogel cell culture systems. These systems derived from supramolecular
self-assembling peptides that form a fibrous, porous network that is designed to mimic
the ECM [265]. The scaffold component of the hydrogel is comprised of two peptides,
Fmoc-diphenylalanine (Fmoc-FF) and Fmoc-serine (Fmoc-S) (Figure 12) [265, 266]. In the
presence of water, Fmoc-diphenylalanine (Fmoc-FF) gelator peptides form nanoscale
fibres via non-covalent interactions and combine with Fmoc-serine (Fmoc-S) surfactant
peptides, engaging in a cooperative assembly process forming a nanoscale fibre with a
polar surface (Figure 13). The nanoscale fibrous network is crosslinked with ions such as
Ca?* forming a nanoscale fibre network that arranges itself via i-1t stacking interactions
resulting in an interlocked B-sheet architecture [265—-267]. Biogelx hydrogels have been
shown to support a variety of cell types including hepatocytes [266], fibroblasts and
chondrocytes [268] as well as promote the expression of osteogenic RUNX2 and
chondrogenic SOX9 transcription factors in pericytes [265]. Tuneable stiffness provides
Biogelx hydrogels with characteristics for the culture of cells derived from a variety of
tissues of varying stiffness such as bone and cartilage. Furthermore, Biogelx hydrogels
can be formulated with a variety of additional structural motifs that are known to
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promote cell adhesion, including GFOGER, IKVAV and RGD [269]. These properties make

Biogelx hydrogels an attractive candidate for the culture of bone and cartilage cells with

the intent of creating a 3D co-culture model of OA.

Figure 12. Chemical structure of gelator and surfactant peptides and their role in fibre assembly. In the
presence of water Fmoc-FF and Fmoc-S peptides combine to form a nanoscale fibre. Fmoc-FF peptides
form the core structure of the fibres during assembly with Fmoc-S peptides coating the fibre surface.

Image provided by Biogelx (Biogelx, UK).

Figure 13. Nanoscale fibre assembly and crosslinking of the nanoscale matrix. Gelator and surfactant

peptides combine in the presence of water to form a network of nanoscale fibres, this network is then
crosslinked via the presence of ions such as Ca* which is commonly found in cell culture media.
Crosslinking results in a mesh network that is designed to mimic the ECM. Image provided by Biogelx

(Biogelx, UK).



1.5 Aims

The overarching aim of this study is to establish a 3D in vitro co-culture model of OA that will
enable the investigation of bone-cartilage crosstalk. This 3D model will be developed using
commercially available hydrogel systems provided by the industrial collaborator for this PhD
project, Biogelx. The utility of the 3D model will be investigated in the context of autophagy, as
this pathway has been linked to OA pathogenesis. In the longer term, the development of a
physiological in vitro model may facilitate the identification of novel therapeutic targets and the

development of new drugs for OA.
Specific aims are to:

1. Determine the most appropriate osteoblast and chondrocyte cell lines to use in the
novel 3D model, confirmed by the expression of key bone and cartilage genes and
proteins.

2. Determine the optimum 3D hydrogel culture conditions for each cell line as dictated by
cell viability and the expression of key bone and cartilage genes and proteins.

3. Develop a co-culture system using 3D encapsulated osteoblasts and chondrocytes that
mimics OA and use this model to investigate the effects of modulating the autophagy

pathway.
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2 Chapter 2: Materials and methods

2.1 Reagents and solutions
All chemicals were purchased from Sigma-Aldrich (Dorset, UK) and tissue culture
media and buffers were purchased from Invitrogen (Paisley, UK) unless otherwise

stated. All buffer recipes are shown in appendix.

2.2 Cell culture

2.2.1 C-28/12 and Sa0S-2 cell maintenance

Cells of the C-28/12 and Sa0S-2 cell lines were provided as a gift from Professor Colin
Farquharson (The Roslin Institute, Scotland). C-28/12 and Sa0S-2 cells were maintained
in culture flasks (Corning, Surrey, UK) containing growth medium: dulbecco’s modified
eagle’s medium (DMEM) F12 Glutamax + 10% fetal calf serum (FCS) + 1% penicillin-
streptomycin (10,000um/L penicillin and 10,000um/L streptomycin) + 110mg/L sodium
pyruvate. Growth media was changed every 2-3 days and cells were passaged once
flasks had reached sub-confluence. Cells were passaged at a ratio of 1:3-1:8 depending
on experimental requirements. Passaging cells was achieved by washing cells grown in
flasks with sterile PBS and then adding 1X trypsin for 3 minutes at 37°C; the volume of
trypsin added was dependent on flask size and was added at a ratio of 3mL per 25cm?
of flask culture area. After 3 minutes, flasks were gently agitated by hand to ensure cell
detachment and growth media was added to the cell-trypsin suspension to inactivate
the trypsin. Growth media was added at 5mL per 3mL of trypsin. Cell suspensions were
then aspirated in to a 50mL falcon tube (Corning, Surrey, UK) and spun at 230 x g for 5
minutes to pellet cells. Cell pellets were then re-suspended in a desired volume of media
and split to a desired ratio in new cell culture flasks. For experiments requiring
differentiation media, this was created using (DMEM) F12, Glutamax + 10% fetal calf
serum (FCS) + 1% penicillin-streptomycin (10,000um/L penicillin and 10,000um/L
streptomycin) + 110mg/L sodium pyruvate supplemented with 5mM B-

glycerophosphate and 50 ug/mL L-ascorbic acid.

2.2.2 Freezing/thawing C-28/12 and Sa0S-2 cells
Freezing C-28/12 and Sa0S-2 cells was achieved by trypsinizing and centrifugating a

confluent flask of cells as described in section 2.2.1. However, cell pellets were
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resuspended in a cryogenic media comprised of growth media and DMSO (Fisher
Scientific). Cells were re-suspended in cryoprotectants: 95% growth media + 5% DMSO
for C-28/12 cells, and Sa0S-2 cells were re-suspended in 90% growth media + 10% DMSO.
Cryogenic cell suspensions were then aspirated in to nunc cryovials (Gibco, Paisley, UK)
at a ratio of 1:6. Cryovials were placed in a Mr. Frosty freezing container (Fisher
Scientific, Paisley, UK) containing 100% isopropanol (Fisher Scientific, Paisley, UK). Mr.
Frosty containers were then placed in a -80°C freezer for at least 24 hours to ensure cells

were frozen. Cryovials were then transferred to liquid nitrogen for long term storage.

Frozen cell stocks were revived in T25/T75 tissue culture flasks. Cells were defrosted
briefly in a 37°C water bath and subsequently gently aspirated into a 50ml falcon tube
(Corning, Surrey, UK) which was then centrifuged at 220 x G for 3 minutes to pellet cells.
The supernatant was then discarded, and the cell pellet was re-suspended in 1ml growth
medium. This 1ml suspension was then aspirated into a T25 flask, topped up with 9mls

fresh growth medium and stored at 37°C in an atmosphere of 5%CO..

2.2.3 Primary Human Chondrocytes

Human primary chondrocytes (Promocell, Heidelberg, Germany) were maintained as
described for C-28/12 cells in section 2.2.2., however Human Chondrocyte Growth
Medium (Promocell, Heidelberg, Germany) supplemented with Growth Medium
Supplement Mix (Promocell, Heidelberg, Germany) was used as a general culture media

as purchased from the manufacturer.

2.2.4 Freezing/thawing primary human chondrocytes

Human primary chondrocytes (Promocell, Heidelberg, Germany) were frozen as
described for C-28/12 cells in section 2.2.2. however, PromoCell Freezing Medium Cryo-
SFM (Promocell, Heidelberg, Germany) was used instead of cell growth media + DMSO

as a cryoprotectant.
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2.3 Hydrogel preparation

Biogelx lyophilized hydrogel powder (Biogelx, Glasgow, UK) was weighed out and
reconstituted in distilled water as per the manufacturer’s instruction to yield the known
stiffness of each hydrogel formulation (Table 2.1 — Table 2.4). Following the
reconstitution of lyophilized powders, each gel solution (referred to now as the pre-gel
solution) was vortexed for 15 seconds, and this was repeated until all lyophilized
powders had dissolved. Pre-gel solutions were then UV sterilized within a biological

safety cabinet class 2 hood for 30 minutes.

Table 2.1 Biogelx recommended solute-solvent ratios to give known stiffnesses of

Standard hydrogel product.

Stiffness range of standard gel required Weight of lyophilized powder per 1ImL

(kPa) dH,0
Low (0.5-1.5 kPa) 4.4mg
Medium (2.0-4.5 kPa) 8.8mg
High (6.0-10.0 kPa) 13.2mg

Table 2.2 Biogelx recommended solute-solvent ratios to give known stiffnesses of

GFOGER hydrogel product.

Stiffness range of GFOGER gel required = Weight of lyophilized powder per 1mL

(kPa) dH.0
Low (0.5-2.5 kPa) 5.8mg
Medium (4.5-7.0 kPa) 11.6mg
High (7.5-10.5 kPa) 17.4mg
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Table 2.3 Biogelx recommended solute-solvent ratios to give known stiffnesses of

IKVAV hydrogel product.

Stiffness range of IKVAV gel required

(kPa)

Low (0.8-1.1 kPa)
Medium (3.0-4.0 kPa)
High (8.0-9.2 kPa)

Weight of lyophilized powder per 1ImL
dH.0

4.9mg
9.8mg
14.7mg

Table 2.4 Biogelx recommended solute-solvent ratios to give known stiffnesses of

RGD hydrogel product.

Stiffness range of RGD gel required

(GE))]

Low (0.5-2.5 kPa)
Medium (5.5 kPa-8.0 kPa)
High (9.0-15.0 kPa)

Weight of lyophilized powder per 1mL
dH,0

5.0mg
9.9mg
14.9mg

2.4 Hydrogel encapsulation

Before encapsulation, hydrogels were warmed to 37°C. To achieve encapsulation, C-
28/12 and Sa0S-2 cells were trypsinized and counted using a haemocytometer. Desired
cell numbers were then pelleted via centrifugation at 230g for 5 minutes and re-
suspended in cell culture media at 10% of the volume of pre-gel solution within which
cells will be encapsulated. Cells were mixed at a desired number with 100ul of pre-gel
solution. Pre-gel/cell suspensions were then pipetted into 96-well plates at 100ul per
well and subsequently incubated at 37°C for 30 minutes. Crosslinking of the hydrogel
constructs was then encouraged through the addition of 100uL of growth medium to
the surface of the constructs for 2 hours at 37°C. Finally, fresh growth media was added
to the surface of the cross-linked hydrogel and cell-laden constructs were incubated at
37°C overnight. After 24 hours (day 0) remaining cultures were grown in differentiation
media (as described in section 2.2.1.). Media was replenished every 3 days for the

duration of each experiment unless otherwise stated.
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2.5 RNA methods

2.5.1 Isolation of RNA from cells

RNA was isolated from monolayer cultured cells via TRIZOL (Invitrogen, Paisley, UK) and
Qiagen RNeasy Mini Kit (Qiagen, Manchester, England) column extraction. Monolayer
cells were washed with 3mL ice-cold PBS and scraped on ice in ImL of TRIZOL reagent
using a cell scraper. The resultant suspension was then aspirated into a 1.5mL Eppendorf
tube (Eppendorf, Stevenage, UK) and stored at -80°C until RNA extraction was necessary.
Upon requirement of RNA extraction TRIZOL suspensions were removed from -80°C
freezers and defrosted on ice. Once defrosted suspensions were left on ice for a further
10 minutes. Next, 200ul of chloroform was added to the suspension and mixed
vigorously by hand for 30 seconds. Following mixing, Eppendorfs were left at room
temperature for 3 minutes and then centrifuged at 12000 x g for 10 minutes at 4°C. The
resultant top layer of supernatant was aspirated from the Eppendorf (avoiding the
interphase and organic layers) and RNA was extracted through Qiagen columns as per
manufacturer’s instructions provided with the Qiagen RNeasy Mini Kit. RNA was

concentrated via running the final eluate through the column twice.

2.5.2 Determination of RNA integrity

RNA concentration and purity (260/280 >1.8, 260/230 >1.8) was then assessed using a
Thermo Scientific NanoDrop One (Thermofisher, Paisley, UK). Briefly, 1ul of RNA sample
was loaded on to the Nanodrop loading platform and assessed on concentration and
absorbance at wavelengths of 260nm and 280nm. Ratios of 260/280 and 260/230
absorbances were then used to determine RNA purity with ratios over 1.8 being

considered low in DNA and exogenous contaminants.

Samples were then bioanalysed using an Agilent 2100 bioanalyser (Agilent, California,
USA) to determine a definitive RNA concentration and RNA integrity. Bioanalysis was
conducted as per manufacturer’s instructions. Samples with a RIN of >7.5 were used for

downstream analysis.
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2.5.3 Reverse transcription (RT)

cDNA synthesis was conducted using Primer Design Nanoscript (Primer Design,
Chandler’s Ford, UK) reverse transcription kits and prepared as per manufacturer’s
instructions. The resultant cDNA was diluted to 5ng/ul with RNase/DNase free water
and frozen at -20°C. A -RT reaction was also conducted, this involved substituting reverse
transcriptase with water whilst synthesising cDNA, creating a final product that should
have no cDNA replication thus acting as an indicator of genomic DNA contamination

during downstream RT-qPCR assays.

2.5.4 Real time quantitative polymerase chain reaction (RT-qPCR) and GeNorm
analysis

All PCR reagents including cDNA were defrosted on ice and pulse spun prior to
conducting the assay. PCR was conducted on 96 well bright white plates. A master mix
was created for each housekeeping gene and gene of interest. Master mixes contained
10ul of primer design SYBR green (Primer Design, Chandler’s Ford, UK), 4ul of
RNase/DNase free water (Primer Design, Chandler’s Ford, UK) and 1pl of desired primer
(Appendix Il) creating a master mix with a primer concentration of 300nM. Note, PDPN
master mixes contained 10ul of primer design SYBR green, 4.5ul of RNAse free water
and 0.5ul of primer mix, giving a final primer concentration of 250nM. Next 15ul of
master mix was plated in triplicate for each sample in a 96 well bright white plate (Primer
Design, Chandler’s Ford, UK); no template control (NTC) and -RT wells were also
prepared. 5ul of cDNA was added to test wells and -RT wells, while 5ul of RNase/DNase
free water was added to each NTC well. The 96 well plate was then sealed and
centrifuged at 300 x g. Following centrifugation RT-gPCR was conducted using an
Applied Biosystems StepOnePlus thermocycler (Thermofisher, Paisley, UK) and v2.2.3

OneStep software (Thermofisher, Paisley, UK).
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2.5.5 GeNorm analysis

GeNorm (Primer Design, Chandler’s Ford, UK) analysis was performed on both cell lines
to determine the most suitable housekeeping targets for gene data normalisation. This
process involved performing RT-qPCR on samples from selected time points. C-28/12 and
Sa0sS-2 cells were cultured for 0, 6, and 12 days in growth media containing 5mM B-GP
and 50ug/mL L-ascorbic acid, cells were then harvested for RNA as per section 2.4.1.,
RNA integrity was assessed as per 2.4.2 and cDNA was synthesised as per section 2.4.3.
RT-gPCR was then performed as per section 2.4.4. using 12 pre-selected genes as per
GeNorm manufacturer guidelines (Appendix Il). GeNorm data was then generated via

the use of gbase+ (Biogazelle, Canada) as per manufacturer’s guidelines.

2.5.6 Quantification of gene expression

Following thermocycling gPCR data was exported and Microsoft Excel was used to
conduct calculations to determine gene expression values. Relative gene expression
calculations were conducted using the 222¢) method described by Livak and Schmittgen

[270].

2.6 Protein methods

2.6.1 Protein extraction from two-dimensional cell cultures.

Cell monolayers were washed with 3mL ice-cold PBS and subsequently scraped on ice in
1mL ice-cold PBS. Scraped suspensions were aspirated into a 1.5mL Eppendorf tube and
centrifuged at 800 x g for 5 minutes to create a cell pellet. The resultant supernatant
was gently aspirated with care to not disturb the pellet which was then stored at -80°C
until protein extraction was required. To achieve protein extraction, pellets were
agitated and re-suspended in Radioimmunoprecipitation assay (RIPA) lysis buffer
containing 1X cOmplete Mini EDTA-free protease inhibitor cocktail. These suspensions
were left on ice for 30 minutes, with intermittent agitation to allow for total lysis of all
cell materials. Suspensions were then centrifuged at 16,813 x g for 5 minutes at 4°C,
pelleting insoluble materials and allowing proteins to solubilise in the supernatant.
Subsequently, protein lysates were stored at -20°C until required for quantification and

analysis.
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2.6.2 Protein extraction from three-dimensional cell cultures.

3D constructs were washed gently with 200ul ice-cold PBS and lysed via vortexing
directly in 300ul of urea buffer (appendix I) + 1X cOmplete Mini EDTA-free Protease
Inhibitor Cocktail. 3D construct suspensions were then left on ice for 30 minutes to allow
for full sample lysis. Subsequently, 3D construct suspensions were then centrifuged at

16,000g for 5 minutes to remove debris and obtain sample supernatants for analysis.

2.6.3 Protein extraction from human articular cartilage

Human cartilage samples were obtained from patients undergoing total knee
replacement with Mr Amish Amin (University of Edinburgh) diagnosing OA based on
clinical and radiographic OA features. Samples are obtained with patient consent and all
procedures with ethical approval by NHS Lothian in collaboration with Mr. Anish Amin.
The collection, storage, and subsequent use of human tissues are regulated in Scotland
by The Human Tissue Act (Scotland) 2006. The study of these tissues was in compliance
with all necessary UK licenses and ethical approvals. Thin slices of cartilage were placed
into a 2mL Eppendorf tube and submerged in 500uL urea buffer. The cartilage was then
homogenised using an IKA T10 homogenizer (IKA, Oxford, England) for 10 seconds at
speed 6. This homogenisation step was repeated 3 times. Cartilage homogenates were
then left for 30 minutes allow lysis of cells. Following lysis, lysates were centrifuged at
16,813 x g for 5 minutes at 4°C pelleting insoluble materials and allowing proteins to
solubilise in the supernatant. Subsequently, cartilage lysates were stored at -20°C until

required for quantification and analysis.

2.6.4 Quantification of protein

For RIPA lysed cell materials, the colorimetric Bio-Rad DC (Detergent Compatible) assay
(Bio-rad, Hertfordshire, UK) was used as a means of quantification and was conducted
as per manufacturer’s instructions. Standard curves were created using bovine serum
albumin (BSA) dissolved in de-ionized H,0. Samples and standards were incubated
within 96-well plates with assay reagents for 15 minutes at room temperature to allow
colorimetric reactions. Absorbances of each well was read at 600nm using a Tecan

Sunrise plate reader (Tecan, Crailsheim, Germany) and protein concentrations were
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determined using linear regression methods. For 3D samples lysed in urea buffer,
protein was quantified using the Bradford method. 1ul of the samples and BSA standards
were incubated with 200pl of Bradford reagent at room temperature for 15 minutes and
colorimetric changes were read at 600nm using a Tecan Sunrise plate reader (Tecan,
Crailsheim, Germany) and protein concentrations were determined using linear

regression methods.

2.6.5 Immunoblotting

Forimmunoblotting, samples were first prepared in loading sample buffer (LSB). Desired
concentration of proteins was re-suspended in 3X LSB buffer (Appendix I) to give a final
concentration of 1X LSB. Samples were then heated for 3 minutes at 99°C. Following
heating, samples were then loaded into pre-cast Tris-glycine gels (Bio-rad, Hertfordshire,
UK) unless stated otherwise, and PageRuler Prestained Protein Ladder (ThermoFisher
Scientific, Paisley, UK) was used as a molecular weight standard. Electrophoresis was
performed using Mini-Protean Tetra Cell apparatus (Bio-rad, Hertfordshire, UK). Gels
were set inside the Tetra-Cell module assembly and placed in a Bio-Rad Tetra Cell tank.
The outside and inside of the assembly was submerged in running buffer (Appendix 1)
and electrophoresis was conducted in two steps. Power packs were first set to 80V at
400mA, voltage constant, for 10 minutes. After two minutes voltage was increased to
120V until protein had completely migrated through the gel (confirmed by LSB dye
front). Proteins were then transferred to Amersham Protran Premium 0.45um
nitrocellulose membranes (GE Healthcare, United Kingdom). To achieve this,
membranes, filter paper and sponges were pre-soaked in transfer buffer (Appendix 1)
and then assembled into a gel holder cassette. The cassette was then loaded into the
Tetra Cell blotting module and placed inside the Tetra Cell tank. The module was then
submerged in transfer buffer and an ice pack was also inserted into the tank to ensure
cool temperatures during the transfer process. A magnetic stirrer was placed in the tank
which was then positioned on a stirring platform ready for the transfer process. Transfer
of the protein was achieved by applying 200V with a current of 400mA to the gel
assembly for 2 hours. The blotting module/gel assembly was then disassembled, and
protein transfer was confirmed via the use of Ponceau S staining. Membranes were then

washed twice for 10 minutes in 0.1% PBS-Tween. Following wash steps, membranes

68



were incubated overnight at 4°C with antibodies for relevant targets. Antibodies
(Appendix 1ll) were diluted in 0.1% PBS-Tween containing 5% skimmed-milk
(Sainsbury’s, Edinburgh, UK) unless stated otherwise. After the overnight incubation,
membranes were washed 3 times for 10 minutes with 0.1% PBS-Tween. Licor Odyssey
secondary antibodies (Appendix Ill) were then diluted in 0.1% PBS-Tween containing 5%
skimmed-milk and membranes were stained for 45 minutes in the dark, at room
temperature. Proteins of interest were stained with Licor 800CW secondary antibodies
and loading controls were stained with Licor 680LT unless stated otherwise. For E11
probing, secondary HRP antibodies were incubated in the same manner. Following
secondary antibody staining, membranes were washed three times for 10 minutes using
PBS-T and subsequently imaged and analysed using a Licor Odyssey 9120 (Licor,
Nebraska, USA) and the associated Image Studio software (Licor, Nebraska, USA). E11
visualisation was performed using Immobilon Western Chemiluminescent HRP
substrate (Merck, Poole, UK). Luminol and Peroxide solutions were mixed 1:1 and added
to HRP stained blots for 5 minutes. Images were then captured using Syngene G:Box

Chemi XX6 (Syngene, Cambridge, UK).

2.6.6 Quantification of Western blots

Western blots were quantified using the Licor Odyssey 9120 system and its associated
Image Studio software (Licor, Nebraska, USA). The Image Studio “Western Blot” analysis
function was used to generate background subtracted densitometry values for each
immunoblot. Densitometry values for each treatment were then normalised to B-actin
expression and expressed as arbitrary units of fluorescence. Data processing was

conducted using Microsoft Excel (Microsoft, Redmond, United States of America).

2.7 Cell tracker staining

Cells were cultured in lbidi 35mm culture-insert 4 well p-dishes (Thistle Scientific,
Uddingston, UK). Sa0S-2 cells were seeded in monolayer culture at a density of 1.66x10*
in 100uL growth medium or encapsulated in hydrogel as detailed in section 4.3.3.,
however, these were seeded as 50uL constructs covered with 50uL growth medium.

After 24 hours of incubation at 37°C, 2D and 3D cultures were washed with 3mL and
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200uL of PBS respectively. CellTracker™ Deep Red dye (1000X) was diluted to a working
concentration of 1X in growth media and added to both 2D and 3D cultures and
incubated for 45 minutes at 37°C. After 45 minutes cell tracker solutions were removed,
and cultures were washed with PBS. Fresh growth media was added to each culture
which was then imaged using a Zeiss LSCM 880 (Zeiss, Dresden, Germany) and ZEN Black
software (Zeiss). Images were then processed using ZEN Blue software (Zeiss, Dresden,

Germany).

2.8 Live/dead staining

2.8.1 Live/dead staining method

C-28/12 and Sa0S-2 cells were cultured and stained in both 2D and 3D conditions.
Live/Dead staining was achieved with the use of Calcein AM and Propidium lodide
respectively. 2D cell cultures were seeded in an Ibidi u-Slide Angiogenesis Glass Bottom
microscopy slide at a density of 1.8x10% in 50uL of growth media per well described in
section 4.3.3. 3D cultures were also seeded in an Ibidi p-Slide Angiogenesis Glass Bottom
microscopy slides (Thistle Scientific, Uddingston, UK) at a volume of 10uL of pre-gel-cell
solution per well containing 2x10° cells. Cells were encapsulated in hydrogels as per
sections 2.3. and 2.4. 50uL of media was then added dropwise to the top of the hydrogel
to not disturb the construct. This pre-gel-cell solution was left for 10 minutes at room
temperature and then incubated at 37°Cin an incubator for 2 hours to allow crosslinking
to occur. After 2 hours, the 50ulL of media on top of the construct was replaced with a
fresh 50uL and left-over night in an incubator at 37°C. For functionalised hydrogel
live/dead screening, cells were cultured for 24 hours in growth medium. For hydrogel
time-course culture, cells were cultured in growth media for the first 24 hours and then
subsequently in differentiation media (as described in section 2.2.1.) for up to 12 days
with the media being replenished every 2 days. Live/dead stain was prepared by diluting
a 1pg/uL calcein AM stock solution and 1ug/uL propidium iodide solution in 300uL
growth media pre-warmed to 37°C. 50uL of the stain mix was then added to each well
and incubated for 1 hour at 37°C. Finally, stained samples were gently washed twice
with 50uL phosphate-buffered saline (PBS) and then covered with 50uL PBS for
microscope visualisation. Cell cultures were then visualised using 488nm (calcein AM)

and 568nm (propidium iodide) channels. Stained cultures were imaged via the creation
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of a 2x2 tile scan of each culture to provide a comprehensive image that was
representative of 4 fields of view using a Zeiss LSCM 880 (Zeiss, Dresden, Germany) and

ZEN Black software (Zeiss, Dresden, Germany).

2.8.2 Live/dead staining analysis

Live/dead cell images were produced and captured using a Zeiss LSCM 880 (Zeiss,
Dresden, Germany) and ZEN Black software (Zeiss, Dresden, Germany). Images were
then processed using ZEN Blue software (Zeiss, Dresden, Germany) and cell counts were
performed using Imagel. Imagel processing involved converting images to grayscale
using “scale when converting” and 16-bit options in the ImagelJ toolbar. Next, thresholds
were set to include all cell structures in the image. Automated cell counts were then
produced, excluding everything smaller than 52 pixels to mitigate background staining.
Count masks were used to ensure reliable and robust counting was performed. During
the analysis of 2D cultures, the “watershed” feature was used to construct a reliable

representation of the number of cells due to the confluence of these cultures.

2.9 Cell tracker staining

Cells were cultured in Ibidi 35mm culture-insert 4 well p-dishes. Sa0S-2 cells were
seeded in monolayer culture at a density of 1.66x10* in 100uL growth medium or
encapsulated in hydrogel as detailed in section 2.4., however, these were seeded as
50uL constructs covered with 50uL growth medium. After 24 hours of incubation at
37°C, 2D and 3D cultures were washed with 3mL and 200uL of PBS respectively.
CellTracker™ Deep Red dye (1000X) was diluted to a working concentration of 1X in
growth media and added to both 2D and 3D cultures and incubated for 45 minutes at
37°C. After 45 minutes cell tracker solutions were removed, and cultures were washed
with PBS. Fresh growth media was added to each culture which was then imaged using
a Zeiss LSCM 880 and ZEN Black software. Images were then processed using ZEN Blue

software.
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2.10 Immunofluorescence

Immunofluorescent staining was conducted for both 2D and 2.5D (on top of hydrogel
constructs) cultured cells. 2D cultured cells were stained using coverslips, C-28/12 cells
were seeded in monolayer culture in a 6-well plate on top of borosilicate coverslips
(VWR, Pennsylvania, USA) or on top of a 300uL acellular hydrogel solution (referred to
as 2.5D) and incubated for 24 hours at 37°C. Following 24 hours of incubation, 2D
coverslips were washed via dipping in PBS 10 times and the surface of 2.5D cultures
were washed three times with PBS. Cultures were then fixed for 15 minutes using 4%
PFA. Wash steps were repeated using PBS and cells were then permeabilised with 0.1%
Triton-X (in PBS) for 10 minutes and washed again with PBS. Fixed cells were then
incubated with 10% FCS-PBS for 30 minutes to block the nonspecific binding of
antibodies. Primary antibodies were diluted in 1% FCS-PBS and added to fixed cultures
overnight at 4°C. The following day, cultures were washed with PBS and 1% FCS-PBS.
Again, 2D cover slips were dipped in each solution 10 times and 2.5D cultures were
washed 3 times with each solution. Secondary antibodies were diluted in 10% FCS-PBS
and added to fixed cultures for 45 minutes at room temperature. Cultures were washed
as before with PBS and 1% FCS-PBS and then mounted on slides with Vectashield DAPI
mounting medium (2bScientific, Kirtlington, UK). 2D culture slides were sealed with nail
varnish. Slides were then imaged using a Zeiss LSCM 880 and ZEN Black software. Images

were then processed using ZEN Blue software.

2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.3.0 (GraphPad Software,
California, USA). Data distribution was checked for normality using the Shapiro-Wilk test.
One-way analysis of variance (ANOVA) was used to analyse statistical differences within
an experiment and Tukey’s post-hoc multiple comparisons test was performed to
determine statistically significant differences between conditions. When data was not
normally distributed the non-parametric Kruskal-Wallis ANOVA was used to analyse
statistical differences within an experiment and Dunn’s post-hoc multiple comparison’s
test was performed to determine statistically significant differences between

conditions.
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Chapter 3: Characterization of two-dimensional chondrocyte
and osteoblast cell cultures for use in a three-dimensional in

vitro model.

3.1. Introduction

Development of a novel 3D in vitro model of osteoarthritis (OA) first requires the
establishment of suitable cell models that will allow for investigation into characteristics
of the OA phenotype. It is therefore important that chondrocyte and osteoblast cells are
represented as these cells are important in the formation and maintenance of articular
cartilage and subchondral bone respectively; these cells also play a key role in the
pathogenesis of OA. Ultimately it is the disruption of cell phenotype and extracellular
matrix (ECM) produced by these cells that leads to severe disease symptoms and
outcomes. It is therefore important that cells included within this cell model express the
genes and proteins associated with physiological chondrocyte and osteoblast

phenotypes and their respective ECM.

Human primary cells are generally considered the optimal 2D in vitro cell model as they
behave most similarly to cells in physiologic in vivo conditions. These cells are not
immortalized and therefore do not suffer the potential disadvantages associated with
cell lines such as genetic drift, variations in protein expression and proliferation
dynamics [271, 272]. Primary human chondrocytes (PHCs) have been found to express
substantially higher levels of chondrocyte-associated genetic markers such as COL2A1,
ACAN, SOX9, MMP1, MMP13 and ADAMTS5 compared to immortalized cell lines [273,
274). However, in 2D culture, these cells will eventually de-differentiate as indicated by
increased collagen | expression, whilst also displaying slower growth characteristics
compared to cell lines [230, 272, 275]. Notably, PHCs will ultimately become senescent,
limiting their subculture potential. The inevitable senescence coupled with high sample
costs can result in a PHC model that is expensive to maintain in the longer term, which

may present a challenge when trying to develop a novel 3D in vitro model.

Alternatively, chondrocyte cell lines are less costly and show rapid growth, whilst
maintaining detectable expression of key genes and proteins associated with the

chondrocyte phenotype and ECM production [273]. These characteristics can be seen in
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the immortalized, juvenile costal cartilage-derived C-28/12 chondrocyte cell line. The C-
28/12 clonal cell line displays an expression of the normally labile COL2A1, as well as
ACAN, SOX9, MMP-13 and ADAMTS-5. Notably, these cells display an expression profile
more like primary chondrocytes compared to immortalized alternatives T/C-28a2,
T/C28a4 and chondrosarcomas JJ012, H-ECM-SS, and produce higher vyields of
glycosaminoglycans (GAGs) [274, 276, 277]. It has been reported that culturing C-28/12
immortalized chondrocytes in serum-free conditions with an insulin-containing
supplement such as ITS+ can help to stabilize this chondrocyte phenotype [278, 279]. This
is thought to be due to a decrease in the proliferative rate of cells under serum-starved
conditions which allows the expression and deposition of proteins [276]. Additionally,
the serum contains growth factors such as platelet-derived growth factor (PDGF) which
may inhibit COL2A1 expression. Substitution of serum with ITS+ provides C-28/12 cells
provides a source of insulin which may mimic the effects of IGF-1; a known chondrogenic
molecule [280]. Further, if the chondrocyte phenotype is lost, it can be restored through

3D culture as exemplified by micromass culture [274].

Primary osteoblasts (POB) adapt well to monolayer culture. These cells express genetic
and protein markers associated with osteoblast maturation and matrix production such
as collagen | (COL1A1), alkaline phosphatase (AP-TNAP) and osteocalcin (BGLAP) [281,
282] Additionally these cells have been shown to produce a mineralised matrix with the
formation of distinct mineralised nodules [281]. However, as is the case with all primary
cells, they have limited subculture potential and will eventually undergo senescence,

suggesting they may not be appropriate for novel model development.

A potential alternative to POB cells can be seen in the human osteosarcoma Sa0S-2 cell
line. These cells have a higher proliferative capacity compared to POBs and express
osteoblast-specific genes in a profile similar to that of POB including COL1A1, ALPL and
BGLAP [281, 283]. Sa0S-2 cells follow this POB profile in a manner more consistent than
other human cell lines such as the MG-63 and U20S osteosarcoma lines [271, 281].
Expression of proteins such as collagen type | and AP-TNAP have previously been shown
in Sa0S-2 cells, with AP-TNAP activity being elevated in this cell line compared to POB,
MG-63 and U20S cells [271, 281, 284]. This seems to promote rapid mineralization in
Sa0S-2 monolayer cultures compared to POB and MG-63 cells, with Sa0S-2 cells also

forming distinct nodules and depositing calcium [281, 283, 285]. Additionally, research
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has highlighted the ability of these cells to differentiate from mature osteoblast into an
osteocyte-like cell in monolayer, expressing markers such as PHEX, MEPE, DMP1 and
SOST; with PHEX and MEPE expression being enhanced in 3D culture. However,

expression of the osteocyte hallmark protein podoplanin has not been detected [286].

Therefore, to determine the suitability of C-28/12 and Sa0S-2 lines for use in a novel 3D
in vitro model of OA these cells were first characterized in 2D culture. This allowed for
the optimization of growth conditions, as well as the determination of the effects of
serum and osteogenic media on C-28/12 cells. Importantly, the expression of key
chondrocyte and osteoblast markers that will be used to assess a 3D model of OA were

examined.

3.2. Aims and objectives

3.2.1. Aim
To establish and characterise chondrocyte and osteoblast cell culture models for

subsequent use in a 3D in vitro model of OA.

3.2.2. Objectives

1. Characterise the expression of key genes and proteins in C-28/12 chondrocytes in
2D culture, and determine the suitability of these cells for use in a 3D OA model

2. Characterise the expression of key genes and proteins in Sa0S-2 osteoblasts in 2D
culture, and determine the suitability of these cells for use in a 3D OA model

3. Determine the optimum conditions for the co-culture of C-28/12 chondrocytes and

Sa0S-2 osteoblasts for use in a 3D OA model

3.3. Methods

3.3.1. Cell culture

Cells were maintained as detailed in section 2.2.1. Briefly, all cells were maintained in
tissue culture flasks and sub-cultured via trypsinization at 70-80% confluency. PHCs were
maintained in PromoCell Chondrocyte Growth Medium as per section 2.2.3. and C-28/12
and Sa0S-2 cells were maintained in Dulbecco’s modified eagle’s medium (DMEM)/F12

GlutaMAX, + 10% fetal calf serum (FCS), + 1% penicillin-streptomycin (P/S), + an

75



additional 55mg/L sodium pyruvate to give a final concentration of 110mg/L sodium

pyruvate.

3.3.1.1. C-28/12 optimizing media conditions

C-28/12 cells were seeded in 6-well plates at a density of 2.5x10° cells per well in 3mL of
growth media and grown until confluent (48 hours). Cells were gently washed twice with
sterile saline solution and their media was then changed to either DMEM F-12 GlutaMAX
growth medium or DMEM F-12 GlutaMAX serum-free medium (DMEM F/12 GlutaMAX,
+ 1% insulin transferrin selenium plus (ITS+) + 55mg/L sodium pyruvate), and
subsequently cultured for an additional 48 hours. For investigation of protein
expression, media was also supplemented with an additional 50pg/ml L-ascorbic acid.
Following these two days of culture in serum or serum-free conditions, cells were

harvested for RNA and protein.

3.3.1.2. C-28/I12 time course

C-28/12 cells were seeded in 6-well plates at a density of 2.5x10° cells per well in 3mL of
growth media and grown until confluent (48 hours). Upon reaching confluency (day 0),
cells were treated with DMEM F-12 GlutaMAX osteogenic medium (growth medium
supplemented with 50ug/ml L-ascorbic acid and 5mM B-glycerophosphate). RNA and
protein were harvested on days 0, 3, 6, 9 and 12. All C-28/12 cells used for time course

analysis were seeded between passages 4 and 6.

3.3.1.3. Sa0S-2 time course

Sa0S-2 cells were seeded in 6-well plates at a density of 4.5x10° cells per well in 3mL of
growth media and grown until confluency (24 hours). Upon reaching confluency (day 0),
cells were treated with DMEM F-12 GlutaMAX osteogenic media (growth medium
supplemented with 50ug/ml L-ascorbic acid and 5mM B-glycerophosphate). RNA and
protein were harvested on days 0, 3, 6, 9 and 12 days. All Sa0S-2 cells used for time

course analysis were seeded between passages 10-12.
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3.3.2. RNA extraction, cDNA synthesis and RT-qPCR

Cells were washed twice with 3mL ice-cold PBS and then scraped on ice in 1mL TRIZOL.
Samples were frozen at -80°C until 3 biological replicates for each experimental
condition had been harvested, at which point RNA extraction was performed as per
section 2.5.1. and RNA integrity was assessed as per section 2.5.2. cDNA was synthesised

as per section 2.5.3 and frozen at -20°C for storage.

RT-gPCR was used to determine the expression of chondrocyte and osteoblast genes.
Prior to the analysis of genes of interest, geNorm analysis was performed and
determined B2M and SDHA, and TOP1 and ATP5B as the most suitable housekeeping
genes to use for the normalization of C-28/12 and Sa0S-2 RT-qPCR data, respectively
(section 2.5.4).

RT-gPCR was performed on chondrocyte (ACAN, COL10A1, COL1A1, COL2A1, COMP and
MMP13) and osteoblast (ALPL, BGLAP, COL1A1, PDPN and POSTN) target genes. Primer
sequences are detailed in Appendix Il. RT-qPCR was performed over 3 biological
replicates as detailed in section 2.5.4. Data were normalized to the geometric mean of
appropriate housekeeping genes as determined by geNorm analysis, and target gene

data were analysed as per section 2.5.5 and 2.5.6.

3.3.3. Protein extraction and quantification

Cells were washed twice with 3mL ice-cold PBS and then scraped on ice into 1mL PBS.
Cells were pelleted via centrifugation at 145 g, 4°C for 5 minutes. PBS was aspirated and
pellets were then frozen at -80°C until 3 biological replicates for each experimental
condition had been harvested. Once all biological replicates were acquired, protein was

extracted and quantified as per sections 2.6.1 and 2.6.4.

3.3.4. Immunoblotting

Following quantification of protein concentration in whole cell lysates, samples were
loaded onto Tris-Glycine gels prepared by the operator (reagents specified in Appendix
1). Where possible, 10ug of whole cell lysate from human articular cartilage was loaded
as a positive control for chondrocytes. Immunoblotting was performed as per section

2.6.5. with membranes probed using primary antibodies as detailed in Appendix Ill.
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Secondary antibody staining was performed, and proteins visualized using the Licor
Odyssey system for anti-rabbit antibodies or enhanced chemiluminescence (ECL)
blotting for anti-sheep secondary antibodies (Appendix Ill). The expression of a protein
of interest was then normalized to B-actin expression. Immunoblotting images were

guantified as per section 2.6.6.

3.3.5. Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.3.0 (GraphPad Software,
USA) as per section 2.11.

3.4. Results

3.4.1. Characterisation of primary chondrocytes

Primary chondrocytes were grown in monolayer conditions from passage 2 to passage
6. Within this time cells underwent a noticeable morphological change from a standard
polygonal chondrocyte-like morphology to a more fibroblast-like morphology as
indicated by increased numbers of spindle-shaped cells (Figure 3.1). This morphological
change was accompanied by slower growth rates observed with increasing passage
numbers. For these reasons it was determined that the use of primary cells was not
suitable for the development of a reproducible, cost-effective novel model due to the

demand for a high number of cells.

3.4.2. Characterisation of C-28/12

3.4.2.1 Optimization of C-28/12 growth conditions

The C-28/12 chondrocyte cell line was investigated as these cells produce hyaline
cartilage, express markers associated with articular, including labile markers such as
COL2A1 [287]. It has been reported that culturing immortalized chondrocytes in the
absence of FCS can promote the chondrocyte phenotype, preserving the expression of
markers such as COL2A1 in monolayer culture [287]. Ultimately, a co-culture of

chondrocytes and osteoblasts with one universal growth media is required. Therefore,
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it was first necessary to investigate their potential for growth in differing serum

conditions.

3.4.2.2. Morphology of C-28/12 under differing serum conditions

To investigate the effect of serum on the chondrocyte phenotype, C-28/12 cells were
grown for 2 days until sub-confluence in growth media containing FCS and then cultured
for a further 2 days in either: media containing FCS, or media without FCS supplemented
with ITS+. During this time no morphological differences were observed, and cells were
growing at the same rate in both conditions; however, C-28/12 cells cultured in the

absence of FCS were becoming less adherent and potentially apoptotic (Figure 3.2).

P2

P6

Figure 3.1. The effect of 2D cell culture on primary human chondrocyte morphology. (A) PHCs displayed
a typical polygonal morphology at early passage numbers (P2). (B) Passage 6 (P6) PHCs began to display a
fibroblast-like morphology (indicated by black arrows) with these cells showing an increased number of
spindle-shaped cells, suggestive of de-differentiation.Images were taken at 4X magnification, and the

scale bar represents 100um.
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Growth media
+10% FCS

Growth media
-FCS +1% ITS+

Figure 3.2. The effect of serum on C-28/12 cell morphology. Cells after 2 days in growth media with FCS
and then a further 2 days in either growth media +10% FCS (A), or growth media -FCS + 1% ITS+ (B). C-
28/12 displayed polygonal morphology under both conditions, however in the FCS-free conditions cells
appeared to become less adherent and potentially more apoptotic (indicated by black arrows) than cells
cultured in the presence of FCS. Images were taken at 10X magnification, and the scale bar represents

100pm.

3.4.2.3. Analysis of chondrocyte-associated gene expression under differing serum
conditions

Initially, a geNorm analysis was performed to ensure appropriate housekeeping
reference genes were used for normalization (Figure 3.3). GeNorm analysis indicated
that the appropriate reference genes for analysis were B2M and SDHA as determined
by geNorm M and V values. GeNorm M highlights the average expression stability value
(M) of reference genes at each step during stepwise exclusion of the least stably
expressed reference gene, with stability increasing from left to right (Figure 3.3A).
GeNorm V indicates the number of reference genes required for reliable analysis of
gPCR data (Figure 3.3B). Therefore, the geometric mean of the expression of these two

reference genes was used in calculations when analyzing RT-qPCR output data.

Following geNorm analysis, the determination of target gene expression was
investigated (Figure 3.4). Target Ct values were normalized to the geometric mean of

B2M and SDHA and changes in gene expression were determined by comparing gene
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expression between all conditions. Expression of COL2A1 (Figure 3.4B), and COMP
(Figure 3.4C) did not significantly change when comparing media containing FCS and
FCS-free ITS+ supplemented medium. Expression of COL1A1 was also found to be stable
between conditions indicating that FCS did not influence cell de-differentiation (Figure
3.4F). FCS starvation significantly decreased the expression of AGG (P<0.05; Figure 3.4A)
whilst increasing the expression of both the hypertrophy marker COL10A1 (P<0.05;
Figure 3.4D) and the catabolic factor MMP13 (P<0.05; Figure 3.4E). This suggests that
FCS starvation has an anti-anabolic effect and drives the C-28/12 cells towards

hypertrophy.

3.4.2.4. Analysis of chondrocyte-associated protein expression under differing serum
conditions
Following the determination of the expression of genes associated with the chondrocyte
phenotype, immunoblotting was performed to determine the effects of serum
conditions on the expression of chondrocyte-associated proteins. Immunoblotting
analysis revealed that the expression of key markers COL2a1l (Figure 3.5A compare lanes
1 to 2 & Figure 3.5B) and COMP (Figure. 3.5C compare lanes 1 to 2 & Figure 3.5D)
remained relatively stable between different FCS conditions. Expression of the catabolic
MMP13 protein was seen to slightly decrease under FCS-deprived conditions (Figure
3.5E compare lanes 1 to 2 & Figure 3.5F). Finally, the protein expression of the
chondrocyte hypertrophy marker COL10al could not be detected in C-28/12 cultures
(Figure 3.5G), confirmed using human articular cartilage as a positive control for
COL10al expression. These results suggest that under the experimental conditions
tested, FCS deprivation has a negligible effect on the expression of chondrocyte-

associated proteins in C-28/12 cells.

Taken altogether, results suggest that C-28/12 chondrocytes do not need FCS deprivation
to maintain expression of chondrocyte associated genes and proteins and will display a

chondrocyte-like phenotype in 2D culture in growth media with supplemented with FCS.
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Figure 3.3. The presence of serum alters housekeeping gene expression over a 4-day timecourse.
GeNorm analysis of RNA harvested from C-28/12 cells over a 4-day time course comparing differing media
conditions (+10 % FCS vs. no FCS +1% ITS+). (A) geNorm M highlights the average expression stability value
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dataset of n=3.
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Figure 3.5. Serum deprivation has no impact on proteins associated with the chondrocyte ECM. Cells
were cultured with or without serum and protein was harvested 3 days post-confluence. Immunoblotting
was used to determine protein expression (A) COL2al immunoblot, (B) COL2al quantification (C) COMP
immunoblot, (D) COMP quantification, (E) MMP13 immunoblot (F) MMP13 quantification and (G)
COL10a1 immunoblot. Lanes: (L) Ladder. (1, 3 & 5) Growth medium + 10% FCS, with each lane
representing one biological replicate. (2, 4 & 6) Growth medium -FCS + 1% ITS+, with each lane
representing one biological replicate. (7) Human cartilage positive control. Immunoblotting was

performed in triplicate and normalised to B-actin expression. Densitometry was performed on the

representative images shown.
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3.4.3. Characterization of C-28/12 over a 12-day time course.

3.4.3.1. Morphology of C-28/12 over a 12-day time course.

Following optimization of culture conditions for the C-28/12 cell line, these cells were
grown over a 12-day time course in osteogenic media. These conditions are required by
osteoblasts to effectively undergo differentiation in vitro, therefore, to facilitate a co-
culture model, C-28/12 cells must be able to tolerate these conditions whilst maintaining
their chondrocyte phenotype. Light microscopy images show that the C-28/12 cells form
a dense, adherent monolayer under these conditions, with no observable changes in C-

28/12 polygonal morphology over time (Figure 3.6).

3.4.3.2. Analysis of chondrocyte-associated gene expression over a 12-day time
course.

To determine the effects of osteogenic media on C-28/12 expression of chondrocyte-
associated genes, RT-gPCR was performed on C-28/12 cells cultured under osteogenic
conditions for up to 12 days. Expression of ACAN significantly decreases between days
0 and 6 (P<0.05; Figure 3.7A), before returning to baseline levels. COL2A1 expression
significantly decreases over days 6, 9 and 12 compared to day 0 (P<0.05; Figure 3.7B).
COMP expression significantly decreases between days 0 and 3 (P<0.05; Figure 3.7C)
and returned to basal levels at subsequent time points, as did COL10A1 expression
(P<0.05; Figure 3.7D). MMP13 expression did not significantly change over the time
course, however, a trend towards increased expression is observed (Figure 3.7E). Finally,
COL1A1 expression significantly decreases when comparing days 0 to days 6, 9 and 12
(P<0.05; Figure 3.7F).

3.4.3.3. Analysis of chondrocyte-associated protein expression over a 12-day time
course.

Western blotting was performed to determine the expression of target proteins

associated with the chondrocyte phenotype and cartilaginous ECM production over a

12-day time course (Figure 3.8). Immunoblotting revealed that COL2al production

decreased between days 0 and 3 (Figure 3.8A compare lanes 1 to 2 & Figure 3.8B),
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increased between days 3 and 6 (Figure 3.8A compare lanes 2 to 3 & Figure 3.8B) and
finally decreased in a linear fashion over days 9 and 12 (Figure 3.8A compare lanes 4 to
5 & Figure 3.8B). COL2al expression follows a similar trend to the COL2A1 gene
expression which shows an overall decrease by the end of the time course. Expression
of COMP can be seen to increase in a time-dependent manner from days 0 to day 9
(Figure 3.8C lanes 1-4 & Figure 3.8D) and decrease between days 9 and 12 (Figure 3.8C
compare lanes 4 and 5 & Figure 3.8D); the same trend is observed in the expression of
MMP13 (Figure 3.8E lanes 1-5 & Figure 3.8F). Notably, COMP gene expression followed
a trend like COMP protein aside from an initial drop in expression, whereas MMP13
expression followed a trend inverse to that of the MMP13 gene. Active COL1al protein
expression was not found to be expressed in C-28/12 cells with immunoblotting only
showing pro-collagen | expression which is consistent with COL1A1 qPCR data (Figure

3.8G).

The results presented show that over a 12-day time course in osteogenic media C-28/12
cells can maintain their chondrocyte phenotype; despite overall drops in the expression
of markers such as COL2A1, the gene and its associated protein COL2al are still
detectable even after 12 days of monolayer culture. Intermittent drops of other
chondrocyte-associated genes are recoverable, and all other proteins are upregulated
throughout the time course. These results suggest that monolayer culture in osteogenic
media does not significantly impact the overall cartilage phenotype of the C-28/I12 cell
and that these cells can be successfully cultured in this media which will be carried

forward into future chondrocyte-osteoblast co-culture experiments.
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Day 0

Day 3

Figure 3.6. The effect of sustained 2D culture on C-28/12 morphology. (A) Cells were grown to confluence
(Day 0) in DMEM F-12 GlutaMAX growth media. Once confluent, cells were subsequently cultured in
DMEM F-12 GlutaMAX osteogenic media for (B) 3 days, (C) 6 days, (D) 9 days, (E) 12 days. Images were

taken at 10X magnification, and the scale bar represents 100um.
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Figure 3.7. 2D culture of C-28/12 over 12 days cells is associated with a reduction in expression of genes
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day 3, (3) =day 6, (4) =day 9, (5) = day 12. Immunoblotting was performed in triplicate and normalised to

B-actin expression. Densitometry was performed on the representative images shown.

3.4.4. Characterization of Sa0S-2 cells

It was previously determined that primary cells would not be suitable for the
development of a novel 3D in vitro model, therefore an osteoblast counterpart must be
selected. Sa0S-2 cells were chosen as these cells have been shown to express a variety
of osteoblast-related genes such as COL1A1, ALPL and BGLAP as well as their protein
counterparts. Additionally, these cells have been shown to produce a mineralized matrix
under 2D in vitro conditions. Typically, it is recommended that Sa0OS-2 cells are cultured
in McCoy’s 5A medium, however, future co-culture experiments necessitate the use of
DMEM F-12 GlutaMAX as required by C-28/12 cells. Sa0S-2 cells were grown in both
DMEM F-12 GlutaMAX media and McCoy’s 5A media to assess suitability of growth
conditions (Figure. 3.9) This was performed over a 7-day time course, and it was
observed that Sa0S-2 cells were able to successfully grow in both types of media with
no observable differences between conditions. Sa0S-2 cells must be able to both grow
and express the osteoblast phenotype in DMEM F-12 GlutaMAX if they are to be
included in a co-culture in vitro model of OA therefore this was assessed over a 12-day

time course under osteogenic conditions.

3.4.4.1. Morphology of Sa0S-2 cells over a 12-day time course

Initially Sa0S-2 Following from this Sa0S-2 cells were grown over a 12-day time course
in DMEM F-12 GlutaMAX osteogenic media to determine expression of osteoblast
associated genes and proteins. Light microscopy images show that Sa0S-2 cells can be
effectively cultured in DMEM F-12 GlutaMAX differentiation media forming a dense,
adherent monolayer with cells changing from an initial polygonal shape to a more

elongated morphology (Figure 3.10).
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Figure 3.9. The effect of growth media on Sa0S-2 morphology. Sa0S-2 cells were grown over 7 days
comparing DMEM F-12 GlutaMAX and McCoy’s 5a Media. Sa0S-2 cells were grown for 7 days in either (A)
DMEM F-12 GlutaMAX growth media or (B) McCoy’s 5a growth media and imaged via light microscopy.

Images were taken at 10X magnification, and the scale bar represents 100um.
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Day 0

Day 3

Day 6

Figure 3.10. The effect of sustained 2D culture on Sa0S-2 cell morphology. (A) Cells were grown to
confluence (Day 0) in DMEM F-12 GlutaMAX growth media. Once confluent cells were subsequently
cultured in DMEM F-12 GlutaMAX osteogenic media and grown for up to 12 days (B-E). Images were taken

at 10X magnification, and the scale bar represents 100um.
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3.4.4.2. Analysis of osteoblast-associated gene expression over a 12-day time course

To determine the genetic expression of osteoblast maturation and bone matrix
production markers over a 12-day time course, Sa0S-2 cells were grown in a
differentiation growth medium, and RNA was extracted for qPCR analysis at time points
0 (untreated), 3, 6, 9 and 12 days. Target genes were those associated with bone matrix

production, mineralisation, and osteoblast maturation.

Firstly, a geNorm analysis was performed to ensure the appropriate reference genes
were used for normalization (Figure 3.11). GeNorm analysis indicated that the
appropriate reference genes for analysis were TOP1 and ATP5B as determined by
geNorm M and V values. Therefore, the geometric mean of the expression of these two
reference genes was used in calculations when analyzing gPCR output data for Sa0S-2

cells.

Following geNorm analysis, the determination of target gene expression was
investigated (Figure 3.12). Expression of COL1A1 increased from day 0 to day 6 (p<0.05)
with no other differences observed between any other time points (Figure 3.12A). ALPL
remained stable over 12 days with no significant changes in mRNA expression (Figure
3.12B). PDPN expression showed an increase when comparing day 0 to days 6, 9 and 12
(P<0.001; Figure 3.12C) as well as when comparing day 3 to days 6, 9 and 12 (P<0.05;
Figure 3.12C). Similarly, BGLAP expression was seen to increase when comparing day 0
todays 6,9 and 12 (P<0.001; Figure 3.12D) with days 6 and 9 showing significantly higher
expression than day 3 (P<0.05; Figure 3.12D). Finally, POSTN expression was increased
when comparing days 0 to days 9 and 12 (P<0.001) with days 9 and 12 showing increased
expression over days 3 (P<0.05) and 6 (P<0.05) (Figure 3.12E). Over time, critical matrix
markers such as COL1A1 as well as BGLAP and POSTN are being upregulated alongside
the osteoblast maturation marker PDPN whilst ALPL expression remains stable

suggesting these cells are differentiating as expected.
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Figure 3.11. 2D culture of Sa0S-2 cells in differentiation media alters housekeeping gene expression.
GeNorm analysis of RNA harvested from Sa0S-2 cells over a 12-day time course in differentiation media.
(A) geNorm M highlights the average expression stability value (M) of reference genes at each step during
stepwise exclusion of the least stably expressed reference gene, with stability increasing from left to right.
(B) geNorm V indicates the number of reference genes required for reliable analysis of qPCR data. The
optimal number of gene Values <0.15 are considered stable (i.e., V2/3 <0.15 therefore using 3 reference

genes instead of 2 will not impact analysis). Data are from a dataset of n=3.
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Figure 3.12. 2D culture of Sa0S-2 cells over 12 days is associated with an increase in gene expression
associated with osteoblast maturation and mineral deposition. Sa0S-2 cells were cultured from 0 to 12
days in differentiation media. RNA was harvested and RT-qPCR performed to determine expression of
genes associated with the osteoblast maturation and ECM production. Data is presented as 22 mean
values * SEM showing normalized changes in expression of target genes over n=3 replicates. (A) COL1A1,

(B) ALPL, (C) PDPN, (D) BGLAP, (E) POSTN. Differences between conditions are denoted by a = compared
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to day 0 (P<0.05), b = compared to day 0 (P<0.001), c = compared to day 3 (P<0.05) and d = compared to
day 6 (P<0.05).

3.4.4.3. Analysis of osteoblast-associated protein expression over a 12-day time
course

Following the determination of gene expression, immunoblotting was performed to
determine the expression of target proteins associated with osteoblastic maturation
and bone ECM production over a 12-day time course (Figure 3.13). COLlal
immunoblotting shows clear processing of the protein from its pro- to its active form
with COL1al being observed by day 6 (Figure 3.13A compare lanes 1 and 2 to lane 3 &
Figure 3.13B), expression then increases by day 9 (Figure 3.13A compare lane 3to 4 &
Figure 3.13B) and reduces slightly at day 12 (Figure 3.13A lane 5 & Figure 3.13B). AP-
TNAP can be observed across all time points with expression slightly increasing in a time-
dependent manner (Figure 3.13C lanes 1-5 & Figure 3.13D). Finally, podoplanin
expression was detectable from day O with expression increasing until day 6 (Figure
3.13E lanes 1-3 & Figure 3.13F), slightly decreasing by day 9 (Figure 3.13E lane 4 & Figure
3.13F) and increasing again by day 12 (Figure 3.13E lane 5 & Figure 3.13F).
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Figure 3.13. 2D culture of Sa0S-2 cells over 12 days is associated with an increase in protein expression
associated with osteoblast maturation and mineral deposition. Sa0S-2 cells were cultured from 0 to 12
days in differentiation media. Protein was harvested and immunoblotting performed to determine
expression of genes associated with the osteoblast maturation and ECM production. (A) COLlal
immunoblot, (B) COL1al quantification (C) AP-TNAP immunoblot, (D) AP-TNAP quantification, (E)
Podoplanin immunoblot (F) Podoplanin quantification. Lanes: (L) = ladder, (1) = day 0, (2) = day 3, (3) =

day 6, (4) = day 9, (5) = day 12. Blotting was performed in triplicate and quantification was performed
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relative to B-actin expression. Densitometry was performed on one replicate representative of the

dataset.

3.5. Discussion

The aim of this chapter was to determine the suitability of chondrocyte and osteoblast
cell lines for use in a 3D in vitro model of OA. This was achieved by determining the

expression of key cellular and ECM genes and proteins in 2D culture.

The use of primary cells as a model cell system is considered the gold standard for in
vitro models. This is due to primary cells being derived directly from in vivo conditions
thus most reliably reflecting the in vivo physiologic or pathologic environment. However,
here it was shown that culture of PHCs in monolayer conditions results in a change in
PHC morphology with cells shifting from a typical polygonal chondrocyte shape to a
spindle-like fibroblast shape, suggestive of de-differentiation. Additionally, it was
observed that PHCs have slow growth rates. These findings are consistent with
published literature regarding the monolayer culture of PHCs where it has been
highlighted that de-differentiation can be induced via low-density plating and
monolayer culture, with cell sub-culture exacerbating the severity of the de-
differentiation [288, 289]. For these reasons, it was determined that PHCs were not

suitable for the development of the 3D in vitro model.

Immortalised cell lines were then considered for use with the human chondrocyte cell
line C-28/12 investigated as a potential candidate for the chondrocytes. First, it was
necessary to optimize the culture conditions for these cells. Previous research has
reported that growing these cells in the absence of serum but in the presence of insulin-
containing supplements can boost the chondrocyte phenotype [278, 279]. However, it is
important to note that serum starvation can induce apoptosis and cell detachment

which is not ideal for the osteoblast co-culture [290, 291].

Light microscopy revealed that C-28/12 cells grown in serum-free conditions begin to
exhibit signs of potential detachment and apoptosis. Further analysis of gene expression
highlights a catabolic effect of serum starvation on the chondrocyte phenotype,
exemplified by the reduction in ACAN, and an increase in the expression of COL10A1 and
MMP13. Previous studies suggest that serum has no effect on the expression of ACAN

in monolayer culture, however, both studies were performed using end-point PCR and
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a semi-quantitative form of end-point PCR [278, 279]. The current study uses the more
sensitive RT-gPCR method, which may highlight small changes in gene expression that
are not detectable using end-point PCR. Results presented in this chapter show for the
first time that serum starvation induces the expression of COL10A1, contrary to findings
that serum starvation should preserve the C28/12 chondrocyte phenotype [279].
Notably, overall expression of COL10A1 was low, a finding seen in other immortalized
chondrocyte cell lines [292]. Expression of COL10a1 protein could not be detected in C-
28/12 cells suggesting these cells are not undergoing hypertrophy, which is consistent
with the very low, but detectable, levels of the COL10A1 gene in this study. Similarly,
this is the first report of the effects of serum on the expression of MMP13 by C-28/12
cells, however, studies using high-density monolayers of primary cells have shown that
the induction of MMP13 via IL-1B is exacerbated under serum-free conditions [293].
MMP13 immunoblotting suggested that serum condition slightly decreased expression

of this protein, indicating serum starvation is not optimal for MMP13 production.

In the current study, no significant change was detected in COL2A1, COMP or COL1A1
expression. Immunoblotting revealed that the expression of COL2a1 and COMP proteins
did not differ when comparing media with and without serum. Expression of COL2A1
was previously shown to be induced by serum starvation [278], however once again, the
methods used were less sensitive than the methods employed in this study. Previous
research shows immunoblotting for Col2al expression is achievable, but available
studies do not consider the comparison between serum conditions [294] Additionally,
the cells used in the current study were at a low passage number (P4-P6) which may
have preserved the chondrocyte phenotype. Previous key studies do not detail the
passage number used, a factor which is critical in chondrocyte de-differentiation and
phenotype retention [230, 295]. This is the first study to consider COMP mRNA and
protein expression in the C-28/12 cell line with results suggesting that expression of both
markers is not impacted by serum starvation; COMP gene and protein markers may not
be as labile as COL2A1, therefore its expression may not be impacted by the presence
of serum. Expression of COL1A1 was also stable when comparing serum conditions,
suggesting the absence of serum may have no impact on de-differentiation under the

conditions tested.
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It was determined that growing cells in the presence of serum did not affect C-28/12
expression of key chondrocyte markers and that in some cases serum deprivation was
not optimal. Therefore, for the purpose of ongoing model development, it was
considered that serum starvation was not necessary and would not need to be
incorporated. This is beneficial as osteoblast lines have been shown to become more

apoptotic under serum-free conditions [296].

The next stage in determining the suitability of C-28/12 cells to be included in a 3D in
vitro model of OA was to investigate their ability to grow and maintain the chondrocyte
phenotype under osteogenic conditions; a reliable model of OA would require C-28/12
cells to share a culture environment with osteoblasts undergoing differentiation over a
12-day time course. Research performed in this study is the first to monitor C-28/12 cells
over a 12-day time course in osteogenic media containing ascorbic acid and beta-
glycerophosphate. Chondrocytes require ascorbic acid to produce collagens and
proteoglycans in vivo and in vitro therefore, the innocuous effects of this molecule are
to be expected [276, 279]. Beta-glycerophosphate acts as a source of inorganic
phosphate and has been shown to promote chondrocyte hypertrophy and subsequently
mineralization as seen in the ATDC5 murine chondrocyte line [297]. In human
chondrocytes, it has been shown that B-glycerophosphate results in increased collagen
type X synthesis and mineralization only when applied directly to chondrocytes that are
already hypertrophic [298]. This may eventually result in mineralisation-associated
apoptosis, however, C-28/12 cells appeared to tolerate the presence of B-GP with no

observable signs of mineralization.

Analysis of gene expression showed that expression of all target genes was altered over
the 12-day period. ACAN expression was seen to initially decrease before returning to
baseline levels, and this may be due to a slight loss of phenotype through prolonged
monolayer culture which was then recovered via the addition of L-ascorbic acid which
has been shown to have chondrogenic effects in ATDC5 cells [299]. A similar pattern was
observed COMP and COL10A1 genes. COMP protein expression increases between days
0 and 9 and slightly decrease between days 9 and 12. COMP has been shown to aid in
the regulation of chondrocyte proliferation and collagen fibril assembly therefore its
increase over time in culture may be indicative of chondrogenesis and cartilaginous

matrix synthesis [300, 301]
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Expression of COL2A1 and COL1A1 genes were both found to significantly decrease
when comparing day 0 to days 6, 9 and 12. Decreasing levels of COL2A1 is consistent
with previous research that suggests monolayer culture can reduce expression of the
labile COL2A1; here no recovery of expression is observed within the time course [278].
Protein analysis revealed COL2al expression fluctuated across the twelve-day time
course. Between day 0 and day 3 COL2al expression dropped. This was then increased
again between days 3 and 6, dropping off again over days 9 and 12. The initial drop in
COL2a1l expression may be due to an intolerance for monolayer growth, with COL2al
expression being recovered following the application of ascorbate [299]. Overall
reduction in the expression of COL2al may be due to prolonged monolayer culture
resulting in a significant reduction of expression of the labile COL2A1. Reduction in
COL1A1 expression over the time course suggests that C-28/12 cells are suited to culture
under these conditions as COL1IA1 is a common marker for de-differentiation.
Expression of the COL1a1l protein could not be detected; only the precursor pro-collagen
molecule could be seen at day 0. Studies have shown that monolayer culture results in
a shift from type |l collagen to type | collagen expression however work regarding this
have been performed under the influence of IL-1B [276, 302]. Therefore, COL1lal
expression may be dependent on a synergistic effect of IL-1p and monolayer conditions
with the current conditions being insufficient for COL1al induction as corroborated by
COL1A1 expression patterns. Expression of MMP13 did not significantly change over the
time course. This may be due to MMP13 being a stably expressed gene; studies have
shown that IL-1B stimulation of PHCs results in increased levels of MMP13 mRNA,
however, this effect is not detectable in immortalized lines including C-28/12 cells [272,
293]. MMP13 protein expression increased in a time-dependent manner between days
0 and 9, with both markers slightly dropping off between days 9 and 12. This pattern of
expression for MMP13 is concurrent with that found in micromass-cultured ATDC5 cells

[299].

Together, these results suggest that C-28/12 cells can grow under osteogenic conditions
with serum, whilst maintaining their chondrocyte phenotype. They also suggest that an
early culture time point (e.g., day 3) is most representative of the articular cartilage
chondrocytes. The purpose of the novel 3D model development is to provide a means

by which subchondral bone (SCB) and articular cartilage (AC) crosstalk may be
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investigated. Therefore, the findings presented here are crucial as model development
is dependent on incorporating a reliable cell model of the articular cartilage
chondrocyte, which is characterised by expression of collagen type Il and aggrecan,
whereas chondrocytes expressing markers such as collagen type X are restricted to the
deep zones of the articular cartilage and calcified cartilage (CC). If future co-culture
experiments aimed to consider interactions between the CC and SCB then incorporating
C-28/12 cells cultured for 12 days may be more appropriate due to downregulation in
type Il collagen expression, as well as increases in expression of the catabolic MMP13

protein [102].

Following the characterisation of a representative chondrocyte cell line, this study set
out to find a suitable osteoblast cell type to be included in the development of the 3D in
vitro model of OA. Due to the drawbacks encountered when working with PHCs, it was
decided that the use of an osteoblast cell line would be appropriate, with the human

osteosarcoma Sa0S-2 cell line being screened as a candidate.

Sa0S-2 cells are typically grown in McCoy’s 5A media, however, for co-culture purposes,
these cells must tolerate culture in DMEM F-12 GlutaMAX media, therefore it was first
shown that Sa0S-2 cells were able to tolerate culture in DMEM F-12 GlutaMAX media.
Subsequently, Sa0S-2 cells were grown in osteogenic media over a 12-day time course,
in identical conditions to those examined in the C-28/12 time course. Sa0S-2 cells
tolerated these conditions well, growing continuously forming dense monolayers with
observably low levels of cell death. This is to be expected as these cells are commonly
grown under such conditions with ascorbic acid and B-GP acting as promoters of the

osteogenic phenotype in a variety of studies [283, 303-305].

Notably, overall expression of COL1A1 mRNA was consistently high throughout the time
course. Results indicated that Sa0S-2 COL1A1 expression increased between days 0 and
6, with no differences between any other time points; this dataset followed a similar
trend to findings in published literature [283]. This was corroborated by immunoblotting
in which three clear distinct bands were observed, indicative of pro-collagen to active
collagen processing and COL1a1l increased over the time course with expression peaking
at day 9. ALPL mRNA expression was consistent throughout the time course with no
significant changes detected, this is consistent with previous findings that suggest ALPL

expression is relatively stable [306]. Increases in AP-TNAP protein expression were
102



however observed and this may be due to the need for alkaline phosphatase to aid in
the provision of inorganic phosphate for mineral deposition. For the first time, the
expression of PDPN in Sa0S-2 cells was examined. PDPN mRNA significantly increased
by day 6 of culture and this was maintained throughout the time course. Concomitant
increases were seen in podoplanin protein expression. These results indicate that SaOS-
2 cells are undergoing the process of maturation towards a differentiated osteocyte-like
phenotype [286]. Expression of BGLAP in the Sa0S-2 line was also increased over the
time course. Literature has shown that BGLAP expression is detectable in Sa0S-2 cells,
however, there has been little consideration for a time course of expression of this gene.
BGLAP has a variety of functions related to the regulation of biomineralization, notably
it has strong calcium-binding properties with an affinity for hydroxyapaptite [62]. It has
been highlighted that Sa0S-2 cells express BGLAP even at the early stages of cell culture
experiments, therefore its increase with time under osteogenic conditions is not
necessarily surprising [271]. Expression of POSTN was also seen to be significantly higher.
Whilst this is the first study to investigate POSTN expression in Sa0S-2 cells, it is logical
to deduce that increased expression of POSTN under osteogenic conditions is to be
expected as previous studies have shown that the periostin protein plays a key role in
processes such as collagen fibrillogenesis, cross-linking and incorporation of the pro-

osteogenic tenascin-C into the organic matrix [21, 22].

The overall analysis of Sa0S-2 cells cultured over a 12-day time course in osteogenic
media suggests that these cells do not only tolerate the culture conditions tested but
begin to undergo differentiation. This process is indicated by a time-dependent increase
and drop-off of collagen type | protein expression, as well as time-dependent increases
in BGLAP, POSTN and podoplanin, markers associated with matrix deposition,
mineralization, and osteoblast maturation. Considering these findings, future
experiments should involve culturing Sa0S-2 osteoblasts for 9 days to achieve optimal

expression of target markers to be considered in an in vitro model of OA.

Taken altogether, the results reported in this chapter suggest that primary human cells
are not appropriate for use in the development of a novel 3D in vitro model of
osteoarthritis and that cell lines should be used as a cost-effective alternative. This
chapter also effectively demonstrates that C-28/12 cells do not need to be serum starved

to achieve expression of chondrocyte-associated genes and proteins. Additionally, it has
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been shown that osteogenic media also does not have a negative impact on the
expression of these target genes and proteins. Sa0S-2 cells were cultured in osteogenic
conditions identical to C-28/I12 cells and not only did these cells proliferate under these
conditions, but they also expressed a variety of osteoblast-associated genes and
proteins and began to take on a profile of a mature osteoblast undergoing further
differentiation. Further, Sa0S-2 cells must be cultured for 9 days to allow for optimal
marker detection, whereas C-28/12 cells express most target genes and proteins at day
3 (~2 days monolayer culture). These findings will directly inform the optimal culture
conditions and timings for C-28/12 and Sa0S-2 cells embedded within hydrogels for the

development of a 3D model of OA.
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Chapter 4: The impact of hydrogel encapsulation on C-28/12

chondrogenic and Sa0S-2 osteoblastic cell lines

4.1. Introduction

To establish a three-dimensional (3D) model of osteoarthritis (OA), a suitable 3D cell
culture system must be selected. A variety of 3D systems are commercially available,
many of which have been shown to maintain the in vivo phenotype of chondrocyte cell
cultures to a higher degree than their two-dimensional (2D) counterparts [240-242, 249,
250, 261, 307]. Similarly, many 3D models exist that promote the osteogenic phenotype
with some showing promise beyond their 2D counterpart [238, 256]. Many systems have
shown suitable properties for both chondrocyte and osteoblast culture, however,
hydrogel-based culture methods have been a key focus of recent research, particularly

with the increasing prevalence of bioink production [308, 309]

Hydrogel systems provide a platform with tuneable micro-environment characteristics
that may be adjusted to alter matrix elasticity, polarity, pore size and pore
interconnectivity; factors important for cell fate and phenotype [237]. Additionally,
hydrogels are comprised of a water/polymer biphasic construct that is like the
extracellular matrix (ECM) found in many tissues [310]. Hydrogels can broadly be broken

down into two categories, biological and synthetic.

Biological hydrogel systems are derived from known natural systems such as alginate,
gelatin and chitosan and exhibit suitable characteristics for cell culture including
biocompatibility, modifiability, as well as support for chondrogenic and osteogenic
activity [240-242]. However, due to the biological nature of these systems, they may
suffer from batch-to-batch variability as no single biological source will be the same,
which may impact the properties of the gel. To overcome this problem, research groups
and commercial entities have worked toward the development of synthetic hydrogel

systems.

Like biological hydrogels, synthetic hydrogel systems display desirable features for tissue
culture but are not derived from a finite source. Synthetic hydrogel systems are
reproducibly manufactured polymer/water constructs that have been shown to support

chondrogenesis including the induction of higher levels of collagenous and non-
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collagenous matrix proteins such as collagen type Il and osteocalcin compared to typical
2D monolayer culture [249, 250]. They have also shown beneficial chemical modification
capabilities, for example through the inclusion of chondrogenic molecules such as TGF-
B in Poly (ethylene glycol) (PEG) hydrogel systems [251]. Notably, synthetic hydrogel
systems have already shown promise in a co-culture model using bone marrow stem
cells (BMSCs) encapsulated in a chondrocyte laden PEG hydrogel which resulted in the
production of distinct cartilaginous cartilage and calcified bone like tissues producing an
interface that is a mimic of the subchondral bone (SCB) — articular cartilage (AC)

interface found within the articular joint, the site of OA development [251].

Biogelx hydrogel products (Biogelx Ltd, UK) are reproducible hydrogel cell culture
systems that yield the qualities expected of synthetic hydrogels using a technology that
is simple to handle. The products are derived from self-assembling Fmoc-
diphenylalanine (Fmoc-FF) gelator peptides that form nanoscale fibres via non-covalent
interactions. These Fmoc-FF peptides are combined with a Fmoc-serine (Fmoc-S)
surfactant peptide that engages in cooperative assembly with Fmoc-FF forming a
nanoscale fibre with a polar surface. These fibres are then cross-linked via the
coordination of divalent Ca%* ions forming a nanoscale fibre network that arranges itself
via -1t stacking interactions resulting in an interlocked B-sheet architecture [265, 267,
268]. Biogelx hydrogels have shown promise in promoting the survivability and
functionality of hepatocytes including upregulation of P450 enzyme gene expression
[311], as well as pericyte differentiation using stiffness alone as a substrate, allowing for
the derivation of cells expressing a variety of markers including SOX-9 and RUNX-2
markers of chondrogenesis and osteogenesis respectively [265]. Additionally, Biogelx
hydrogel systems allow for further microenvironment manipulation via the
incorporation of functional groups that mimic properties of the native cellular
environment such as fibronectin (RGD), collagen (GFOGER) and laminin (IKVAV) which

may promote cellular adhesion [269].

Due to the favourable characteristics of Biogelx hydrogels detailed in publications thus
far, as well as their ease of handling, customizable properties, and commercial
availability, it is considered that Biogelx hydrogels may be a suitable environment for
the culture of cells relevant to OA, namely the chondrocytes (C-28/12) and osteoblastic

(Sa0S-2) cell lines characterised in results Chapter 3. This chapter aims to determine the
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suitability of these hydrogel systems for integration into a 3D model of OA by assessing

the expression of key chondrocyte and osteoblast markers of C-28/12 and Sa0S-2 cells

respectively.

4.2. Aims and objectives

4.2.1. Aim
To determine the effects of hydrogel encapsulation on C-28/12 chondrocytes and SaOS-

2 osteoblasts, including the impact on cell viability and the expression of key cellular

markers linked to OA.

4.2.2. Objectives

1.

Demonstrate proof of concept for hydrogel culture and the potential for future
co-culture models of OA.

Optimise the purification of RNA from hydrogel encapsulated C-28/12 and Sa0S-
2 cells and perform RT-qPCR, comparing expression of target genes between 2D
and 3D culture conditions.

Optimise the purification of protein from hydrogel encapsulated C-28/12 and
Sa0S-2 cells and perform immunoblotting, comparing expression of target
proteins between 2D and 3D culture conditions.

Assess the viability of chondrocytes and osteoblast cells cultured in Biogelx
functionalised hydrogels.

Establish the optimal Biogelx hydrogel culture system to integrate this into a 3D

in vitro culture model of OA
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4.3. Methods

4.3.1. Hydrogel preparation

Hydrogels were prepared as per section 2.3.

4.3.2. Acellular hydrogel modelling and co-culture suitability

Biogelx standard high-stiffness hydrogels were prepared as in section 2.3 These were
then plated in a variety of cell culture vessels to allow for visual assessment of their
physical properties and handling for potential use in a co-culture model. Briefly, pre-gel
solutions were plated into a target vessel and incubated for 15 minutes at 37°C. Pre-gel
solutions were then cross-linked using cell growth media for 2 hours at 37°C and imaged
using a Sony Xperia 5 camera (Sony, Japan). Hydrogel constructs were used to create 3
distinct co-culture models, a vertical co-culture system using 24-well transwell inserts as
moulds, a horizontal co-culture system using silicone plugs, and a non-contact cell

signalling co-culture system using 24-well transwell plates and inserts.

4.3.3. Cell culture

Cells were maintained as detailed in section 2.2.1. For RT-gPCR, immunoblotting and
immunostaining experiments, C-28/12 cells cultured in 2D were seeded at a density of
5x10° cells per well in 6-well culture dishes, and Sa0S-2 cells were seeded at a density
of 4.5x10° cells per well in 6-well culture dishes. After 24 hours control cells were
harvested (day 0) and remaining cultures were grown in differentiation media
((DMEM)/F12 GlutaMAX, + 10% fetal calf serum (FCS), + 1% penicillin-streptomycin
(P/S), + an additional 55mg/L sodium pyruvate + 50ug/mL ascorbic acid and 5mM B-GP)
for 3 and 9 days to allow for the induction of matrix related proteins for both C-28/12

and Sa0S-2 respectively. Growth media was changed every 3 days.

4.3.4. Hydrogel encapsulation
C-28/12 and Sa0S-2 cells were encapsulated as per section 2.4. Briefly, cells were mixed
at a density of 2x10° cells per 100ul of pre-gel solution and pipetted into 96-well plates

at 100pl per well and subsequently incubated at 37°C for 30 minutes, crosslinked and
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cultured further. After 24 hours (day 0) remaining cultures were grown in differentiation
media (as described in section 2.2.1.). Media was replenished every 3 days for the

duration of each experiment unless otherwise stated.

4.3.5. RNA extraction

RNA was extracted using a variety of methods and at different time points. The effect of
gel volume on RNA yield was first analysed using a standard RNeasy kit method on SaOS-
2 cells encapsulated for 24 hours. Subsequently, a variety of RNA extraction methods
were compared on encapsulated Sa0S-2 cells after 24 hours in 3D culture. Following the
determination of a suitable RNA extraction method Sa0S-2 cells were encapsulated for
several days as determined by the outcome of Chapter 3; this would ensure cells could
be cultured for long enough in 3D to permit expression of key Sa0S-2 ECM markers such

as collagen type |. RNA extraction methods tested are listed below.

4.3.5.1. RNeasy kit extraction (also used as a method for testing different gel
volumes)

2D cultured cells were washed twice with 3mL ice-cold PBS, scraped in ImL ice-cold PBS,
and aspirated into 1.5mL microcentrifuge tubes. Cell aspirates were then spun at 800g
to generate a cell pellet, supernatants were removed, and cell pellets were lysed in
350ul of RLT buffer containing 0.01% B-mercaptoethanol. 3D culture constructs were
washed twice with 3mL ice-cold PBS and directly lysed in 350ul of RLT buffer containing
0.01% B-mercaptoethanol and vortexed vigorously for 30 seconds (or until construct
entirely dissolved in solution). 3D construct lysates were centrifuged at full speed for 3
minutes and supernatants were transferred to new 1.5mL microcentrifuge tubes. At this

stage, both 2D and 3D constructs were handled in the same manner.

One volume of 70% ethanol was added to each lysate and mixed via pipetting, the total
volume was then transferred to a RNeasy spin column placed in a 2mL collection tube
which was centrifuged at 8000g for 15 seconds, flow through was then discarded (if
lysate + ethanol mix exceeds 700pL run samples through columns up to 700ul at a time
until the entire sample has been passed through the column). Columns were washed via
the addition of 700uL of buffer RW1 and centrifugation at 8000g for 15 seconds.
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Subsequently, column membranes were washed, and 500uL of buffer RPE (containing
20% ethanol) was added to each column which was centrifuged at 8000g for 15 seconds,
a subsequent second membrane wash was performed with an 8000g 2-minute
centrifugation which also ensured membranes were dried and to prevent ethanol
carryover. Spin columns were removed from collection tubes and placed into a new 2mL
collection tube and centrifuged at 16000g for 1 minute to ensure complete removal of
ethanol contaminants. Finally, the column was placed in a new 1.5mL collection tube
and RNA was eluted, 30uL of RNase-free water was added to each column followed by
centrifugation at 8000g for 1 minute. This final step was repeated using the sample
eluates to increase RNA yields. Samples were then quantified using the NanoDrop 2000

(Thermo Scientific) and stored at -80°C until required.

4.3.5.2. Standard Trizol extraction

2D cultured cells were washed twice with 3mL ice-cold PBS and scraped on ice in 1mL
Trizol. Lysates were then kept on ice until 3D supernatants were collected. 3D culture
constructs were submerged in ImL trizol and vortexed vigorously for 30 seconds (or until
the construct was entirely dissolved in solution). Solutions were then centrifuged at
12,000xg for 10 minutes to remove any insoluble material, supernatants were then
transferred to a fresh tube. At this stage, 2D and 3D solutions were handled in the same
manner. 200l of chloroform was added to each sample, mixed via vigorous shaking for
5-10 seconds and incubated at room temperature for 15 minutes. Samples were then
centrifuged at 12,000xg for 10 minutes at a temperature of 4°C to facilitate phase
separation. The aqueous phase was then transferred to a fresh tube. 500ul of
isopropanol was added to the aqueous phase and samples were vortexed for 10 seconds
and incubated at room temperature for 10 minutes. RNA was then precipitated via
centrifugation at 12,000g for 8 minutes at 4°C, supernatants were carefully removed
and 1mL of 75% ethanol was added to the RNA pellet, which was then centrifuged at
7,500g for 5 minutes to remove the ethanol and pellets were then air dried for 5
minutes. The resultant precipitate was re-suspended in 100ul of Rnase-free water and
stored at -80°C until required for analysis. RNA concentration, 260/280 and 260/230

values were determined via Nanodrop measurement.
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4.3.5.3. Trizol + RNeasy kit extraction

2D cultured cells were washed twice with 3mL of ice-cold PBS and scraped on ice in ImL
of ice-cold Trizol. 3D cultured constructs were submerged in 1mL of ice-cold trizol and
vortexed vigorously for 30 seconds (or until the construct was entirely dissolved in
solution). Samples were frozen at -80°C until 3 biological replicates for each
experimental condition had been harvested, at which point RNA extraction was

performed as per section 2.5.1.

4.3.5.4. Alternate Trizol method

2D cultured cells were washed twice with 3mL ice-cold PBS and scraped on ice in 1mL
Trizol. Lysates were then kept on ice until 3D supernatants were collected. 3D culture
constructs were submerged in ImL trizol and vortexed vigorously for 30 seconds (or until
the construct was entirely dissolved in solution). 200l of chloroform was added to each
sample, mixed via vigorous shaking for 10-15 seconds and incubated on ice for 5
minutes. Samples were then centrifuged for 12,000g for 15 minutes at 4°C to facilitate
phase separation, the upper agqueous phase was collected in a new Eppendorf, mixed
with the same volume of isopropanol, and incubated overnight at 4°C. After overnight
incubation samples were centrifuged at 12000g for 30 minutes at 4°C to produce an RNA
precipitate. Supernatants were discarded and the RNA pellet was washed with 1mL of
75% ethanol and vortexed briefly to detach the pellet. Samples were left on ice for 5
minutes and then centrifuged for 15 minutes at 4°C. Supernatants were then discarded
and the pellet was air-dried at room temperature. Subsequently, RNase-free water was
added to each tube and pellets were resuspended via gentle pipetting and scraping.
Once resuspended pellets were incubated for 10 minutes at 60°C and then stored at -
80°C until required for analysis. RNA concentration, 260/280 and 260/230 values were

determined via Nanodrop measurement.

4.3.6. cDNA synthesis and RT-qPCR

cDNA was synthesised as per section 2.5.3 and frozen at -20°C for storage. RT-gPCR was
performed on chondrocyte (ACAN, COL10A1, COL1A1, COL2A1, COMP and MMP13) and
osteoblast (ALPL, BGLAP, COL1A1, PDPN and POSTN) target genes. Primer sequences are
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detailed in Appendix Il. RT-gPCR was performed over 3 biological replicates as detailed
in section 2.5.4. Data were normalized to the expression of CYC1 and GAPDH for SaOS-

2 and C-28/12 cell lines respectively. Target gene data were analysed as per section 2.5.6.

4.3.7. Protein extraction and quantification

2D cell cultures were washed with 3mL ice-cold PBS and scraped on ice in 1mL ice-cold
PBS and aspirated. Cell suspensions were then pelleted via centrifugation at 800g for 5
minutes at 4°C and stored at -80°C until required for analysis. Protein was subsequently
extracted and quantified as per section 2.5.1. Protein extraction and quantification of

3D encapsulated cells was achieved as per sections 2.5.2 and 2.5.4.

4.3.8. Immunoblotting

Gel electrophoresis was conducted using Tris-glycine gels prepared by the operator
(reagents specified in Appendix 1) and immunoblotting was performed as per section
2.6.5. by the operator (reagents specified in Appendix 1) with membranes being probed
for primary antibodies as detailed in Appendix Ill. Secondary antibody staining was
performed using the Licor Odyssey system. (Section 2.6.5. & Appendix Ill). The protein
of interest expression was then normalized to B-actin expression. Images were
guantified as per section 2.6.6. Where possible, 10ug of whole protein lysate from
human articular cartilage was loaded as a positive control for chondrocyte

immunoblotting.

4.3.9. Cell Tracker staining

Cell tracker staining was performed as per section 2.9. Cells were cultured in Ibidi 35mm
culture-insert 4 well p-dishes. Sa0S-2 cells were seeded in monolayer culture or
encapsulated in hydrogel as detailed in section 2.4. After 24 hours of incubation at 37°C,
2D and 3D cultures were washed and stained with CellTracker™ Deep Red dye at a
working concentration of 1X in growth media. Cultures were then imaged using a Zeiss
LSCM 880 (Jena, Germany) and ZEN Black software (Zeiss). Images were then processed

using ZEN Blue software (Zeiss).
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4.3.10. Immunostaining

Immunostaining was conducted as per section 2.10. C-28/12 cells were seeded in
monolayer culture in a 6-well plate on top of 22mm coverslips at a density of 8.3x10*
cells in ImL growth medium, or on top of 300uL acellular hydrogel solution (henceforth
referred to as 2.5D). Cells were fixed, permeabilised, blocked and subsequently stained
with an F-actin primary antibody. Secondary antibody staining was performed using
Alexa Fluor 647 and stained cultures were then mounted on slides with vectashield DAPI
mounting medium. Slides were then imaged using a Zeiss LSCM 880 (Jena, Germany)
and ZEN Black software (Zeiss). Images were then processed using ZEN Blue software

(Zeiss).

4.3.11. Live/Dead staining

C-28/12 and Sa0S-2 cells were cultured and stained in both 2D and 3D conditions.
Live/Dead staining was achieved with the use of Calcein AM and Propidium lodide
respectively. 2D cell cultures were seeded in an Ibidi p-Slide Angiogenesis Glass Bottom
microscopy slide at a density of 1.8x10% in 50uL of growth media per well described in
section 4.3.3. 3D cultures were prepared as per sections 2.3 and 2.4. and seeded in an
Ibidi p-Slide Angiogenesis Glass Bottom microscopy slides at a volume of 10uL of pre-
gel-cell solution per well containing 2x10° cells. Cultures were processed as per section
2.8.1. Live/dead staining was achieved using calcein AM and propidium iodide solutions
which were visualised using 488nm (calcein AM) and 568nm (propidium iodide)
channels. Stained cells were imaged via the creation of a 2x2 tile scan of each culture to
provide a comprehensive image that was representative of 4 fields of view using a Zeiss

LSCM 880 (Jena, Germany) and ZEN Black software (Zeiss).

4.3.12. Image processing and analysis
Live/dead cell images were produced and captured using a Zeiss LSCM 880 (Jena,
Germany) and ZEN Black software (Zeiss). Images were then processed using ZEN Blue

software (Zeiss) and cell counts were performed using Imagel as per section 2.8.2.
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4.3.13. Statistical Analysis
Statistical analysis was performed using GraphPad Prism 9.3.0 (GraphPad Software,
USA) as per section 2.11.
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4.4. Results

4.4.1. Acellular three-dimensional constructs
High stiffness acellular Biogelx hydrogel constructs were gelated and cross-linked in a

variety of culture vessels and shapes (Figure 4.1). Hydrogel constructs were used to
create 3 distinct co-culture models, a horizontal co-culture system using silicone plugs,
a vertical co-culture system using 24-well transwell inserts as moulds, and a non-contact
cell signalling co-culture system using 24-well transwell plates and inserts as detailed by
Alsaykhan and Paxton (2020) [312]. All culture methods were deemed suitable as
potential co-culture candidates at an early stage. Each gel retained its shape and showed
no visual leakage characteristics, allowing for direct assessment of the interface
between two individual hydrogel constructs, and assessment of cell signalling via a

transwell model.

Figure 4.1. Co-culture model potential was considered using Biogelx standard high stiffness hydrogels
(A-D). Pre-gel solutions were seeded in to (A-B) a 6-well plate with a silicone plug allowing for two halves

of the well to be filled with separate hydrogel constructs in direct contact. (C) Pre-gel solutions were
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moulded in 24-well transwell culture inserts and then removed and used to create a direct contact vertical
gel construct. (D) pre-gel solutions were seeded in to 24-well inserts and suspended above in-well pre-gel

solutions to create a non-contact 3D co-culture system.

4.4.2. Optimising RNA extraction from hydrogel encapsulated cells
A variety of culture and RNA extraction methods were tested to ensure the successful

retrieval of workable RNA from cells encapsulated in 3D hydrogel constructs. Hydrogel
volume was shown to greatly influence RNA yield (Figure 4.2) when using RNeasy Kit
extraction methods. Increasing hydrogel construct size whilst keeping cell number
consistent drastically decreased the amount of RNA obtained from encapsulated cells.
Subsequently, cells were encapsulated in 100uL of hydrogel and different RNA
extraction methods were tested upon cell-laden constructs. Standard Trizol extraction
methods resulted in minimal RNA retrieval from encapsulated cells. All other methods
tested resulted in acceptable RNA yields and 280/260 values; notably, 260/230 values
were low for all methods (Table 4.1-4.3). The two most efficacious methods (RNeasy Kit
and Alternate Trizol) were then taken forward for a time course analysis (Figure 4.2).
RNA vyields dropped considerably over time using both extraction methods, however,
the use of the alternate Trizol method resulted in the best RNA yields from cells after 9

days of encapsulated cell culture (Figure 4.2).
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Figure 4.2. Assessment of RNA extraction methods from Biogelx standard high stiffness hydrogels.
Extraction methods were assessed across a variety of culture conditions using Sa0S-2 cells as a model. (A)
The impact of hydrogel volume on RNA yields was assessed with any volume above 100ul of pre-gel
resulting in retrieval of unworkable concentrations of RNA. (B) Extraction methods were then compared
using 100ul pre-gel constructs. (C-D) Two extraction methods that provided the highest RNA yields were

tested over the culture time period determined in chapter 3 and RNA yields were then assessed.
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Table 4.1. RNA concentrations and relevant 260/280, 260/230 ratios retrieved from

cells encapsulated in Biogelx high stiffness hydrogels of increasing volume.

Hydrogel volume | RNA concentration | 260/280 ratio 260/230 ratio
(ul) (ng/ul)

100 174.8 2.08 1.36

300 1.4 3.56 0.07

500 5.2 2.3 0.08

700 4 2.17 0.13

900 3.3 1.6 0.15

Table 4.2. The impacts of extraction method on RNA concentrations and relevant

260/280, 260/230 ratios retrieved from cells encapsulated in Biogelx high stiffness

hydrogels.
Extraction RNA concentration | 260/280 ratio 260/230 ratio
method (ng/ul)
Trizol 2.1 2.35 0.5
Alternate Trizol 619.9 1.88 0.63
Trizol + kit 122.9 1.76 0.6
RNeasy Kit 175.1 2.07 1.43

Table 4.3. RNA yields and relevant 260/280, and 260/230 ratios retrieved from cells

encapsulated in Biogelx high-stiffness hydrogels of increasing volume.

Extraction RNA Concentration | 260/280 ratio 260/230 ratio
method (ng/ul)

Alternate Trizol 619.9 1.88 0.63

Day 0
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Alternate Trizol 41.6 1.69 0.63
Day 9

RNeasy Kit Day0 | 91 2.02 1.12
RNeasy Kit Day9 | 3.3 2.01 0.04

4.4.3. Comparison of two-dimensional and three-dimensional culture conditions on
C-28/12 cells

4.4.3.1. The effect of three-dimensional culture on the expression of chondrocyte

associated genes

RT-gPCR was performed on cDNA derived from both 2D and 3D cultures of C-28/12 cells
and considered whether the expression of target genes characterised in chapter 3 are
suitable readouts for both physiological and pathological chondrocyte activity (Figure
4.3). These genes were assessed and analysed between two different time points: day 0
(basal level) and day 3 and target gene expression were normalised to the geometric
mean of TOP1 and. No statistical significance was found for any gene of interest between

conditions when comparing each time point to its relative control (i.e., 3D day 0 vs. 3D

day 3).
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Figure 4.3. 3D culture using Biogelx high stiffness standard hydrogels does not impact the expression of
chondrocyte associated genes compared to 2D culture. Expression of chondrocyte and cartilage ECM-
associated genes by C-28/12 cells were cultured over 0-3 days in 2D and Biogelx standard high stiffness
hydrogels were assessed via RT-qPCR. Data is presented as 2"2“ mean values + SEM showing normalized

changes in the expression of target genes. Results were obtained from a dataset of n=3. (A) ACAN, (B)
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COL2A1, (C) COMP, (D) COL10A1, (E) MMP13, (F) COL1A1. No statistically significant differences were

found between culture time courses and their relevant controls.

4.4.3.2. The effect of three-dimensional culture on the expression of chondrocyte
associated proteins

C-28/12 cell culture total protein lysates harvested from 2D and 3D cultures were
analysed via immunoblotting (Figure 4.4). COMP protein expression increases over time
in 3D culture when comparing day 0 to day 3 (Figure 4.4A lanes 1 & 2), whereas 2D
culture results in a slight decrease in expression of COMP across both times tested
(Figure 4.4A lanes 3 & 4). However, COMP is detectable at an overall higher level in 2D.
MMP13 expression slightly increases over time in 3D culture when comparing day 0 and
day 3 of culture (Figure 4.4B lanes 1 & 2). When comparing day 0 with day 3 of 2D culture
MMP13 expression increases dramatically (Figure 4.4B lanes 3 & 4). Again, MMP13
expression is found to be overall higher in 2D conditions. Notably, ACTB staining
indicated that loading was not equal between 3D and 2D conditions suggesting that
hydrogel culture may interfere with protein quantification methods and could account
for the discrepancy between protein expressions levels observed when comparing 3D

vs. 2D.
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Figure 4.4. 3D culture using Biogelx high stiffness standard hydrogels promotes a catabolic phenotype
in C-28/12 cells. Expression of proteins associated with the chondrocyte phenotype and cartilaginous ECM
produced by C-28/I12 cells cultured over 0-3 days in 2D and Biogelx standard high stiffness hydrogels were
assessed via immunoblotting. Lanes are indicated by (L) ladder, (1) Day 0 3D, (2), Day 3 3D, (3) Day 0 2D
and (4) Day 3 2D. Blotting was performed in triplicate and quantification was performed relative to B-actin

expression. Densitometry was performed on one replicate representative of the dataset.

4.4.3.2. The impact of culture substrate on C-28/12 cell morphology

C-28/12 cells were grown in 2D and 2.5D cultures and cell morphology was assessed
using immunostaining of F-actin (Figure 4.5). In 2D, cells exhibit a typical chondrocyte
polygonal morphology; cell nuclei are shown stained with DAPI. When cultured in 2.5D,
chondrocytes drastically changed their morphology to a rounded shape and displayed

bleb-like structures, indicative of apoptosis [313].
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Figure 4.5. The effect of standard, high stiffness, Biogelx hydrogels as cell culture substrates on cell
morphology. Immunostaining of the cytoskeletal protein F-actin (Red) and cell nuclei with DAPI (Blue) in
C-28/12 cells after 24 hours of culture in 2D conditions and 2.5D conditions (on top of Biogelx high stiffness

standard hydrogels). White arrows indicate cell blebbing. The scale bar represents 20um.

4.4.5. Comparison of three-dimensional and two-dimensional culture conditions on
Sa0s-2 cells
4.4.5.1. The effect of three-dimensional culture on the expression of osteoblast

associated genes
RT-gPCR was performed on cDNA derived from both 2D and 3D Sa0S-2 cultures and
considered whether the expression of target genes characterised in chapter 3 are
suitable readouts for both physiological and pathological osteoblast activity (Figure 4.6).
These genes were assessed and analysed between two different time points: day 0
(basal) and day 9 and target gene expression were normalised to the geometric mean
of TOP1 and ATP5B. No statistical significance was found for COL1A1, ALPL, PDPN or
BGLAP when comparing each time point to its relative control (i.e., 2D day 0 vs. 2D day
9). However, when considering POSTN, there was a significant decrease in expression

from Day 0 3D and Day 9 3D (P<0.05).
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Figure 4.6. 3D culture using Biogelx high stiffness standard hydrogels does not impact the expression of
osteoblast associated genes compared to 2D culture. Expression of osteoblast and bone ECM-associated
genes by Sa0S-2 cells cultured over 0-9 days in 2D and Biogelx standard high stiffness hydrogels was

assessed using RT-qPCR. Data is presented as 22t mean values + SEM showing normalized changes in the
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expression of target genes. Results were obtained from a dataset of n=3. (A) COL1A1, (B) ALPL, (C) PDPN,
(D) BGLAP, (E) POSTN. Only POSTN showed a significant change in expression, with 3D culture resulting in

an overall reduction of POSTN expression when comparing Day 0 to Day 9.

4.4.5.2. The effect of three-dimensional culture on the expression of osteoblast
associated proteins
Sa0S-2 cell culture total protein lysates harvested from 2D and 3D cultures were

analysed via immunoblotting (Figure 4.7).

It was observed that COLlal processing in 3D cultured cells shares an inverse
relationship with 2D cultured cells. Between days 0 and 9 3D cultured Sa0OS-2 cells
expression of fully processed COLlal slightly decreases (Figure 4.7A lanes 1 & 2)
whereas in 2D this protein becomes detectable following 9 days of culture (Figure 4.7A
lanes 3 & 4). Additionally, COL1a1l expression in 3D is detectable in larger quantities at

both time points.

AP-TNAP expression appears to share the same relationship between 2D, and 3D
culture. Between day 0 and 9 3D cultures show an increase in expression (Figure 4.7B
lanes 1 & 2), as do 2D cultures with increased overall levels of AP-TNAP (Figure 4.7B
lanes 3 & 4). Again, it is notable that ACTB staining indicated that loading was not equal
between 3D and 2D conditions suggesting that hydrogel culture may have interfered
with protein quantification methods and could account for the discrepancy between

protein expression levels when considering 3D vs. 2D.
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Figure 4.7. 3D culture using Biogelx high stiffness standard hydrogels increases the expression of
osteoblast associated COL1al compared to 2D culture. Expression of proteins associated with the
osteoblast phenotype and bone ECM produced by Sa0S-2 cells cultured over 0-9 days in 2D and Biogelx
standard high stiffness hydrogels was assessed via immunoblotting. Lanes are indicated by (L) ladder, (1)
Day 0 3D, (2), Day 9 3D, (3) Day 0 2D and (4) Day 9 2D. Blotting was performed in triplicate and
guantification was performed relative to B-actin expression. Densitometry was performed on one

replicate representative of the dataset.

4.4.5.3. The effect of hydrogel encapsulation on Sa0S-2 cell morphology

Sa0sS-2 cells grown in 2D, and 3D were stained using CellTracker™ Deep Red following a
24 hour culture period. It was observed that distinct morphological differences exist
between the two cell culture methods. 2D culture of Sa0S-2 cells results in a flattened,
elongated morphology whereas 3D culture results in a rounded morphology. Notably,
encapsulated cells in 3D also express bleb-like structures indicative of apoptosis (Figure

4.8).
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Figure 4.8. Hydrogel encapsulation changes C-28/12 morphology. CellTracker™ Deep Red staining of
Sa0s-2 cells after 24 hours in 2D culture and 24 hours post-3D encapsulation in Biogelx high stiffness

standard hydrogels. The scale bar represents 20um.

4.4.6. C-28/12 and Saos-2 functionalised hydrogel screening
Due to these apparent morphological differences in chondrogenic and osteoblastic cells

cultured in standard high-stiffness 3D gels, it was determined that other hydrogel
formulations manufactured by Biogelx had to be considered for 3D model development.
Therefore, cell viability was assessed across all commercially available Biogelx hydrogel
formulations at a variety of stiffnesses (low, medium, and high) over a 24 hour culture
period (Figure 4.9 & 4.10). For both C-28/12 and Saos-2 cells, culture in standard gels
across all stiffnesses resulted in the death of all encapsulated cells (Figure 4.9 & 4.10
panels i-iii). GFOGER functionalised gels yielded the most positive outcome for both C-
28/12 and Sa0S-2 encapsulated cells with low, medium, and high stiffness culture
resulting in viabilities of 47%, 69% and 59% for C-28/I12 cells and 77%, 83% and 82% for
Sa0S-2 cells respectively (Figure 4.9 & 4.10 panels iv-vi). IKVAV hydrogels provided less
favourable results than GFOGER hydrogels for both C-28/12 and Sa0S-2 encapsulated
cells with low, medium, and high stiffnesses reducing cell viability to 42%, 35% and 13%
for C-28/12 cultures and 63%, 50% and 19% for Sa0S-2 cultures (Figure 4.9 & 4.10 panels
vii-ix). C-28/12 encapsulation in RGD hydrogels resulted in 100% mortality (Figure 4.9
panels iv-vi), a finding that was reflected in low-stiffness RGD Sa0S-2 cultures (Figure

4.10 panel x). However, Sa0S-2 cells encapsulated in medium and high stiffness RGD
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hydrogel constructs resulted in cell viabilities of 42% and 48% respectively (Figure 4.10
panel xi-xii). Due to these results, medium stiffness GFOGER and IKVAV gels were
considered as potential candidates for a long-term culture model and were taken

forward for a time course analysis.
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Figure 4.9. Biogelx hydrogel stiffness and composition impacts encapsulated C-28/12 cell viability.
Screening of C-28/12 compatibility with functionalised hydrogels 24 hours post-encapsulation using
live/dead staining. All commercially available Biogelx hydrogel formulations were tested including
standard (Fmoc-FF/S), GFOGER (Fmoc-FF/S with a collagen-like functional group), IKVAV (Fmoc-FF/S with
a laminin-like functional group) and RGD (Fmoc-FF/S with a fibronectin-like functional group). These
formulations were tested at recommended standardised stiffnesses low (Low), medium (Med) and high
(Hi). Viable cells can be seen in green with non-viable cells seen in red. Cells that were both red and green
were non-viable as cell DNA would be damaged to allow propidium iodide binding and subsequent
fluorescence. Culture conditions are labelled as (i) low stiffness standard hydrogel, (ii) medium stiffness

standard hydrogel, (iii) high stiffness standard hydrogel, (iv) low stiffness GFOGER hydrogel, (v) medium
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stiffness GFOGER hydrogel, (vi) high stiffness GFOGER hydrogel, (vii) low stiffness IKVAV hydrogel, (viii)
medium stiffness IKVAV hydrogel, (ix) high stiffness IKVAV hydrogel, (x) low stiffness RGD hydrogel, (xi)
medium stiffness RGD hydrogel and (xii) high stiffness RGD hydrogel. Images are presented as 2x2 tile

scans and are representative of 4 fields of view. The scale bar represents 500pum.

Low Med

Sa0S2 Standard Gel
100

:\? =
ry =
g S
-
° S s0
c =
o &
s £
0 H
o
S
a
0
Low Med Hi
Gel Stiffness

Sa0S2 GFOGER Gel
100

_\T =
ry =
« S
[T} S s0
2 g
© g
o
s
o
0
Low Med HI
Gel Stiffness
Sa0S2 IKVAV Gel
100
£ =
» -
°
> o
§ S s0
x g
€
°
e
S
o
0
Low Med HI
Gel Stiffness

Sa0S2 RGD Gel
100

RGD

50

Percentage of Cells (%)

=

0
Low Med Hi

Gel Stiffness

Figure 4.10. Biogelx hydrogel stiffness and composition impacts encapsulated Sa0S-2 cell viability.
Screening of Sa0S-2 compatibility with functionalised hydrogels 24 hours post-encapsulation using
live/dead staining. All commercially available Biogelx hydrogel formulations were tested including
standard (Fmoc-FF/S), GFOGER (Fmoc-FF/S with a collagen-like functional group), IKVAV (Fmoc-FF/S with
a laminin-like functional group) and RGD (Fmoc-FF/S with a fibronectin-like functional group). These
formulations were tested at recommended standardised stiffnesses low (Low), medium (Med) and high
(Hi). Viable cells can be seen in green with non-viable cells seen in red. Cells that were both red and green
were non-viable as cell DNA would be damaged to allow propidium iodide binding and subsequent
fluorescence. Culture conditions are labelled as (i) low stiffness standard hydrogel, (ii) medium stiffness

standard hydrogel, (iii) high stiffness standard hydrogel, (iv) low stiffness GFOGER hydrogel, (v) medium
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stiffness GFOGER hydrogel, (vi) high stiffness GFOGER hydrogel, (vii) low stiffness IKVAV hydrogel, (viii)
medium stiffness IKVAV hydrogel, (ix) high stiffness IKVAV hydrogel, (x) low stiffness RGD hydrogel, (xi)
medium stiffness RGD hydrogel and (xii) high stiffness RGD hydrogel. Images are presented as 2x2 tile

scans and are representative of 4 fields of view. The scale bar represents 500pum.

4.4.10. The impact of long-term encapsulation of C-28/12 and Sa0S-2 cells in GFOGER
and IKVAV hydrogels
Long-term characterisation of C-28/12 viability in GFOGER and IKVAV hydrogels was

performed following initial functionalised gel screening (Figure 4.11 & 4.12). C-28/I2
cells cultured in GFOGER hydrogels displayed a drastic drop in viability after 24 hours in
culture to 17% (Figure 4.11 panel i) with viability dropping to 0% at all subsequent time
points (Figure 4.11 panels ii-v). Contrastingly Sa0S-2 cells cultured in GFOGER hydrogels
maintained high levels of viability after 24 hours in culture with 87% of cells recorded as
viable (Figure 4.12 panel i). However, three days post-encapsulation in GFOGER gels
resulted in only 4% of encapsulated Sa0S-2 cells being viable (Figure 4.12 panel ii) and
at all subsequent time points, 0% of Sa0S-2 cells survived (Figure 4.12 panel iii-v). C-
28/12 cells encapsulated in IKVAV hydrogels were found to be non-viable at all culture
time points tested (Figure 4.11 panels vi-x). Sa0S-2 IKVAV encapsulated cells were found
to show drastic drops in viability after 24 hours (39%) (Figure 4.12 panel vi) this was
found to drop again by day 3 (15%) (Figure 4.12 panel vii). Saos-2 cells were non-viable
at all subsequent time points tested (Figure 4.12 panels viii-x), combined with previous
results this shows IKVAV gels display greater variability in terms of suitability for cell

culture.

C-28/12 2D control cultures were shown to have a high degree of viable cells after 24
hours in culture with 94% of cells being viable (Figure 4.11 panel xi). Subsequently, C-
28/12 2D culture viability decreased over day 3 (74%), day 6 (57%), day 9 (59%) and day
12 (49%) (Figure 4.11 panel xii-xv). Similar trends were seen in Sa0S-2 2D control
cultures however these suffered less drastic drops in viability over time with cells
showing 94% viability at Day O (Figure 4.12 panel xi) and decreasing over time: day 3
(88%), day 6 (79%), day 9 (76%) and day 12 (71%) (Figure 4.12 panels xii-xv).

These results indicate that all hydrogels tested are not suitable for long term cell culture

and even have limited use as short-term culture models due to observed drops in
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viability even 24-hours post encapsulation. However, to profile the changes observed in

viability in a more specific manner, a shorter time encapsulation course was performed.
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Figure 4.11. Hydrogel encapsulation over a 12-day time course causes total C-28/12 cell death. Analysis
of C-28/12 compatibility with functionalised GFOGER (Fmoc-FF/S with a collagen-like functional group) and
IKVAV (Fmoc-FF/S with a laminin-like functional group) hydrogels over a 12 day time course assessed via
live/dead staining. These formulations were tested at medium stiffness as this was previously determined
to be suitable. Viable cells can be seen in green with non-viable cells seen in red. Cells that were both red
and green were non-viable as cell DNA would be damaged to allow propidium iodide incorporation. C-
28/12 cells were grown in 2D under similar conditions as a control. Culture conditions are labelled as (i)
day 0 medium stiffness GFOGER hydrogel, (ii) day 3 medium stiffness GFOGER hydrogel, (iii) day 6 medium
stiffness GFOGER hydrogel, (iv) day 9 medium stiffness GFOGER hydrogel, (v) day 12 medium stiffness
GFOGER hydrogel, (vi) day 0 medium stiffness IKVAV hydrogel, (vii) day 3 medium stiffness IKVAV
hydrogel, (viii) day 6 medium stiffness IKVAV hydrogel, (ix) day 9 medium stiffness IKVAV hydrogel, (x) day
12 medium stiffness IKVAV hydrogel, (xi) day 0 2D culture, (xii) day 3 2D culture, (xiii) day 6 2D culture,
(xiv) day 9 2D culture and (xv) day 12 2D culture. Images shown represent a tile scan of 2x2 fields of view.

Image brightness was enhanced by 20% using Microsoft PowerPoint. Scale bar represents 500pum.
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Figure 4.12. Hydrogel encapsulation over a 12-day time course causes total Sa0S-2 cell death. Analysis
of Sa0S-2 compatibility with functionalised GFOGER (Fmoc-FF/S with a collagen-like functional group) and
IKVAV (Fmoc-FF/S with a laminin-like functional group) hydrogels over a 12 day time course assessed via
live/dead staining. These formulations were tested at medium stiffness as this was previously determined
to be suitable. Viable cells can be seen in green with non-viable cells seen in red. Cells that were both red
and green were non-viable as cell DNA would be damaged to allow propidium iodide incorporation. SaOS-
2 cells were grown in 2D under similar conditions as a control. Culture conditions are labelled as (i) day 0
medium stiffness GFOGER hydrogel, (ii) day 3 medium stiffness GFOGER hydrogel, (iii) day 6 medium
stiffness GFOGER hydrogel, (iv) day 9 medium stiffness GFOGER hydrogel, (v) day 12 medium stiffness
GFOGER hydrogel, (vi) day 0 medium stiffness IKVAV hydrogel, (vii) day 3 medium stiffness IKVAV
hydrogel, (viii) day 6 medium stiffness IKVAV hydrogel, (ix) day 9 medium stiffness IKVAV hydrogel, (x) day
12 medium stiffness IKVAV hydrogel, (xi) day 0 2D culture, (xii) day 3 2D culture, (xiii) day 6 2D culture,
(xiv) day 9 2D culture and (xv) day 12 2D culture. Images shown represent a tile scan of 2x2 fields of view.

Image brightness was enhanced by 20% using Microsoft PowerPoint. Scale bar represents 500um.

4.4.11. The impact of short-term encapsulation of C-28/12 and Sa0S-2 cells in
GFOGER and IKVAV hydrogels
Following the 12-day time course screen, a shorter 3-day time course was performed to

determine the viability of C-28/12 and Sa0S-2 cells in short-term culture (Figure 4.13 &
4.14). The viability of C-28/12 cells in both GFOGER and IKVAV hydrogels immediately
dropped 24 hours post-encapsulation as shown by the basal (day 0) viability levels
(Figure 4.13 panel i). Further 3D culture leads to statistically significant drops in viability
across all time points tested for both GFOGER and IKVAV formulations (P<0.05) (Figure
4.13 panels ii-viii). Levels of viable C-28/12 cells cultured in 2D remained stable
throughout the culture period (Figure 4.13 panels ix-xii). Short-term culture of Sa0S-2
cells in GFOGER resulted in a significant drop in cell viability when comparing days 0 to
days 2 and 3 of hydrogel culture (Figure 4.14 compare panel i to iii and iv). In addition,
when comparing days 1 and 2 to day 3 a continuous drop in viability can be observed
over time (Figure 4.14 compare panels ii and iii to iv). Short-term culture of Sa0S-2 cells
embedded in IKVAV hydrogels resulted in a significant drop in cell viability when
comparing days 0 to days 2 and 3 (Figure 4.14 compare panel v to panels vii and viii);
with 2D cultured cells maintaining consistent viability across all time points tested

(Figure 4.14 panels ix-xii).
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Figure 4.13. Hydrogel encapsulation over a 3-day time course causes total C-28/12 cell death. Analysis
of C-28/12 compatibility with functionalised GFOGER (Fmoc-FF/S with a collagen-like functional group) and
IKVAV (Fmoc-FF/S with a laminin-like functional group) hydrogels over a 3-day time course assessed via
live/dead staining. These formulations were tested at medium stiffness as this was previously determined
to be suitable. Viable cells can be seen in green with non-viable cells seen in red. Cells that were both red
and green were non-viable as cell DNA would be damaged to allow propidium iodide incorporation. C-
28/12 cells were grown in 2D under similar conditions as a control. Culture conditions are labelled as (i)
day 0 medium stiffness GFOGER hydrogel, (ii) day 1 medium stiffness GFOGER hydrogel, (iii) day 2 medium
stiffness GFOGER hydrogel, (iv) day 3 medium stiffness GFOGER hydrogel, (v) day 0 medium stiffness
IKVAV hydrogel, (vi) day 1 medium stiffness IKVAV hydrogel, (vii) day 2 medium stiffness IKVAV hydrogel,
(viii) day 3 medium stiffness IKVAV hydrogel, (ix) day 0 2D culture, (x) day 1 2D culture, (xi) day 2 2D culture
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and (xii) day 3 2D culture. Images shown represent a tile scan of 2x2 fields of view. Brightness of 3D images

had increased by 40% using Microsoft PowerPoint. The scale bar represents 500um.
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Figure 4.14. Hydrogel encapsulation over a 3-day time course causes gross Sa0S-2 cell death. Analysis
of Sa0S-2 compatibility with functionalised GFOGER (Fmoc-FF/S with a collagen-like functional group) and
IKVAV (Fmoc-FF/S with a laminin-like functional group) hydrogels over a 3-day time course assessed via
live/dead staining. These formulations were tested at medium stiffness as this was previously determined
to be suitable. Viable cells can be seen in green with non-viable cells seen in red. Cells that were both red
and green were non-viable as cell DNA would be damaged to allow propidium iodide incorporation. SaOS-
2 cells were grown in 2D under similar conditions as a control. Culture conditions are labelled as (i) day 0

medium stiffness GFOGER hydrogel, (ii) day 1 medium stiffness GFOGER hydrogel, (iii) day 2 medium
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stiffness GFOGER hydrogel, (iv) day 3 medium stiffness GFOGER hydrogel, (v) day 0 medium stiffness
IKVAV hydrogel, (vi) day 1 medium stiffness IKVAV hydrogel, (vii) day 2 medium stiffness IKVAV hydrogel,
(viii) day 3 medium stiffness IKVAV hydrogel, (ix) day 0 2D culture, (x) day 1 2D culture, (xi) day 2 2D culture
and (xii) day 3 2D culture. Images shown represent a tile scan of 2x2 fields of view. Brightness of 3D images

had increased by 40% using Microsoft PowerPoint. The scale bar represents 500um.

4.5 Discussion

The initial overall objective of this chapter was to characterise and determine the
expression of genes and proteins associated with both C-28/12 chondrocytes and Sa0OS-
2 osteoblasts in a 3D hydrogel-base culture context. Ultimately, these individual 3D
culture systems were to be included in a more physiologically relevant 3D co-culture
model of OA. However, concerns regarding cell viability presented a challenge for this

goal.

The process of RNA extraction for gene expression analysis from both animal cells and
tissues isroutine, however, due to the novelty of Biogelx hydrogel culture systems, there
was first a need to assess the impact of the hydrogel on RNA yields and compare
extraction methods to determine which is most suitable. Two of the most common RNA
extraction methods used for mammalian cells cultured in vitro include Trizol phase
separation-based methods and Qiagen RNeasy kit extractions. Trizol RNA extractions
rely on the dissolution of RNA, DNA and proteins using a mixture of guanidium
thiocyanate phenols, which are mixed with chloroform resulting in an emulsion which
undergoes phase separation creating two distinct phases: a hydrophilic and a
hydrophobic phase which is split by an interphase. The hydrophilic phase is where RNA
remains soluble and can therefore be used to isolate the RNA component of a sample
[314]. Alternatively, kit-based methods such as the Qiagen RNeasy kit rely on the
dissolution of mammalian cells and subsequent RNA release via a highly salted guanidine
thiocyanate lysis buffer containing reducing agents such as B-mercaptoethanol [315].
Published research has shown that extracting RNA from hydrogel-based culture systems
has presented challenges when using these methods including hydrogels of both natural
and synthetic nature [316—319]. Standard Trizol extraction performed on mammalian
cells encapsulated in polysaccharide-based alginate, agarose and gellan hydrogels
results in RNA that is not suitable for RT-gPCR [316, 317] and a wide variety of extraction

methods — including the RNeasy kit — result in greatly varied yields of RNA depending on
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the homogenisation method used [316]. It is often the case that B-sheet forming self-
assembling peptides contain many protonated structures which may give an overall
cationic or anionic charge to peptide fragments — this in turn will impact RNA extraction
methods as mainstay techniques are often dependent on charge-based interactions
[320]. Results presented in this chapter demonstrate the impact of hydrogel construct
volume on the process of RNA extraction when using standard Qiagen RNeasy kit
methods. Increasing hydrogel volume greatly diminishes RNA vyields, suggesting future
work should consider the hydrogel/cell ratio. This diminished RNA vyield may be
attributed to the direct charge interaction between peptide monomers and RNA, thus
increasing gel volume results in increased loss of RNA [320]. Following the determination
of the optimal hydrogel construct volume the efficiency of 4 different RNA extraction

methods was assessed on hydrogel-encapsulated cells after 24 hours of culture.

Standard Trizol methods resulted in very low RNA yields, which can be expected [316].
This may be due to the role of charge interactions involved in the phase separation
component of a typical Trizol extraction. Charged peptide subunits may be binding to
and sequestering released RNA thus preventing it from dissolving in the aqueous phase
of the Trizol-chloroform emulsion. RNeasy Kit/Trizol combination methods resulted in
sufficient RNA concentrations for downstream applications, however, the RNeasy kit
alone resulted in the second highest yield of RNA from encapsulated samples which can
also be seen in previously published work [320]. The differences here may be explained
by additional RNA loss when performing the Kit + Trizol method due to RNA
sequestration during the phase separation of the Trizol emulsion, whereas the binding
interaction of RNA to hydrated silica columns may outcompete the binding of peptide
subunits to RNA [320]. RNA extraction using the alternate Trizol method described
previously resulted in the highest yields of RNA this may be due to the increased chilled
isopropanol incubation step performed. This step maximizes the precipitation of RNA
and increases nucleic acid flocculation which promotes the formation of larger RNA
complexes which pellet more efficiently when put under centrifugal force. However, this
method may also increase salt precipitation which may have downstream impacts on
RNA in terms of integrity and suitability for cDNA synthesis and subsequent RT-qPCR
reactions. All methods produced acceptable 260/280 ratios, however methods involving

phenol extractions produced low 260/230 values, this is due to carryover phenol or salt
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contamination, as well as potential peptide contamination [314, 320]. RNeasy kits
produced more desirable 260/230 ratios however these were slightly below the

expected standard however this may also be due to peptide contamination [314, 320].

When considering RNA extraction from cells encapsulated in hydrogels over time, sharp
drops in RNA concentration were observed; this effect was heightened when using the
Kit extraction method which resulted in non-usable concentrations of RNA derived from
cells encapsulated over 9 days, raising concerns over cell viability. The Alternate Trizol
method resulted in the loss of RNA over time however, workable concentrations of RNA
were harvested after 9 days of cell encapsulation, therefore this method was used to
extract from multiple RNA samples. These results have highlighted decreases in RNA
concentrations following hydrogel encapsulation and subsequent culture. Previous
publications have shown that rapid degradation of RNA is associated with pathological
processes such as apoptosis and necrosis [321, 322] and this was therefore considered
following the downstream applications of this RNA which was assessed in the form of

reverse transcription and RT-gPCR experiments.

Quantitative PCR experiments performed using RNA extracted via the Alternate Trizol
method resulted in no significant changes in the expression of any target genes except
for a significant decrease in periostin expression. The standard error for all RT-qPCR
experiments can be seen to be highly variable which may have contributed to these
findings. Results found in Chapter 3 show that the RT-gPCR methodology used
previously is suitable for both target cell lines producing robust results. Therefore, this
inconclusive alteration in gene expression may be due to changes in RNA extraction
methodology. The drop in RNA concentration retrieved from cells cultured over time in
3D suggests that cells may not have been surviving in hydrogel constructs. Notably, RT-
gPCR performed on harvests derived from 2D culture also resulted in highly variable
results indicating it may be the overall extraction methodology that influenced the

highly variable results shown.

Following RT-qPCR experiments, protein expression was considered. Extraction of
protein from hydrogel constructs was achieved via conventional means and was
deemed suitable for analysis via immunoblotting. Immunoblotting results show 3D
cultures exhibiting trends that differ from their 2D counterparts. When considering

cartilage proteins, COMP was shown to increase from Day 0 to Day 3 when cells were
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encapsulated in hydrogels, however an inverse effect was seen in 2D cultures. These
findings are consistent with 2D in vitro conditions not necessarily being suitable for
chondrocyte culture, with loss of expression of chondrocytic markers being a key issue
with 2D culture [323, 324]. 3D culture has been shown to support chondrogenic activity
[323]; however, it is worth noting here that 2D expression of COMP was higher overall
regardless of time point tested, which again may suggest that the particular hydrogel
systems used here are not a suitable culture system for C-28/12 chondrocytes.
Expression of MMP-13 was found to increase in both 3D and 2D in vitro cultures over
time, with this increase being much more substantial in 2D cultures. Expression of MMP-
13 by chondrocytes is a natural process and has been shown in monolayer [324, 325]. It
has been highlighted that 3D culture can maintain MMP-13 expression [326]. Notably,
here it is shown that 3D cultured C-28/12 cells express low basal MMP-13 and that this
increases over time in 3D culture. This increase in MMP-13 expression may be
stimulated by unfavourable cell culture conditions induced by cell encapsulation. These
concerns have been further addressed in this chapter with cell viability analysis and will
be discussed. Upon analysis of osteoblast related proteins, it was observed that
processed COLl1lal was detectable in 3D encapsulated Sa0S-2 cells at day 0 and
maintained over a 9-day culture period with a slight decrease in expression over time. It
has been highlighted that 3D culture can promote the osteoblastic phenotype and this
may be occurring here [251] . Conversely, 2D cultures expressed no processed COL1al
at day 0 with an increase in expression to a detectable observed at day 9. These 2D
culture results are consistent with findings detailed in chapter 3. Finally, expression of
AP-TNAP showed the same trend between both 3D and 2D cultures, increasing as a
function of time, with overall greater levels of expression detected at both time points
in 2D cultures. Three dimensional cell-culture has been shown to improve the
phenotype of encapsulated cells, typically promoting many markers associated with the
phenotype of the encapsulated cell, including chondrocytes and osteoblasts [251, 323].
These effects have been considered to be tied to the physical properties of the external
matrix itself and subsequent mechanotransduction [228]. Alterations in phenotypic
expression of encapsulated cells are subject to a variety of matrix properties including
composition and stiffness [265, 327-331]. Therefore, to truly assess the suitability of a
hydrogel system for cell culture and inclusion in a 3D model of OA, composition and

stiffness should be assessed.
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To visualise hydrogel-encapsulated cells, initial immunostaining steps were performed
comparing F-actin and DAPI staining on cells cultured in 2D compared to 2.5D, which
revealed a high degree of auto-fluorescence can be found originating from the hydrogel
construct, an artefact which has been detailed in nanofibrillar self-assembling peptide
hydrogels [332]. Therefore, subsequent staining was tested via the use of cell-
permeable dyes that fluoresce in the red light spectrum, resulting in successful staining
of encapsulated cells with minimal background staining. As Biogelx hydrogel products
are a porous hydrogel scaffold; this result is expected as this would be permissive to
small molecule dyes. This method was then adapted using cell permeable dies as a
live/dead stain to assess cell viability in hydrogel encapsulated cells. An initial screen
was performed using both cell lines in 4 different functionalised hydrogels: Standard,
GFOGER, IKVAV and RGD, over 3 different stiffnesses: low, medium, and high. C-28/12
and Sa0S-2 cells encapsulated in each type of hydrogel resulted in varying degrees of
cell death 24 hours post-encapsulation across all hydrogel stiffnesses. GFOGER and
IKVAV hydrogels of medium stiffness yielded the highest levels of cell survival in a
construct that would be suitable for the development of a future co-culture model — low
stiffness hydrogels despite showing fewer toxic effects, were not viscous enough to be
included in a direct interface co-culture model (Figure 4.2A-B). Therefore, longer term
cytotoxicity studies were conducted using both GFOGER and IKVAV hydrogels at
medium stiffness. C-28/12 cells cultured in both GFOGER and IKVAV hydrogels displayed
drastic drops in viability 24-hours post encapsulation, with complete cell death being
observed from 3 days post-encapsulation and at each subsequent timepoint. Sa0S-2
cells displayed favourable cell viability in GFOGER constructs after 24 hours of culture,
however viability dropped substantially by 3 days post-encapsulation, from day 6, total
cell death was observed. Sa0S-2 cells encapsulated in IKVAV hydrogels displayed
immediate considerable drops in cell viability 24 hours post-encapsulation; with this
trend continuing into day 3 of culture. By day 6 complete cell death had occurred, and
this was observed across each subsequent timepoint. Finally, comprehensive 3-day time
courses were conducted to analyse the specific time profile of cell death of encapsulated
C-28/12 and Sa0S-2 cells encapsulated in GFOGER and IKVAV hydrogels. C-28/12 cells
displayed statistically significant drops in cell viability at all time points tested relative to
control, suggesting that these hydrogels are in no way suitable as a culture system for

this cell line. Sa0S-2 cells showed slightly higher levels of survivability in both hydrogel
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types, no statistically significant difference in viability was observed until days 2 and 3
of culture, with GFOGER encapsulated cells displaying the highest percentage of viable
cells, again these results suggest these hydrogel systems are not suitable for Sa0S-2 cell
culture with significant cell death occurring in short experimental time frames. Research
has shown that the presence of different Fmoc-FF functional groups can drastically alter
cell viability; an effect that was observed here [268, 333]. These functional groups may
also impact cell adhesion [334] and it has been suggested that a reduction in adhesion
may directly impact cell viability [333]. Therefore, it is no surprise here that
encapsulation in GFOGER sustained cell viability longer than the other tested
functionalized hydrogels, and the standard hydrogel. The GFOGER functional group was
highlighted as an integrin recognition site in type | and type IV collagen [335], therefore
its support of chondrocytes and osteoblasts beyond that of IKVAV, RGD and Standard
hydrogels is also not surprising. Despite studies highlighting Fmoc-protected self-
assembling peptide hydrogels to be supportive of chondrocyte and osteoblast growth
[266, 336], dissolution and degradation of these peptides has been shown to result in
necrosis for cells exposed to by-products of this process, showing differential effects
between candidate cell lines in a time dependent manner [337]. Additionally, Fmoc-FF

peptides have also shown general cytotoxic effects [338].

To remedy these cytotoxic effects, future work would have involved collaborative efforts
with Biogelx to optimize these self-assembling peptide hydrogel systems with the aim
of creating a product with a composition and stiffness that is suited to the culture of
both C-28/12 chondrocytes and Sa0S-2 osteoblasts specifically. However, due to the
COVID-19 pandemic and unforeseen circumstances Biogelx went into liquidation and
was subsequently dissolved as a commercial entity preventing future collaborative

efforts.

This chapter aimed to show proof of concept hydrogel culture systems for future
inclusion in co-culture models of OA. The hydrogel system tested were suitable for co-
culture model development which was shown in an acellular experiment. Subsequently,
the next goal involved the optimisation of RNA extraction, protein extraction, RT-qPCR
and immunoblotting which was achieved, however the integrity of the RNA retrieved
was suspect. Cell viability of encapsulated cells was considered and presented the next

goal of this chapter, overall, the results presented here suggest that the commercially
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available Biogelx hydrogel systems are not suitable for C-28/12 or Sa0S-2 cell culture as
indicated by live/dead staining. Finally, this chapter sought to establish a hydrogel co-
culture system that was representative of OA, however due to concerns regarding RNA
integrity and cell viability, this model was not established and the scope to optimize this

was diminished as Biogelx were liquidated as a commercial entity.
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Chapter 5: Development of an inflammation-based co-culture
model of osteoarthritis and investigation of autophagy as a
potential therapeutic pathway

5.1. Introduction

Osteoarthritis (OA) involves the degradation of the articular cartilaginous matrix which
is comprised of a variety of collagenous and non-collagenous proteins, with Type Il
collagen existing as a key structural molecule that is often impacted directly by disease
progression. Research has highlighted the role of inflammatory processes in the
destruction of the articular cartilage under the OA phenotype, in addition to mechanical

stressors [186, 339].

Currently no validated in vitro model of osteoarthritis exists as it is hard to recapitulate
the disease under in vitro conditions due to the multitude of complex factors that
influence the disease and the lack of defined culture conditions that simulate the disease
environment. Modelling OA can present a challenge for conventional 2D culture,
however, the pathological inflammatory processes that often occur can be

recapitulated.

Under physiological conditions, chondrocytes are quiescent and are found in the
cartilage slowly turning over the matrix. However, under pathological OA conditions, a
variety of factors including cytokines and chemokines have been shown to cause a
phenotypic shift in these cells. Cytokines such as tumour necrosis factor alpha (TNF-a)
and interleukin-1 beta (IL-1B) are two common inflammatory molecules found in OA;
increased TNF-a and IL-1B levels have been associated with increased disease severity
across a variety of grades of OA disease [340, 341]. These cytokines have been shown to
function via induction of further inflammation, or by directly impacting critical
collagenous and non-collagenous matrix proteins, including down-regulation of Type Il
collagen and up-regulation of MMP-13 [342, 343], a collagen type |l collagenase. Both
IL-1B and TNF-a have been shown to exert their function upon cells via canonical NF-kB
signalling and have a synergistic effect on stimulation of this pathway [181, 344].
Notably, TNF-a stimulation of the NF-kB pathway specifically has been shown to inhibit
type Il collagen expression [343]; additionally, both TNF-a and IL-1B stimulation of this

pathway has been shown to drive the upregulation MMP-13 [182, 184, 185]. This
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dysregulation of important anabolic and catabolic proteins such as Type Il collagen and
MMP-13 can cause an imbalance within the cartilaginous matrix leading to an increased
degradative phenotype and OA disease progression. Once established, an inflammatory
model of OA will have utility for investigating OA related pathways and processes. A
variety of pathways have been highlighted as having a role in OA pathogenesis, however
the autophagy pathway stands out as its activity has direct links to aging, inflammation

and shows potential for regulating many hallmark disease symptoms [197].

Research has shown that even healthy adult chondrocytes constitutively express MMP-
13, however, it is endocytosed and degraded by chondrocytes via autophagy, resulting
in an amelioration of its degradative effects [345]. Autophagy is a physiological
intracellular pathway that is important in cell metabolism. Under abnormal
environmental conditions, this pathway plays a protective role via the degradation and
recycling of intracellular macromolecules, membranes, and organelles [346]. Basal
autophagy levels have been shown to decrease with age resulting in the accumulation
of damaged and aged macromolecules and organelles and subsequently, loss of cellular
function, senescence, and apoptosis [346, 347]. It has been shown that autophagy can
protect cartilage and that levels of autophagy in OA cartilage are decreased [348, 349].
In vitro, in vivo and in silico modelling have highlighted a variety of links between OA,
MMP-13 expression, and autophagy; increased MMP-13 expression is associated with a
concomitant reduction of LC3-Il expression and overall autophagy [350, 351], as well as
a decline in lysosome activity and Bcl-2 expression — key indicators of autophagy
induction and activity [352]. IL-1B induced MMP-13 gene expression has also been
shown to be ameliorated by autophagy induction [353]. As well as MMP-13 modulation,
research has shown that ablation of key autophagy genes such as ATG7 impairs collagen

type Il secretion and ECM formation [354].

It is known that the processes of inflammation and autophagy are interlinked, with TNF-
o and IL-1B acting as autophagy inducers [355]. Autophagy is known to directly inhibit
the production of both cytokines in vitro and in vivo [356], and research has shown
cytokine-induced NF-kB translocation can be inhibited via autophagy induction using the
potent autophagy stimulator rapamycin [357]. Consequently, autophagy may be
considered a therapeutic target under OA-associated inflammatory conditions. Many

clinically approved autophagy inducing drugs exist such rapamycin and azathioprine.
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Azathioprine is an immunomodulatory therapy used in the treatment of Crohn’s disease
due to its anti-inflammatory effects [358]. However, azathioprine has also shown
autophagy modulating activity, and the therapeutic potential of this in the context of
OA has yet to be considered, providing a novel candidate for the treatment of OA

symptoms.

However, to reliably assess the potential benefit of autophagy modulation, a reliable
and robust in vitro model of inflammation-driven OA must first be developed in
physiologically relevant cells. C-28/12 cells are determined as a suitable candidate for
the development of this model in Chapter 3. Therefore, this chapter aims to create a
cytokine-induced OA-like disease model in C-28/12 cells to investigate the activity of
autophagy, and the effect of autophagy modulation on critical matrix proteins including

MMP-13 and type Il collagen.

5.2. Aims and objectives

5.2.1. Aims
Investigate the activity of autophagy, and the effect of autophagy modulation on critical
matrix proteins including MMP-13 and type Il collagen in a cytokine-induced OA-like

disease model.

5.2.2. Objectives
1. Create an inflammation-based model of OA-associated pathology in C-28/I12
chondrocytes.
2. Determine the impact of inflammation on autophagy activity in C-28/12
chondrocytes.
3. Investigate the effect of autophagy modulating drugs on the expression of OA-
relevant chondrocyte proteins and autophagy associated markers in C-28/12

chondrocytes.
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5.3. Methods

5.3.1. Cell culture
Cells were maintained as detailed in section 2.2.1. Briefly, all cells were maintained in

tissue culture flasks and subcultured via trypsinization at 70-80% confluency.

For RT-qPCR and immunoblotting, C-28/12 cells cultured in 2D were seeded in 6-well
cultures dishes at a density of 5x10° cells per well in 3mL of growth media and incubated
for 24 hours at 37°C. For immunostaining experiments C-28/12 cells were seeded in
monolayer culture in 6 well plates containing 13mm coverslips at a density of 5x10° cells
in 3mL growth medium and incubated for 24 hours at 37°C. After 24 hours culture media
was switched to differentiation media as per section 2.2.1. for the duration of the
experiment. At this stage any required cytokines or autophagy modulating molecules

were added (section 5.3.2).

5.3.2. Cytokine and drug treatments

Cytokines were prepared prior to experiments using sterile diluents, aliquoted and
stored at -80°C. IL-1B (Thermofisher Scientific) was reconstituted in 500uL of deionized
water and diluted 1:1 in 500uL 1% BSA-PBS to give a stock solution of 3mg/mL. TNF-a
(Sigma Aldrich) was reconstituted in 100uL deionized water. Working solutions were
created by diluting cytokines in differentiation culture media as per section 5.3.1.
Azathioprine, bafilomycin and rapamycin were all reconstituted in DMSO to give stock
solutions at concentrations of 100mM, 1mM and 100uM respectively. These
compounds were diluted in culture media as per section 5.3.1. to create working
solutions of 120uM, 100nM and 27uM. IL-1B and TNF-a were applied at the expected

efficacious concentration of 10ng/mL as per previous studies [359-362]

5.3.3. RNA extraction

Cells were washed twice with 3mL ice-cold PBS and scraped on ice in 1mL of ice-cold
PBS. Cell suspensions were then spun at 800xg for 5 minutes at 4°C to generate a cell
pellet. PBS supernatants were removed, and samples were frozen at -80°C until 3
biological replicates for each experimental condition had been harvested, at which point

RNA extraction was conducted as per section 2.5.1.
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5.3.4. cDNA synthesis and RT-qPCR

cDNA was synthesised as per section 2.5.3. and frozen at -20°C for storage. RT-qPCR was
conducted on chondrocyte genes COL2A1 and MMP-13. Primer sequences are detailed
in Appendix Il. RT-gPCR was performed over 3 biological replicates as detailed in section
2.5.4. Data were normalized to the expression of B2M and SHDA for C-28/12 cell lines as
determined in Chapter 3. Target gene data were analysed as per section 2.5.6. as

detailed by Livak and Schmittgen (2001) [270]

5.3.5. Protein extraction and quantification

Cells were washed twice with 3mL ice-cold PBS and scraped on ice in 1mL of ice-cold
PBS. Cell suspensions were then spun at 800xg for 5 minutes at 4°C to generate a cell
pellet. PBS supernatants were removed, and samples were frozen at -80°C until 3
biological replicates for each experimental condition had been harvested. Once all
biological replicates were acquired, protein was extracted and quantified as per section

2.6.1.

5.3.6. Immunoblotting

Following quantification of protein concentration in whole cell lysates, samples were
loaded onto pre-cast 4-20% gradient Tris-Glycine gels. Immunoblotting was performed
as per section 2.6.5 with membranes probed overnight using primary antibodies as
detailed in Appendix lll. Secondary antibody staining was performed, and proteins
visualized using the Licor Odyssey system. (Section 2.6.5 & Appendix Ill). The expression
of a protein of interest was then normalized to B-actin expression. Immunoblotting

images were quantified as per section 2.6.6.

5.3.7. Immunofluorescence

Immunofluorescent staining was conducted as per section 2.10 C-28/12 coverslips were
washed, fixed, for 10 minutes using 4% PFA. Cultures were washed again and
permeabilised with 0.2% Triton-X-PBS and washed. Fixed cells were then blocked with
10% FCS-PBS and primary antibodies were diluted in 1% FBS-PBS as detailed in Appendix

Il and added to fixed cells overnight at 4°C. Cultures were then washed 20 times with
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PBS and 20 times with 1% FCS-PBS. Secondary antibodies were diluted in 1% FBS-PBS as
detailed in appendix lll and incubated for 1 hour at room temperature. Again, cultures
were washed 20 times with PBS and 20 times with 1% FCS-PBS. Finally, coverslips were
then mounted on slides using Vectashield DAPI mounting medium and sealed using nail
varnish. Slides were then imaged using a Zeiss LSCM 880 (Jena, Germany) and ZEN Black

software (Zeiss). Images were then processed using ZEN Blue software (Zeiss).

5.3.8. Statistical analysis
Statistical analysis was performed using GraphPad Prism 9.3.0 (GraphPad Software,

USA) as per section 2.11.
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5.4. Results

5.4.1. Development of a cytokine-based inflammation model in C-28/12 chondrocytes
5.4.1.1. The effect of 24 hour cytokine treatment on C-28/12 morphology

C-28/12 cells were treated with a combination of TNF-a (10ng/mL) and IL-1B (10ng/mL)
for 0, 1 and 24 hours and assessed using light microscopy. No morphological changes

were observed under cytokine treatments for these time periods (Figure 5.1).

Figure 5.1. Cytokine treatment does not impact C-28/12 cell morphology. Cells were treated with TNF-a
(10ng/mL) and IL-1B (10ng/mL) for 0, 1 and 24 hours (A-C). Cells were cultured for 0 hours (A), 1 hours (B)
and 24 hours (C) in the presence of a combined treatment of 10ng/mL TNF-a and IL-1B. Images shown are

taken at 10X magnification, scale bars represent 100pum.
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5.4.1.2. Nuclear Factor Kappa B activation in response to 24 hour cytokine treatment
on C-28/12 chondrocytes
To assess the inflammatory response, C-28/12 cells were treated with a combination of
TNF-a and IL-1PB, and translocation of the P65 cellular subunit of the NF-kB pathway was
assessed using immunofluorescence. Following 1 hour of cytokine treatment, clear
translocation of the P65 subunit was observed, moving from a predominantly
cytoplasmic location with little nuclear staining, to a predominantly nuclear location
(Figure. 5.2, compare panels i and ii) indicating the inflammatory response is being
activated. 24 hours post-cytokine treatment, P65 returned to a predominantly

cytoplasmic location with some residual nuclear staining (Figure 5.2, panel iii).

OH 1H 24H

P65

DAPI

MERGE

Figure 5.2. Cytokine treatment drives rapid P65 translocation in C-28/12 cells. Translocation of P65
cellular subunit in C-28/12 chondrocytes treated with pro-inflammatory cytokines over 24 hours. C-28 cells
were treated with TNF-a (10ng/mL) and IL-1B (10ng/mL) for 0, 1 and 24 hours (i-x). Cytokine treated cells

showed translocation of p65 from the cell cytoplasm to the nucleus after 1 hour (compare i and ii)
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confirmed via immunofluorescence. This process was seen to be partially reversed 24 hours post-
treatment, although some P65 is still present in the nucleus of treated cells. Images were taken at 63X

maghnification, and the scale bar represents 50um. Data shown is representative of n=1.

5.4.1.3. The impact of 24 hour cytokine treatment on Matrix Metalloproteinase 13
gene expression in C-28/12 chondrocytes

RT-gPCR was used to assess the effects of 24 hours of inflammatory stimulation on the

chondrocyte phenotype of in C-28/12 chondrocytes treated with a combination of TNF-

aand IL-1pB (Figure 5.3). Results show treatment with TNF-a and IL-1p modestly increased

MMP-13 expression between the control sample (0 hours) and 1 hour post-treatment.

This effect is lost 24 hours post-treatment when a slight reduction in MMP-13 expression

is observed compared to control and 1-hour treatments.
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Figure 5.3 Cytokine treatment induces MMP-13 gene expression in C-28/12 cells over a 24 hour time
period. C-28/12 cells were treated with TNF-a (10ng/mL) and IL-1B (10ng/mL) for 0, 1 and 24 hours. MMP-
13 levels were assessed using RT-qPCR on cDNA collected from C-28/12 cells treated with TNF-a (10ng/mL)
and IL-1B (10ng/mL) for 0, 1 and 24 hours. Data is presented as 22 showing normalised changes in MMP-

13 expression. Data shown represents n=1.
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5.4.1.4. The impact of 24 hour cytokine treatment on Matrix Metalloproteinase 13
protein expression in C-28/12 chondrocytes

Expression of MMP-13 protein expression was analysed using immunoblotting and

densitometry in C-28/12 chondrocytes treated with a combination of TNF-a and IL-1.

Results show that MMP-13 expression increased as a function of time (Figure 5.4A,

compare lanes 2 and 4) and quantified in Figure 5.4B.

L 1 2 3 3000000~
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~72kDa - — <——— MMP13(~67kDa) 2000000+

~55kDa | E—
e

~55KDa 1000000+

5 am— <«—— BACT (~45kDa)
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MMP13 expression/B-actin (AU)

0 1 24
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Figure 5.4. Cytokine treatment induces MMP-13 protein expression in C-28/12 cells over a 24 hour time
period. C-28/12 cells were treated with TNF-a (10ng/mL) and IL-1B (10ng/mL) for 0, 1 and 24 hours. MMP-
13 was detected and analysed via immunoblotting (A). Lanes are represented by (L) ladder, (1) 0 hours,
(2) 1 hour, (3) 24 hours. Densitometry was conducted relative to B-actin expression (B). Data shown

represents n=1.

5.4.2. 48 hour time course analysis of cytokine-induced inflammation in C-28/12
chondrocytes
Previous results showed that 24 hours post-cytokine treatment, P65 returned to a

predominantly cytoplasmic location with some residual nuclear staining (Figure 5.2),
suggesting that the inflammatory signal was not being sustained. Therefore, a more
detailed time course was required to determine when this reversal of P65 translocation

occurred within the 24-hour time period.

5.4.2.1. The effect of cytokine treatment on C-28/12 morphology over a 48 hour time
course
C-28/12 cells were treated with a combination of TNF-a and IL-1 over a time course of

0 to 48 hours (Figure 5.5) and cell morphology was assessed using light microscopy.
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Wells became more confluent over time; however no distinct morphological changes

were observed under cytokine treatments over the 48-hour time course.

Figure 5.5. Cytokine treatment does not influence morphology of C-28/12 over a 48 hour culture period.
C-28/12 cells were treated with TNF-a (10ng/mL) and IL-1B (10ng/mL) from O to 48 hours (i-ix) Cells were
cultured for 0 hours (i), 1 hours (ii), 2 hours (iii), 4 hours (iv), 6 hours (v), 8 hours (vi), 24 hours (vii), 32
hours (viii) and 48 hours (ix) in the presence of a combination of 10ng/mL TNF-a and IL-1B. Images shown

are taken at 10X magnification, scale bars represent 100um.
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5.4.2.2. Nuclear Factor Kappa B activation in C-28/I12 cells treated with Tumour
Necrosis Factor-a and Interleukin-1B over a 48 hour time course

C-28/12 cells were incubated with TNF-a and IL-1B over 48 hours and P65 cellular
location was assessed over this time viaimmunofluorescence. Cellular location was split
into 3 different compartments: cytoplasmic, nuclear, and intermediate (a combination
of cytoplasmic and nuclear staining); this provides a clear indication of the localisation
of p65 under inflammatory conditions. Upon stimulation with cytokines, almost all P65
translocated and was no longer exclusively located in the cell cytoplasm (Figure 5.6A
panels i — ix & Figure 5.6B), a significant effect which lasted over the duration of the
experiment as confirmed by a one-way ANOVA (P=<0.0001). Further analysis revealed
that at 1- and 2-hour timepoints, 60% and 65% of P65 was exclusively nuclear (Figure
5.6A panels ii - iii & Figure 5.6C), and these values were significantly higher than 0-hour
controls confirmed via a one-way ANOVA (p<0.05). No other time point expressed
significantly higher levels of exclusively nuclear P65 than controls. Consideration of
intermediate staining revealed that 4-hour time points expressed this phenotype at a
significantly higher level (P=<0.01). Additionally, 6, 8-, 24-, 32- and 48-hour time points
also expressed significantly higher levels of intermediate staining compared to controls
(Figure 5.6A panels v-ix & Figure 5.6D), confirmed via one-way ANOVA (P=<0.001).
Overall, cytokine treatment induced translocation from being exclusively cytoplasmic to
a combination of cytoplasmic, nuclear, and intermediate after 1 hour, with stained cells
showing predominantly nuclear/intermediate localization through the 2-hour time point
where some exclusively cytoplasmic staining could also be observed. At 4 and 6 hours
P65 staining shifted predominantly to the intermediate phenotype with some

exclusively cytoplasmic staining observed across later time points.
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Figure 5.6. Cytokines induce partially-reversible translocation of P65 in C-28/I12 cells cultured over a 48
hour time period. Cells were treated with TNF-a (10ng/mL) and IL-1B (10ng/mL) for O to 48 hours and
translocation of the p65 subunit was determined via immunofluorescence. Treatment time (in hours) is
indicated in panel A above each image column. The cellular location of P65 was split into 3 different
compartments: (B) cytoplasmic, (C) nuclear, and (D) intermediate (a combination of cytoplasmic and
nuclear staining) and cell nuclei were stained with DAPI. Cytokine treatment resulted in almost all P65
translocating to nuclear or intermediate compartments (Figure 5.6A panels i — ix & Figure 5.6B), a

significant effect which lasted over the duration of the experiment as confirmed by a one-way ANOVA
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(P=<0.0001) Significantly higher levels of nuclear p65 can be seen 1 and 2 hours post treatment compared
to 0 hour controls (Figure 5.6A panels ii - iii & Figure 5.6C) confirmed by one-way ANOVA (p<0.05).
Intermediate staining was found to be significantly higher 4-hours post-cytokine treatment (p=<0.01), as
well as 6, 8-, 24-, 32- and 48-hours post-treatment (Figure 5.6A panels v-ix & Figure 5.6D), confirmed via
one-way ANOVA (P=<0.001). Images were taken at 63X magnification and scale bars represent 50um.
Data shown is representative of n=3. Statistical significance is denoted by: **** = p<0.0001, *** =

p<0.0005, ** = p <0.01, *= p<0.05.

5.4.2.3. The impact of cytokine treatment on gene expression associated with the
chondrocyte phenotype over a 48 hour timecourse
C-28/12 cells were incubated with TNF-a and IL-1B over 48 hours and the expression of
chondrocyte-associated genes was assessed at regular intervals. A one-way ANOVA on
Analysis of RT-qPCR data revealed that expression of MMP-13 was significantly higher
when comparing 0-hour controls to 4 (P=<0.05), 6 (P=<0.001) and 8 (P=<0.0001) hour
treatments (Figure 5.7A). Further one-way ANOVA analysis comparing 4- and 8-hour
time points revealed that 8-hour MMP-13 levels were significantly higher than 4 hours
(P=<0.01). No statistically significant effect was seen for COL2A1 expression over the

timecourse; however, a downward trend can be observed. (Figure 5.8B).
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Figure 5.7. Cytokine treatment drives expression of the catabolic MMP-13 in a time dependent manner
in C-28/12 cells cultured over 48 hours. Cells were treated with TNF-a (10ng/mL) and IL-1B (10ng/mL) for
0 to 48 hours and levels of (A) MMP-13 and (B) COL2A1 expression were assessed via RT-gPCR. One-way
ANOVA revealed that MMP-13 expression was significantly higher when comparing 0-hour controls to 4-
(P=<0.05), 6- (P=<0.001) and 8- (P=<0.0001) hour cytokine treatments. Additionally, MMP-13 expression
at 8 hours was higher than at 4 hours post-treatment (P=<0.0001). Data is presented as 2"2“ mean values
+ SEM showing normalized changes in the expression of target genes. Results were obtained from a

dataset of n=3. Statistical significance is denoted by: **** = p<0.0001, *** = p<0.0005, ** = p <0.01, *=

p<0.05.
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5.4.2.4. Expression of chondrocyte and apoptosis associated proteins in C-28/12 cells
treated with Tumour Necrosis Factor-a and Interleukin-1p over a time course
of 0 to 48 hours
Expression of a proteolytically processed form of PARP (cleaved PARP), which is
indicative of caspase activation and the induction of apoptosis, together with MMP-13
and COL2A1 protein was analysed using immunoblotting and densitometry in C-28/12
chondrocytes treated with a combination of TNF-a and IL-1B over a time course of 48
hours. A low, but stable level of cleaved PARP expression was observed up to 2 hours
(Figure 5.8A lanes, 1-2), before sharply increasing at 4 hours (Figure 5.8A, lane 3), and
then reducing slightly between 6 and 24 hours (Figure 5.8A, lanes 4-7). Cleaved PARP
expression increased sharply again at 32 hours and 48 hours (Figure 5.8A, lanes 8 and
9). MMP-13 expression shows little change between 0 and 6-hour time points (Figure
5C, lanes 1-5), however, the expression did increase at 8, 24, and 32 hours plateauing at
48 hours (Figure 5.8C, lanes 6-9). Expression of COL2a1 was observed to drop over 0 to
4 hours (Figure 5E, lanes 0-3) and slightly increased as a function of time between 6 to
24 hours, dropping off slightly at 32 hours and stabilizing again at 48 hours (Figure 5.8E,
lanes 4-9).
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Figure 5.8. Cytokine treatment induces the expression of catabolic and apoptotic proteins in C-28/12
cells over a 48 hour time course. Cells were treated with TNF-a (10ng/mL) and IL-1B (10ng/mL) for up to
48 hours. Protein levels of cleaved PARP (A), MMP-13 (C) and COL2a1 (E) were detected and analysed via
immunoblotting. Lanes are represented by (L) ladder (1) 0 hours, (2) 1 hour, (3) 2 hours, (4) 4 hours (5) 6
hours, (6) 8 hours, (7) 24 hours, (8) 32 hours, (9) 48 hours. Densitometry was conducted relative to B-
actin expression for Cleaved PARP (B), MMP-13 (D) and COL2A1 (E). The data shown represents n=3.

Densitometry was performed on one replicate representative of the dataset.
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5.4.2.5. Induction of autophagy in C-28/I12 cells treated with Tumour Necrosis Factor-
a and Interleukin-1B over a time course of 0 to 48 hours
C-28/12 cells treated with a combination of TNF-a and IL-1B were immunostained to
assess the impact of these cytokines on autophagy induction over a time course of 48
hours (Figure 5.9). Autophagy induction was confirmed via the accumulation of LC3
puncta. Statistical analysis using a one-way ANOVA revealed that 6 hours of cytokine
treatment induced autophagy to a significant level compared to 0-hour controls (Figure
5.9A, compare panels i and v) (P=<0.05). A statistically significant effect was also
observed when comparing 0-hour controls to 24-hour bafilomycin treatments (Figure
5.9A, compare panels i and x) (P=<0.0001). Together these results suggest that there is

an induction in autophagy with TNF-a and IL-1B treatment in C-28/I12 cells.
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Figure 5.9. Autophagy is induced in a time dependent manner in response to cytokine treatment in C-
28/12 cells over a 48 hour culture period. Cells were treated with TNF-a (10ng/mL) and IL-1B (10ng/mL)

for up to 48 hours (A-B). The effect of cytokine treatment on autophagy was assessed via
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immunofluorescent staining of LC3 puncta (A, panels i-x), an indicator of autophagy induction. Panel lanes
(A) represent time in hours. BAF = bafilomycin (160nm) treated cells, a positive control for LC3 staining.
Cell nuclei were stained with DAPI. Images were taken at 63X magnification and scale bars represent
50um. The data shown is representative of n=3.Statistical significance is denoted by: **** = p<0.0001 and

*= p<0.05.

5.4.3. The effect of drug induced autophagy induction on C-28/12 cells

5.4.3.1. The effect of autophagy induction on C-28/12 cell morphology

To examine the potential therapeutic effects of the autophagy inducers rapamycin and
azathioprine, cells were treated with these drugs for 8 and 24 hours. Light microscopy was
performed on untreated cells, as well as cells treated with rapamycin and azathioprine
for both 8 and 24 hours (Figure 5.10). No distinct morphological differences were

observed between conditions.

Figure 5.10 Autophagy inducing drugs do not impact C-28/12 cell morphology. Cells were cultured under

a variety of conditions (A) 8 hours untreated, (C), 8 hours rapamycin (27uM) (E), 8 hours azathioprine
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(120uM) and (B) 24 hours untreated, (D) 24 hours rapamycin (27um), (F) 24 hours azathioprine (120um).
Cell morphology was assessed via light microscopy. Images shown are taken at 10X magnification, scale

bars represent 100um.

5.4.3.2. The impacts of azathioprine and rapamycin on autophagy induction in C-
28/12 cells

LC3 immunostaining was conducted on cells treated with rapamycin and azathioprine
for both 8 and 24 hours. After 8 hours of rapamycin treatment, autophagy is induced to
a level higher than that found in controls, confirmed by one-way ANOVA (P=<0.01). A
similar effect was seen after 24 hours of rapamycin treatment (P=<0.05). Azathioprine
had no effect on the induction of autophagy at both time points. This suggests that C-
28/12 cells are susceptible to autophagy induction via the potent autophagy inducing
drug rapamycin, an effect which is sustained for up to 24 hours. Additionally, rapamycin

stimulates autophagy to a greater extent than azathioprine.
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Figure 5.11 Rapamycin induces autophagy in C-28/12 cells 8 and 24 hours post-treatment. Autophagy
induction was assessed in cells treated with rapamycin (27uM) and azathioprine (120uM) for 8 (A-B) and
24 hours (C-D). Induction of autophagy was confirmed via analysis of the accumulation of LC3 puncta.
Cells were counterstained with DAPI. Images were taken at 63X magnification and scale bars represent

50um. Data shown is representative of n=3.
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5.4.3.3. Analysis of chondrocyte associated gene expression by C-28/I12 cells treated

with rapamycin and azathioprine for 8 and 24 hours.

C-28/12 cells were treated with rapamycin and azathioprine for 8 and 24 hours. RNA was

harvested, cDNA synthesised, and RT-qPCR was performed. Analysis revealed that there

were no statistically significant differences in levels of MMP-13 or COL2A1 compared to

untreated controls when cells were treated with rapamycin or azathioprine for 8 or 24

hours. Suggesting that administration of these drugs does not influence the expression

of disease associated genes under physiological conditions.
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Figure 5.12. Autophagy inducing drugs have no effect on the expression of chondrocyte associated

genes in C-28/12 cells. C-28/12 cells were treated with rapamycin (27uM) and azathioprine (120uM)

for 8 and 24 hours (A-D). RT-qPCR was performed to assess the impacts of these drugs on the
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expression of genes associated with the chondrocyte phenotype (A) 8 hours post-treatment MMP-13
expression (B) 8 hours post-treatment COL2A1 expression, (C) 24 hours post-treatment MMP-13
expression, (D) 24 hours COL2A1 expression. Data is presented as 2" mean values + SEM showing

normalized changes in the expression of target genes. Results were obtained from a dataset of n=3.

5.4.3.4. Analysis of chondrocyte and autophagy associated protein expression by C-
28/12 cells treated with rapamycin and azathioprine for 8 and 24 hours.

Expression of chondrocyte and autophagy related proteins were assessed in C-28/12
cells treated with rapamycin and azathioprine. MMP-13 expression was found to be
stable at the 8-hour time point for all treatments (Figure 5.13A lanes 1-3 & Figure 5.13E).
24 hours post-treatment MMP-13 expression dropped slightly in both rapamycin and
azathioprine treatments (Figure 5.13A compare lane 4 to lanes 5 and 6, & Figure 5.13F).
Collagen 1l remained stable at 8 hours between control and rapamycin treatments
(Figure 5.13B lanes 1 and 2, & Figure 5.13G), however azathioprine induced a slight drop
in expression (Figure 5.13B compare lane 1 to lane 3 & Figure 5.13G). After 24 hours,
both rapamycin and azathioprine caused a drop in COL2al expression (Figure 5.13B
compare lane 4 to lanes 5 and 6, & Figure 5.13H), with rapamycin showing the lowest
levels of COL2al expression. Regarding autophagy related proteins, the mTORC1
subunit rS6 and levels of its phosphorylation (rpS6) were assessed, additionally, the
levels of LC3-I to LC3-1l conversion were assessed to confirm the downstream effects of
MmTORC1 manipulation. Rapamycin and azathioprine were shown to reduce
phosphorylation of S6 compared to control with rapamycin having a more profound
effect, this pattern was observed across both 8- hour (Figure 5.13C compare lane 1 to 2
and 3 & Figure 5.13I) and 24-hour (Figure 5.13C compare lane 4 and 5to 6, & 5.13J) time
points. Conversion of LC3-I to LC3-1l presented the same observable trend between 8-
hour (Figure 5.13D compare lane 1to 2 and 3, & Figure 5.13K) and 24-hour (Figure 5.13D
compare lane 4 to 5 and 6, & Figure 5.13L) timepoints; conversion levels were
comparable between control and azathioprine treatments, however rapamycin

increased LC3 conversion.
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Figure 5.13. Rapamycin alters the expression of chondrocyte associated proteins and induces the
expression of proteins associated with mTOR inhibition and autophagy in a time dependent manner.
Analysis of chondrocyte and autophagy-associated protein expression by C-28/12 cells treated with
rapamycin and azathioprine for 8 and 24 hours (A-L). C-28/12 cells were treated with rapamycin (27uM)
and azathioprine (120uM), and protein expression was assessed via immunoblotting. Immunoblotting (A-
D) lanes are represented by (L) ladder, (1) 8-hour untreated control, (2) 8-hour rapamycin treatment, (3)
8-hour azathioprine treatment, (4) 24-hour untreated control, (5) 24-hour rapamycin treatment and (6)
24-hour azathioprine treatment. The data shown represents n=2. Densitometry was conducted on one

replicate representative of the dataset (E-L).

5.5. Discussion

This chapter aimed to create a 2D, in vitro, inflammation-based model of OA-associated
pathology and to determine whether inflammation drives the induction of autophagy in

this model, thus identifying autophagy as a potential therapeutic target for OA.

Initial experiments assessed the impact of TNF-a and IL-1B on the expression of disease-
relevant protein MMP-13 [340, 341], as well as the ability of these cytokines to activate
the pro-inflammatory NF-kB pathway, as indicated by P65 translocation. Activation of
the NF-KB pathway has been shown to contribute to disease pathology including the
upregulation of MMP-13 [184]. Therefore, short-term cytokine time course experiments
were piloted over 0, 1 and 24 hours. These pilot experiments revealed that a
combination of TNF-a and IL-1p was able to stimulate P65 translocation 1-hour post-
treatment, a process that was reversed within 24 hours. These results were mirrored in
initial RT-qPCR experiments which highlighted an increase in MMP-13 expression 1-hour
post-treatment followed by a reduction to basal levels after 24 hours. As a final part of
these initial experiments, the expression of MMP-13 protein was analysed, which
displayed a steady increase over the course of the experiment. Together these results
suggest that a combination of TNF-a and IL-1B can stimulate the NF-kB pathway and
increase the genetic and protein expression of MMP-13, a finding that has been shown

in the literature previously [186].

Following these initial experiments, a longer-term time course was conducted due to

the observed reversal in P65 translocation within 24 hours. This longer time course

across 48 hours considered the same outcomes as pilot experiments, with the added

inclusion of collagen type Il, and the poly (ADP-ribose) polymerase (PARP) protein which
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acted as a positive control for IL-1B stimulation [363]. IL-1B has been shown to induce
activation of caspase-3 which in turn cleaves PARP [363]. Under physiological conditions,
PARP exists to help maintain the cell through mechanisms such as DNA repair and
cleavage of PARP prevents this, which in turn helps drive cells toward an apoptotic fate
[364]. Therefore, when cells are treated with IL-13, PARP cleavage should be detectable.
Across this time course, cell cultures were treated with the TNF-a/IL-1 cytokine cocktail
at regular intervals to attempt to replicate OA conditions and produce a sustained
inflammatory response. Immunostaining revealed rapid nuclear translocation of P65
indicative of NF-kB activation within 1 and 2 hours of treatment. This effect was followed
by a predominant sustained intermediate staining phenotype for the remainder of the
experiment suggesting some P65 remained nuclear and therefore NF-kB stimulation was
retained. This result may be beneficial when considering the development of a novel in
vitro model of OA as this disease is considered chronic where recurring tissue damage
results in the production of pro-inflammatory cytokines in the articular joint space [223].
RT-qPCR analysis following cytokine stimulation over a 48-hour time course revealed
that MMP-13 levels significantly increased over 4,6 and 8 hours compared to controls,
with 8 hours of treatment providing the highest level of MMP-13 gene expression; this
effect is not unexpected as several articles detail the ability of TNF-a and IL-1B to induce
MMP-13 expression [182, 184, 185]. No significant difference was observed in COL2A1
expression as determined by RT-gPCR however, a trend can be seen in the data with
expression decreasing over time. Literature has shown that TNF-a can inhibit the
production of ECM components including proteoglycans [365] and IL-1B can specifically
decrease articular chondrocyte COL2A1 gene expression [366]. The results presented in
this study may differ due to the use of C-28/12 cell lines, published studies showing the
anti-collagen effects of TNF-a and IL-1B often use primary chondrocytes as models
which are known to be more sensitive than cell lines and have higher levels of COL2A1

expression [277].

Protein expression was also considered over a 48-hour time course to elucidate the
impact of TNF-a and IL-1 on chondrocyte-associated, disease-relevant proteins as well
as the apoptotic mediator PARP. It is shown here that PARP cleavage is initiated 4 hours
post-treatment as indicated by an increase in cleaved-PARP presence in immunoblotting

experiments, an effect that was increased at both 32- and 48-hour time points. This
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trend is consistent with findings present in published literature, with increasing IL-1
exposure times resulting in an increase in PARP cleavage [363]. Analysis of the
expression of chondrocyte proteins such as MMP-13 over this time course revealed a
similar trend to the short-term cytokine studies, however, MMP-13 levels were found
to increase to a further extent 8 hours post-treatment and beyond. This result is not
unexpected as previously mentioned, TNF-a and IL-1B both stimulate MMP-13 protein
production [367]. COL2a1l protein expression was seen to decrease over time with TNF-
a and IL-1B treatment, however, this effect was recovered between 6 and 24 hours with
expression remaining relatively stable for the remainder of the experiment. Notably,
COL2al expression levels post-treatment never returned to basal levels. Again, this
result is not unexpected as both cytokines have been shown to inhibit not only ECM
components but collagen type Il synthesis directly; it has been suggested that TNF-a can
directly interfere with the transcription of COL2A1 mRNA [368] as does IL-1B directly
impact the Sonic Hedgehog (SHH) pathway [369].

Literature has highlighted the ability of IL-1B to induce MMP-13 and disrupt the
cartilaginous ECM through a variety of signalling pathways. IL-1B binds to its associated
receptor IL-1RI and activates downstream pathways including NF-kB, as well as
members of the mitogen-activated protein kinase (MAPK) signalling family such as
extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNKs) and p38
MAPKs [186, 370, 371]. These not only drive a host of catabolic processes including
expression of a variety of MMPs, as well as the ADAMTS enzymes, but also promote
inflammation and inhibit chondrogenic processes, disrupting SOX9 activity, as well as
disrupting type Il collagen and proteoglycans, and inhibiting their synthesis [186, 342,
372]. A similar effect has been shown with TNF-a can stimulate both TNRF-1 and TNRF-
2 which induce varying effects. TNRF-1 binding can result in the production of two
different signalling complexes: 1 and 2 [186, 373]. Complex 1 interacts with TNFR-1
associated death domain (TRADD) [373]. TRADD forms a complex with receptor
interacting protein-1 (RIP-1) and TNF receptor-associated factor 2 (TRAF-2) which in turn
drives downstream signalling via NF-kB [373, 374] and the MAPK pathways as previously
described, or via the activator protein 1 (AP-1) pathway [375]. Complex 2 results in
activation of Fas-associated death domain (FADD) which stimulates caspase-8 and

downstream caspase-3 activity which can lead to apoptosis [373]. TNFR-2 stimulation
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exerts function through activation of NF-kB and JNK signalling [376]. TNFR-1 Complex 1
and TNFR-2 signalling both lead to similar effects seen with IL-1B stimulation including
upregulation of catabolic molecules such as MMP-13 and the ADAMTS enzymes, as well
as disruption of collagens and proteoglycans and inhibition of their synthesis [375, 377—-
380] . It is worth highlighting that TNF-a exists in two forms, soluble and membrane
bound [381]. TNFR-1 activity is stimulated by both forms whereas TNFR-2 activity is
mainly activated by the membrane form [382, 383]. The inflammatory response shown
in this chapter may therefore derive from predominantly TNFR-1 activity which may

explain the increase in MMP-13 as well as PARP cleavage.

The final component of the 48-hour time course detailed in this chapter involved
investigating the effect of TNF-a and IL-1B on the induction of autophagy in the target
cell line. This was achieved via the analysis of the accumulation of LC3, a key component
of autophagosome formation, which is indicative of stimulation of the process [206].
Results show that 6 hours of cytokine treatment can cause a significant induction in
autophagy as confirmed by an increase in LC3 puncta. Literature has shown that both
TNF-a and IL-1p stimulate autophagy, and it is suggested that in this scenario autophagy
may act in a protective manner via the reduction of cytokine-induced apoptosis [384,
385]. TNF-a has been shown to directly stimulate autophagy activity through the
upregulation of key autophagy proteins LC3 and beclin 1 as well as the conversion of
LC3-lI to LC3-ll and indicator of autophagy induction [386]. TNF-a stimulation of
autophagy is considered to occur via occur via JNK, ERK1/2 and Akt signalling pathways
[387, 388]. However, it is notable that autophagy has been shown to work to reduce
expression of TNF-a via inhibition of p38 MAPK signalling [389] therefore this pathway
may present a therapeutic target when considered reduction of endogenous TNF-a
production. Alternatively, IL-1B induction of autophagy may occur through the
activation of inflammasomes and it has been suggested that through the engulfment of
these inflammasomes, autophagy may work in an anti-inflammatory manner,

preventing further inflammation by inhibiting caspase-1 activity [390].

The results of this time course analysis suggested that by 8 hours, maximal MMP-13
expression is attained, and that MMP-13 protein expression is found to be higher at later
time points including 24 hours. Additionally, a significant induction of autophagy was

observed 6 hours post-treatment and it was determined subsequent experiments would
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focus on 8 hour and 24 hour time points to allow for experimental probing of these

targets.

The final aim of this chapter was to investigate the effect of autophagy modulating drugs
on the expression of OA-relevant chondrocyte proteins and autophagy associated
markers in C-28/12 chondrocytes. As literature has suggested that autophagy may have
a protective effect on OA chondrocytes [209, 325, 348, 353, 391, 392] it stands to reason
that autophagy inducing compounds should be the first potential therapeutics to be
considered. Therefore, the final portion of this chapter aimed to investigate the impact
of the autophagy inducers rapamycin and azathioprine on autophagy induction in C-
28/12 chondrocytes [348, 358]. Furthermore, this study aimed to determine the effects
of autophagy stimulation on the expression of the chondrocyte phenotype, as literature
has shown autophagy acts in a protective manner under cytokine-induced stress [353].
Autophagy induction was initially assessed via LC3 puncta accumulation, which was
significantly increased with rapamycin treatment at both 8- and 24 hours relative to
experimental controls. However, azathioprine did not significantly increase autophagy
at either time point. Rapamycin functions via the inhibition of the mammalian target of
rapamycin (mTOR) mTORC1 which results in the activation of autophagy [393] a well
characterised effect [394]. Autophagy induction via azathioprine has been shown in
THP-1 monocytes as well as peripheral blood mononuclear cells (PBMCs) [358] however
the mechanism by which this occurs potentially differs from rapamycin. Research has
shown azathioprine activity may be dependent on its ability to interact with both
mTORC1 and PERK, a gene associated with the unfolded protein response (UPR) — a

process tied closely to autophagy [358].

Autophagy and the production of chondrocyte-associated disease-relevant genes and
proteins such as those related to MMP-13, and type Il collagen are intimately linked:
with autophagy being protective against MMP-13 overexpression and playing a vital role
in type Il collagen production [22, 50-52]. Therefore, induction of autophagy may
present a potential therapeutic strategy that would decrease, or at least stabilize
catabolic MMP-13 expression and potentially enhance type Il collagen production.
Treatment of cells with rapamycin or azathioprine did not induce any changes in genetic
levels of basal expression of either MMP-13 or COL2A1 at either 8- or 24-hour

timepoints. Notably, this experiment was not performed in the presence of
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inflammatory stimuli which may explain the reason for no changes in expression; it could
be the case that induction of autophagy doesn’t necessarily reduce basal expression of
these genes, as exemplified by previous work considering MMP-13 and the prevention
of pathological modulation of this gene via autophagy induction[353]. Future work
should endeavour to conduct these experiments in the presence of cytokines and
expand experiments to include a repertoire of techniques that will allow for the full
elucidation of the role of autophagy in osteoarthritis such techniques may include
CRISPR/Cas9 genome editing. C-28/I12 cells used here are an immortalized line with all
autophagy machinery conserved. CRISPR/Cas9 may be used to knock out important
autophagy-related genes that have relevance to OA such as ATG7 [354]. This would
allow for a direct investigation into the role of autophagy under inflammatory OA-like
conditions in vitro using a high throughput cell line that can be adapted into a

comprehensive in vitro model of osteoarthritis.

When considering the impact of rapamycin and azathioprine on MMP-13 protein
production, no changes were observed 8 hours post-treatment relative to controls and
a slight decrease in MMP-13 expression was observed 24 hours post-treatment. Again,
this experiment was conducted in the absence of cytokines, therefore the scope of
impact of these drugs is limited to alterations from basal levels under no inflammatory
challenge which may explain the lack of drastic changes in MMP-13 expression. COL2a1
levels remained stable between untreated, and rapamycin-treated cells at 8 hours,
however, a decrease was seen in azathioprine-treated cells. Inhibition of the mTOR
pathway was confirmed via the reduction in phosphorylation of S6 ribosomal proteins
in rapamycin-treated cells. A similar effect was seen in azathioprine-treated cells
indicating that azathioprine is acting to inhibit mTOR as described previously [358].
Autophagy induction was also analysed using immunoblotting. The conversion of LC3-I
to LC3-1l is a process that is indicative of autophagy induction. Rapamycin stimulation
was found to induce the highest level of conversion of LC3-1 to LC3-1l at 8 and 24-hour
time points; this result is consistent with a higher level of LC3 puncta in immunostaining
and greater amounts of S6 phosphorylation. Azathioprine did not stimulate LC3-1:LC3-II
conversion beyond basal levels, again this result is concomitant with no significant
change in LC3 puncta in azathioprine-treated cells or lower levels of rpS6

phosphorylation. While rapamycin is a known potent inducer of autophagy, the
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differential effects seen here when comparing rapamycin and azathioprine treatments
may be due to azathioprine driving endoplasmic reticulum (ER) stress induced apoptosis

[395].

In summary, this chapter has confirmed that C-28/12 cells respond to stimulation with
TNF-a and IL-1B, inducing a sustained inflammatory response as indicated by the nuclear
translocation of the P65 NF-kB subunit. In addition, this inflammatory response
correlated with an increase in MMP-13 gene and protein expression, a hallmark of OA.
Cytokine treatment was also found to induce autophagy, highlighting this pathway as a
potential therapeutic target for OA treatment. Induction of autophagy was robustly
achieved in these cells with the well-characterised autophagy inducer rapamycin;
however, rapamycin treatment had little effect on OA disease-relevant genes and
proteins. In contrast, azathioprine treatment did not induce autophagy under the
conditions tested, however, it must be noted that rapamycin and azathioprine
treatment were performed in the absence of cytokine stimulation, suggesting that the
inflammatory phenotype of OA may be a necessary component for the potentially

beneficial effects of autophagy induction in these cells.
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Chapter 6. General Discussion

6.1. Introduction

Due to the challenges associated with culturing human chondrocytes and osteoblasts in
2D in vitro cultures, no definitive in vitro model of OA exists. Current in vitro models only
consider chondrocytes when examining OA but do not take the whole joint into account.
It is now generally accepted that has been suggested that investigation of OA pathology
should consider other tissues of the articulated joint such as bone, as they also express
early pathological hallmarks that are characteristic of OA. The lack of a suitable in vitro
model is slowing the development of novel therapeutics, therefore, a physiological in
vitro model of OA must be developed, as this could expedite the process and be
financially beneficial whilst adhering to the three Rs of animal research. Recent research
has focused on the use of a variety of 3D in vitro culture systems for bone and cartilage,
with the understanding that these systems may avoid some common pitfalls of standard

2D in vitro culture.

Typically, standard 2D in vitro models of adherent cells such as chondrocytes and
osteoblasts involve the growth of cells in a monolayer on cell culture-treated plastics
such as polystyrene flasks and multiwell plates. These models are cheap and have
relatively high throughput, representing an attractive disease modelling option for
researchers. However, several drawbacks exist when using these 2D systems. The 2D
environment provides no option for nutrient and oxygen gradients that are often found
in tissues and altered mechanotransduction may result in the de-differentiation of cells
[227, 228]. Specifically, chondrocytes have been shown to de-differentiate when grown
in 2D, adopting a fibroblast-like shape, and showing a downregulation in the expression
of key matrix-associated genes such as COL2A1, ACAN and COMP [229]. Additionally,
COL1A1 mRNA is upregulated, further signifying de-differentiation [230]. Therefore, the
development of a 3D in vitro model is appealing, as this may preserve the advantages of

2D culture, whilst ameliorating some of the disadvantages.

6.2. Determination of optimum cell lines and growth conditions

Chapter 3 set out to determine the most suitable cell lines and culture conditions for

inclusion in a novel 3D in vitro model of OA. Two candidate cell lines were identified as
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suitable, C-28/12 chondrocytes and Sa0S-2 osteoblasts, as they expressed key
chondrogenic and osteogenic markers respectively, over a 12-day time course.
Additionally, some de-differentiation of human primary chondrocytes was observed in
longer term 2D culture, therefore, cell lines are more practical for establishing a high
throughput model for studying the impact of OA disease-like conditions on
chondrocytes and osteoblasts. Cell lines, however, are not substitutes for primary cell
cultures, as some loss of phenotype can occur in cell lines [396, 397]. Therefore, while
C-28/12 and Sa0S-2 cell lines may be used in the development stages of cartilage/bone
in vitro modelling they should not be considered a replacement for primary cells or
tissues derived from in vivo sources, for example, common murine models or human

patients undergoing knee replacement surgery.

The co-culture conditions described in Chapter 3 may be suitable for the inclusion of
structural and immune cells involved in diseases such as rheumatoid arthritis, as
synoviocytes and macrophages have been maintained using DMEM/F-12 as a basal
component of their preferred growth media [398—400], however, further optimisation
is necessary. The culture conditions detailed in Chapter 3 are a starting point for the
development of bone-cartilage in vitro models, to ultimately describe interactions

between different cell types implicated in a variety of diseases.

6.3. Development of a three-dimensional in vitro model of osteoarthritis
Chapter 4 aimed to develop a 3D in vitro model of C-28/12 and Sa0S-2 cells using the
culture conditions established in Chapter 3. Acellular 3D conditions were optimised,
ensuring Biogelx hydrogel constructs were suitable for co-culture methods. Hydrogel
culture systems can be formulated to a variety of stiffness’ which is considered a benefit
of the platform [265]. To create an in vitro model that incorporates physical contact, the
mechanical stiffness of the hydrogel is important, as hydrogel deformation or leakage
should be avoided. In Chapter 4, a hydrogel stiffness is detailed that has physical stability
and is commercially available, thus identifying a candidate for future research and
development of 3D in vitro physical contact models. Hydrogels can be manipulated in a
variety of ways that will allow future researchers to investigate the activity of co-

cultured, hydrogel-encapsulated, cell populations that are in direct contact with one
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another, or that are physically separated using a transwell culture system. A direct
contact culture system will allow for the co-culture of multiple adherent cell types, a
model that is difficult to establish in traditional 2D culture conditions. This would create
a platform for modelling diseases such as OA, rheumatoid arthritis with the inclusion of
chondrocytes and synoviocytes [401], or to investigate the unique bone-tendon
interface with varying degrees of stiffness as detailed by Paxton et. al. (2020) [312].
Additionally, this model could be used for non-musculoskeletal diseases such as
atherosclerosis, with an interface of smooth muscle cells and endothelial cells being co-

cultured [402].

Alternatively, the non-physical contact model using a transwell system may provide a
platform for the study of secreted cell signalling molecules where direct cell contacts
and potential migration of populations are not desired for example, when an experiment

requires analysis of a distinct set of analytes from a pure cell population.

6.4. Viability of three-dimensional cell cultures

Cell viability was assessed which highlighted the impact of hydrogel stiffness and
composition on encapsulated C-28/12 and Sa0S-2 cells. It was observed that GFOGER
and IKVAV medium stiffness hydrogels resulted in the highest yield of viable cells 24
hours post-encapsulation, whereas standard and RGD hydrogels resulted in the greatest
decrease in cell viability. These results highlighted the importance of both matrix
stiffness and composition on cell viability and identified these properties as being key in
the selection of a hydrogel culture system for the development of a 3D in vitro model of
OA, or for the development of any hydrogel-based model using chondrocytes and

osteoblasts.

Hydrogel composition was also found to impact the viability of C-28/12 and Sa0S-2 cells.
Overall, GFOGER functionalised hydrogels resulted in the best viability for all
encapsulated cells, an unsurprising result as this is a triple helical synthetic peptide
derived from type | collagen with a strong binding affinity for a2B1 integrins [403].
Collagens are a major component of both cartilage and bone matrices, and despite some
structural differences between type | and type |l collagens, these molecules share a lot

of homogeneous properties which may explain the in vitro support provided by GFOGER
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hydrogels for both chondrocytes and osteoblasts. IKVAV is a laminin-like motif, and
hydrogels functionalised with this yielded the second-highest levels of viability for
encapsulated chondrocytes and osteoblasts. In vivo chondrocytes are surrounded by a
narrow pericellular matrix which has been shown to contain high levels of laminin [404].
Laminin has also been shown to be osteogenic, promoting cell survival, the upregulation

of osteoblast-associated genes, as well as the production of a calcified matrix [405, 406].

Again, it is perhaps unsurprising that these IKVAV peptide motifs are more supportive of
chondrocytes and osteoblasts than standard unmodified hydrogels. While RGD
hydrogels of medium and high stiffness were capable of maintaining some viability in
encapsulated Sa0S-2 cells, they were not suitable at all for C-28/12 culture. Many studies
that use RGD motifs use modified versions of this peptide and while having been shown
to promote cell proliferation and viability, their effect on cell differentiation is
controversial [407]. Chondrocytes commonly express integrin a5B1 and studies have
shown that binding of a5B1 integrins can promote chondrogenesis [408], however, this
integrin is overexpressed in OA and is pro-inflammatory in this scenario, leading to
catabolism and subsequent cartilage matrix degradation [409—-411]. Additionally,
blocking integrins on chondrocytes such as avp3 has also been shown to inhibit OA
progression [412]. When considering osteoblasts, specific integrins such as a51 may
promote osteogenesis [413], whereas avB3 may inhibit osteogenic differentiation and
proliferation [414]. With this widely known variety of effects and conflict regarding the
full function of integrins under physiological and pathological conditions, RGD
functionalised hydrogels may not present the best option for an in vitro model, adding
a variety of potential confounding factors to disease modelling. These findings further
highlight the importance of substrate composition on cell viability. It is therefore
suggested herein that molecular similarities between functionalised hydrogel systems
and native ECM components provide a more suitable environment for in vitro culture;
notably, via the inclusion of motifs that mimic major structural molecules such as
collagens, when considering bone and cartilage. One key aim of this thesis was to work
with an industrial collaborator, Biogelx, and develop a suitable hydrogel-based culture
system that would allow for the successful culture of chondrocytes and osteoblasts.
However, due to the COVID-19 pandemic and resultant financial challenges, Biogelx

became insolvent and was eventually liquidated as a commercial entity. This resulted in
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a loss of knowledge, skill and raw materials that prevented further development of

hydrogel formulations.

6.5. Phenotype of three-dimensional cell cultures

Previous work has emphasized the role of substrate stiffness and its impact on a variety
of cell behaviours such as differentiation [265]. When considering chondrocyte-specific
behaviours, matrix stiffness has been shown to influence cell proliferation [415],
chondrogenic differentiation [416], morphology and ECM synthesis [417]. This is
perhaps not surprising as the role of cell-ECM interactions is important and should not
be overlooked when considering disease of structural tissues and mechanotransduction
has been shown to influence cell phenotype [228]. It has been shown that OA pathology
alters the cartilage matrix; increasing stiffness resulting from collagen crosslinking via
increased lysyl oxidase production, as well as accumulation of advanced glycation end-
products, encourages collagen cross-linking [418]. This stiffening disrupts the
chondrocyte catabolism vs. anabolism balance in favour of catabolism via the
mechanotransducive Rho-ROCK-MLC axis [418]. Overall, activation of this pathway
results in increased expression of catabolic MMPs and decreased expression of
chondrogenic SOX9 [418]. Additionally, it is worth noting that the overall elastic modulus
of human articular cartilage is in the gigapascal (GPa) range, which greatly exceeds the
modulus of hydrogels detailed in Chapter 4 and many other published in vitro systems
[415-417]. Similarly, bone has a young’s modulus in the gigapascal range [419].
Therefore, research should consider these great differences in stiffness when designing
hydrogel-based models of articular cartilage, and this principle should be applied to

other tissues.

6.6. Autophagy as a potential therapeutic target

Finally, Chapter 5 aimed to develop an in vitro model to mimic the inflammatory
conditions associated with OA and investigate autophagy as a potential therapeutic
target under these inflammatory conditions. Due to chondrocytes being the primary
focus of OA in the literature, this chapter aimed to use C-28/12 cells as a chondrocyte
model and to integrate osteoblasts, represented by Sa0S-2 cells, however, due to time
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constraints this was not achievable. Results showed that C-28/12 cells are responsive to
inflammatory cytokine stimulation, and this correlated with an increase in autophagy
activity. This was not unexpected as autophagy and inflammation are intimately linked
processes [420]. It was also shown in C-28/I12 cells that autophagy can be induced using
the autophagy-inducing drug rapamycin. In contrast, the novel autophagy-inducing

drug, azathioprine, did not affect autophagy in C-28/12 cells.

In C-28/12 cells, the expression of disease-associated proteins were affected by
autophagy-modulating compounds, it can be seen that rapamycin treatment can reduce
MMP13 protein levels however this is also associated with a concomitant reduction in
COL2a1 expression. Therefore, autophagy may be regarded as a potential therapeutic
target if MMP13 reduction is the key clinical outcome being considered. Research has
shown that autophagy may play a protective role in OA and that MMP13 expression can
be attenuated via modulation of the autophagy process [208-211, 391, 421, 422].
MMP13 is also upregulated in response to inflammatory cytokine activation via IL-R1,
TNFR-1 and TNFR-2 receptor activation acting via the NF-kB pathway, which autophagy
has also been shown to inhibit [186, 423]. Therefore, the findings of Chapter 5 concur
with published literature, however, further analysis of the role of autophagy under

inflammatory conditions is required before any definitive conclusions can be drawn.

6.7. Development of novel therapeutics for osteoarthritis

There are no definitive OA treatments on the market yet, with pharmaceutical
interventions focusing on symptomatic relief such as pain relief and anti-inflammatory
treatments [424]. Surgical interventions, whilst often removing arthritic tissues, are
invasive, financially costly, and come with the risk of potential complications [425].
Therefore, targeting pathways such as autophagy may help in the amelioration of
disease symptoms. Current OA treatments undergoing clinical trials are more targeted
than currently available palliative treatments; new treatments are specifically targeting
cartilage repair and regeneration, alteration of subchondral bone remodelling or
specifically neutralizing inflammatory factors IL-la and IL-1B [426]. From this
perspective of clinical development, targeting a particular pathway such as autophagy

is an attractive therapeutic option. Small molecule stimulation of autophagy may
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attenuate articular joint catabolism through MMP13 regulation, slowing down disease
progression entirely as MMP13 is critical in pathology [353, 427]. Additionally,
autophagy has been shown to play a role in the regulation of collagen synthesis,
highlighting its potential role in the treatment of OA [422]. Therefore, autophagy-
modulating drugs such as rapamycin may present potential therapeutics for OA and
other diseases with aberrant MMP13 expression and altered collagen synthesis such as

Ehlers-Danlos syndrome and liver fibrosis [428, 429].

6.8. Further Applications

This body of work has detailed the potential of particular cell lines as representative
model systems of both bone and cartilage, and their suitability for inclusion in a 3D in
vitro model of OA using commercially available hydrogel systems. However, findings
elucidated upon here may have applications beyond the scope of this project alone. C-
28/12 and Sa0S-2 cells were established as representative human chondrocytes and
osteoblasts that are able to express a variety of genes and proteins associated with their
respective extracellular matrices and are able to do so under identical growth
conditions. This presents a model system that may be used to further probe diseases of
the bone and cartilage. Including benefits to research into osteoarthritis, this could
include inflammatory articular joint disorders such as rheumatoid arthritis [430],
developmental diseases such as osteogenesis imperfecta [431] and chondrodysplasias
[432]. The development of shared culture conditions between these cells would allow
for the elucidation of cell-cell interactions, either in a direct manner via use of 3D
systems such as hydrogels or cell-scaffolds, or in a non-contact system via the use of

porous transwell inserts.

The importance of extracellular environment was also highlighted here in 3D culture
conditions, as part of an overall aim of creating a suitable three-dimensional culture
system for both chondrocytes and osteoblasts. This was not achieved as hydrogel
products were not fit for this purpose. However, in addition to this, a variety of RNA
retrieval methods were described each of which have varying results; these have been
discussed previously. However, the consideration of a variety of extraction methods and

resulting differences in RNA concentration and quality provides useful information for
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RNA extraction methodologies going forward in both in vitro and in vivo research. It will
allow future researchers to consider if they are using the appropriate methods and
highlights that they should consider a variety of factors in detail such as: the
physicochemical properties of the material to be extracted [320], homogenisation and

disruption methods, and RNA retrieval steps [315, 317, 319, 433].

Finally, this work has highlighted the potential links between inflammation, autophagy,
and pathological effects on chondrocytes. It was shown that cytokines such as TNF-a
and IL-1B drive MMP-13 expression and that this is concomitant with an increase in
autophagy activity in C-28/12 chondrocytes. These results have implications for any
inflammation driven disease, particularly those characterised by increases in expression
of the catabolic enzyme MMP-13. Through the attenuation of autophagy and thus
potentially inflammation and its associated expression of MMP-13 a therapeutic target
may exist to reduce the catabolic symptoms of OA. However, other severe and fatal
diseases such as Graft-Versus-Host disease which has been found to be characterised by
inflammation induced MMP-13 expression [434]. MMP-13 overexpression is also linked
to liver steatosis and the subsequent ability of cancerous cells to extravasate and
metastasise; reduction of MMP-13 expression results in a protective effect [435].
Therefore, the current study has laid foundational work linking inflammation and
autophagy whilst considering MMP-13 expression specifically. This may help further
research into therapeutic options via methods such as autophagy attenuation as this has
been shown to decrease inflammation induced MMP-13 expression previously [325,

353].

Had the goal of development of a 3D in vitro model of OA been achieved, this would
have opened up a variety of potential experimental manipulations to facilitate the
investigation of cell-cell and cell-ECM interactions. Cell-laden directly interfacing
constructs may have been designed that would allow for assessment of disease
characteristics in two distinct cell populations similar to work produced by Alsaykhan et.
al. (2020) [312]; this work encompassed the creation of novel 3D constructs that
modelled cell interfaces across both horizontal and vertical planes which provides ideal
in vitro modelling conditions for the study of musculoskeletal disease as these models
allows bone and cartilage tissues to be mimicked in 3D to varying degrees of complexity.

Alternatively, models investigating the interaction between multiple cell types in one

185



single construct could be developed akin to those produced by Stiidle et. al. (2018) [251].
Investigation of cell-ECM-cell interactions may be achieved via seeding a monolayer of
cells on top of a hydrogel containing encapsulated cells; researchers would thus have a
tool that allows for the examination of the impact of cell-cell interactions in the context
of a shared substrate as well as varying culture conditions. Beyond the manual
preparation of 3D in vitro models, Biogelx hydrogels may have had potential for inclusion
in a 3D extrusion-based printing system as a bioink. Print-based models using bioinks
have been shown to allow for a great degree of control over matrix dimensions [436] as
well and the creation of detailed co-culture systems that are highly robust — an issue
that currently plagues manual 3D model preparation [436]. These printed systems may
be further manipulated to investigate disease influencing pathologies such as chronic

inflammation [436].

6.9. Conclusions

The lack of currently available treatments for OA may be due to a lack of a suitable in
vitro model for drug screening. It has been suggested that this lack of an in vitro model
restrains research translation from in vitro to in vivo which in turn greatly inhibits
therapeutic development [426]. Many pre-clinical experiments in drug development
rely on classic 2D in vitro cell culture before moving to in vivo animal models and
eventually human clinical trials. However, due to the previously mentioned
disadvantages of this culture method, it can be difficult to truly mimic chondrocyte and
osteoblast behaviour, as well as OA pathology, as is also the case for other diseases such
as cancer [437]. Therefore, the need for a definitive in vitro model of OA is desperately
required; this model should seek to go beyond typical 2D in vitro culture methods and
foray into the field of 3D in vitro modelling as this has been shown to present more in
vivo-like conditions, for example, via the inclusion of an ECM and other

microenvironment features.

This study has highlighted that Fmoc-based supramolecular hydrogel systems may be
unsuitable for chondrocyte and osteoblast cell line culture due to cell viability concerns.
Several hydrogel systems, including those both biologic [240-242] and synthetic [247,
249-251] in nature have shown suitability for chondrocyte and osteoblast culture,

however, other 3D systems exist that may provide alternative culture methods to
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directly model OA-like disease. A variety of prefabricated scaffolds including polymer-
based scaffold systems and microcarriers may provide suitable culture frameworks for
chondrocytes and osteoblasts [238, 257] and research has also highlighted the potential
of scaffold-free pellet-based systems for chondrocyte culture, but these display a
comparatively limited capacity for osteoblast culture [261, 263]. Recent research has
highlighted “joint-on-a-chip” (JOC) models, which act as an “organ-on-a-chip” (OOC) for
diseases of the joint [438]. These models combine 3D culture elements such as cell
scaffolds or bioreactor environments and microfluidic features to create a more
comprehensive in vitro culture system. JOC models present a potential way to
recapitulate more reliable models of OA via the inclusion of multiple cell types in one
model, for example, chondrocytes and osteoblasts while also considering disease-
modifying factors such as cytokine treatment [439], immune cells [440], or the impacts
of mechanical pressure and shear stress on cultured cells [440, 441]. Thus, the use of a
validated in vitro model combined with a defined therapeutic target such as
inflammation attenuation via autophagy may allow for significant leaps forward in drug

development and treatment of OA.

6.10. Directions for future research

The results presented in this thesis have highlighted the potential of C-28/12
chondrocyte and Sa0S-2 osteoblast cell models for use in a comprehensive in vitro
model of OA. Additionally, the therapeutic potential of autophagy has been highlighted
as a possible treatment for pathological events associated with OA disease onset and
progression. The overall aim of this thesis was to develop a 3D in vitro model of OA that
would allow for the investigation of potential therapeutics for the treatment of OA, such
as autophagy. However, the supramolecular self-assembling peptide-based Fmoc
hydrogels provided Biogelx were unsuitable for C-28/12 and Sa0S-2 cell culture in their
commercially available state; further use of these hydrogels would have necessitated an
alteration of hydrogel formulations only achievable with the support of Biogelx,
unfortunately, due to the global COVID-19 pandemic the company became insolvent,
and this could not be achieved. Understandably, this leaves a variety of open avenues

for future research.
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Future experimental work should consider alternative options for 3D in vitro culture. It
may be the case that hydrogels containing Fmoc groups are unfavourable for cell
culture. Although, the literature has shown that alternative hydrogel formulations have
promise. Perhaps the inclusion of these alternate hydrogel systems in a JOC model
would allow for more suitable conditions for cell culture with a hydrogel component,
capturing not only the variety of cell types involved in OA but also the ECM-like
conditions provided by the hydrogel system. This would also provide the opportunity to
not only consider the impacts of cytokines on chondrocytes and osteoblasts but also
mechanical stimulation as JOC models can facilitate this via fluid flow. Alternate
considerations may be given to polymer-based scaffold systems, or even scaffold-free
systems, however, these often present a challenge when it comes to the physical
manipulation of cells. Subsequently, co-culture methods should be further developed.
This thesis outlines models in which chondrocytes and osteoblasts may be co-cultured,
with or without the presence of a physical contact site, however, this was shown using
acellular hydrogels. Therefore, future work should aim to further develop these co-
culture methods in the presence of cells; this would necessitate further optimisation of
the molecular and cell biology techniques used in this thesis to ensure pure cell
populations are used for downstream analysis such as RT-qPCR or immunoblotting. JOC
models present an alternative to manually preparing co-cultures using scaffold and

scaffold-free systems as these are designed to facilitate co-culture.

Following the establishment of an appropriate 3D in vitro model system, further
optimization of candidate cells should be performed, particularly regarding disease-
mimicking conditions as well as in vivo similarity. To simulate an OA phenotype, primary
cells would of course act as better representatives of native chondrocytes and
osteoblasts, therefore future research should seek to develop a model with primary
cells. Murine models may act as an initial source of both healthy and diseased cells, and
human-derived cells may eventually be acquired via surgical means from patients
undergoing knee or hip replacements. Upon establishment of optimal 3D co-culture
conditions, “OA-like” conditions may be further optimized, and therapeutic avenues
may be investigated. Inducing an OA-like phenotype may be produced via cytokine
stimulation or even mechanical stimulation, a desirable pathogenic stimulus that is hard

to mimic in 2D culture. Alternatively, the overexpression of disease-relevant proteins
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such as MMP13 in chondrocytes or Collal in osteoblasts may be achieved via
transfection experiments, creating a diseased phenotype. Alternatively, key genes such
as chondrocyte COL2A1 and RANKL may be downregulated via the use of siRNAs or
knocked out using CRISPR-Cas9 genome editing technology. This would allow for the
analysis of loss of function under disease conditions and how this may impact co-
cultured cells such as osteoblasts. When considering the autophagy pathway, the
impacts of 3D culture on the activity of this pathway under physiological conditions must
be assessed. Subsequently, genome editing using CRISPR-Cas9 targeting key autophagy
genes such as ATG7 would allow for the assessment of the role of autophagy in OA.
Ablation of these genes has been shown to contribute to OA pathology; however, this

has not been fully investigated in a 3D in vitro co-culture model of OA.

OA is a disease with a broad aetiology and many confounding factors making it difficult
to develop disease therapeutics. Unfortunately, many available treatments deal with
symptoms but do not necessarily halt disease progression and many patients suffer
decreased quality of life. Therapeutic development is hindered due to hurdles presented
when translating in vitro experimental results to in vivo models and it is suggested here
that this is due to the limitations posed by conventional 2D in vitro cell culture. Here, it
was shown that C-28/12 chondrocytes and Sa0S-2 osteoblasts may present suitable cell
models for inclusion in an in vitro model of OA. This thesis also highlighted the potential
disadvantages of working with Fmoc-protected self-assembling supramolecular
peptide-based hydrogels, indicating a shift in research focus to non-Fmoc hydrogels is
potentially needed. Finally, it was shown that autophagy is a potential therapeutic target
in OA as it shares close ties with inflammatory stimulation as well as MMP13 regulation

in C-28/12 chondrocytes.
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Appendix

Appendix |

Protein extraction, gel electrophoresis and immunoblotting buffers

Urea buffer

8M Urea, 1M Tris pH 7.5, 1M NaCl, 1% Triton and 1M DTT.

Laemmli Sample Buffer

6% SDS, 22.5% glycerol, 93.8mM Tris-HC| pH 6.8 and bromophenol blue.

Running Buffer (10X)

144g glycine, 30g tris in 1L dH;0. Dilute to 1X using dH,0.
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Transfer Buffer (10X)

0.1% SDS, 144g glycine, 30g tris in 1L dH20. Dilute to 1X using 7 parts dH20, 2 parts
methanol, and 1 part 10X transfer buffer.

Stacking Gel

2.8mL H,0, 0.5mL 1M Tris-glycine pH 6.8, 0.67mL protogel, 40uL 10% SDS, 20uL 25% APS
and 10uL TEMED.

Resolving Gel

6% gel | 7% gel 8% gel 10% gel

H20 (mL) 3.87 3.8 3.6 2.84
1M Tris-glycine pH | 3.73 3.73 3.73 3.73
8.8 (mL)

Protogel (mL) 2 2.3 2.67 3.33
10% SDS (uL) 100 100 100 100
APS (uL) 40 40 40 40
TEMED (pL) 10 10 10 10

Appendix Il = Primers

Chondrocyte primers and housekeeping genes

Gene Source Sequence (5’-3’)
COL2A1 Primer Design F ATGGCTGACCTGACCTGAT

R GACAATAAATAAATAGAACACCGAGAT
COL10A1 Primer Design F TGCTAGTATCCTTGAACTTGGTTC

R GGAATGAAGAACTGTGTCTTGGT
MMP13 Primer Design F ATGAAGACCCCAACCCTAAACA

R CGGAGACTGGTAATGGCATCA
ACAN Primer Design F CCAACCAGCCTGACAACTTT

R GTGAAGGGGAGGTGGTAATTG
COMP Primer Design F CCCCAATGAAAAGGACAACTGC

R TGGTCGTCGTTCTTCTGGGA
B2M Origene F CCACTGAAAAAGATGAGTATGCCT

R CCAATCCAAATGCGGCATCTTCA
SDHA Origene F GAGATGTGGTGTCTCGGTCCA

R GCTGTCTCTGAAATGCCAGGCA




Osteoblast primers and housekeeping genes

Gene Source Sequence (5’-3’)
COL1A1 Primer Design F TGGCTCTCCTGGTGAACAAG

R GCCAGGGAGACCGTTGAG
ALPL Primer Design F CGAGATACAAGCACTCCCACTT

R GTCACGTTGTTCCTGTTCAGC
POSTN Primer Design F TGCTCCCACCAATGAGGCT

R CTGGAGAGTATTTAAGATGTGGTACTTC
BGLAP Primer Design F CCAGCGGTGCAGAGTCCAG

R CAGGTAGCGCCTGGGTCTC
PDPN Primer Design F TCCACGGAGAAAGTGGATGG

R CCCTTCAGCTCTTTAGGGCG
ATP5B Origene F TCATGCTGAGGCTCCAGAGTTC

R ACAGTCTTGCCAACTCCAGCAC
TOP1 Origene F GAACAAGCAGCCCGAGGATGAT

R TGCTGTAGCGTGATGGAGGCAT

Appendix Il — Antibodies

Primary Antibodies

Antibody Species Source Use Dilution

COL1lal Rabbit Abcam Immunoblotting 1:1000

PDPN Sheep R & D Systems Immunoblotting 1:1000

AP-TNAP Rabbit Abcam Immunoblotting 1:5000

COL2a1 Rabbit Abcam Immunoblotting 1:1000

COMP Rabbit Abcam Immunoblotting 1:900

MMP13 Rabbit Abcam Immunoblotting 1:1000

COL10a1 Rabbit Abcam Immunoblotting 1:1000

P65 Mouse Santa Cruz | Immunofluorescence 1:50
Biotechnology

rS6 Mouse Cell Signalling | Immunoblotting 1:1000
Technology

Phospho-rS6 | Mouse Cell Signalling | Immunoblotting 1:1000
Technology

BACT Mouse Cell Signalling | Immunoblotting 1:2000
Technology

LC3 Rabbit Immunoblotting 1:1000
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MBL Immunofluorescence 1:1000
International
Secondary antibodies
Antibody Source Use Dilution
Goat anti-mouse | LI-COR Immunoblotting 1:10,000
680LT
Goat  anti-rabbit | LI-COR Immunoblotting 1:10,000
680LT
Goat anti-mouse | LI-COR Immunoblotting 1:10,000
800CW Immunofluorescence | 1:2000
Goat  anti-rabbit | LI-COR Immunoblotting 1:10,000
800CW Immunofluorescence | 1:10,000
Donkey anti-sheep | Abcam Immunoblotting 1:5000

IgG H&L (HRP)

Appendix IV — Count masks
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