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Summary

Due to their relative ease of isolation, ability to proliferate extensively in vitro and to
differentiate along multiple lineage pathways, mesenchymal stem cells / multipotent
stromal cells (MSCs) are a promising cell type for tissue regeneration strategies. However,
unlocking the potential of these cells requires an understanding of how the local cellular
environment influences cell metabolism, phenotype and matrix synthesis and will be

crucial to engineering functional cartilage tissue grafts of a clinically relevant scale.

The objective of this thesis was to investigate the influence of joint-specific
environmental factors on chondrogenesis of MSCs encapsulated within 3D hydrogels and
subsequent tissue formation within these constructs. Various novel bioreactor systems
and numerical models were developed to monitor and predict oxygen gradients within
engineered grafts and to apply specific mechanical loading regimes to MSC laden
constructs. It was demonstrated that the fate of MSCs may be directed by both varying
oxygen gradients in cell laden hydrogels and through the application of physiological
levels of various modes of mechanical loading. In the first part of the thesis, MSCs were
encapsulated in agarose hydrogels and maintained in altered external oxygen conditions
while simultaneously measuring oxygen levels within the construct. MSCs were found to
possess a high initial oxygen consumption rate, but to adopt a less oxidative, more
chondrocyte-like metabolic profile following the onset of chondrogenic differentiation.
Cartilage matrix deposition was generally maximal in regions of low oxygen tension, but

collagen synthesis was inhibited in very low oxygen (pO, < 2%) regions.

The next phase of the thesis explored how the two different mechanical stimuli
integral to the joint environment, namely cyclic hydrostatic pressure (HP) and cyclic
tensile strain (CTS), regulated chondrogenesis of MSCs and their progression along the
endochondral pathway. The application of physiological levels of HP was found to
enhance chondrogenesis of MSCs, leading to the development of more mechanically
functional engineered cartilage whilst simultaneously suppressing calcification of the
grafts. In contrast, the application of CTS to MSCs encapsulated into 3D hydrogels was
found to enhance cellular organization, inhibit adipogenesis and promote either direct

intramembranous or indirect endochondral ossification of MSCs, depending on the

iii



context within which loading was applied and on the magnitude and frequency of the
applied strain. The final phase of the thesis explored the role of CTS in regulating the
differentiation of MSCs along either a chondrogenic or myogenic pathway. Tensile
stimulation was found to enhance myogenesis and suppress chondrogenesis in MSC
seeded collagen-alginate 3D matrices, however this response was demonstrated to be

dependent on both matrix stiffness and MSC morphology.

Development of next generation tissue engineering strategies will require a
deeper knowledge of how environmental stimuli influence stem cell lineage commitment
in vitro. In particular, a more complete understanding of stem cell mechanobiology and
metabolism may ultimately allow us to manipulate the in vivo mechanical environment to
ensure such cells terminally differentiate towards a desired phenotype upon implantation
into the body. The insights provided in this dissertation suggest that promoting a
metabolic profile similar to that of chondrocytes might be considered to be a key
determinant of the success of stem cell based cartilage tissue engineering strategies, and
demonstrate that the biophysical and biochemical environment in 3D grafts can be

tailored to modulate MSC lineage commitment and subsequent tissue development.
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Nomenclature

%ewWw Percentage of wet weight

¢} Partial derivative

°C Degrees Celsius

um Micromolar

um Micrometer

2D 2-dimensional

3D 3-dimensional

ACI Autologous chondrocyte implantation
AGC Aggrecan

ALP Alkaline phosphatase

ANOVA Analysis of variance

ATP Adenosine triphosphate

BM Bone marrow

BMP Bone morphogenic protein
BMSC Bone marrow-derived MSC

BSA Bovine serum albumin

CaCl, Calcium chloride

Ccc Chondrocyte

cDNA Complementary DNA

CFU-F Colony forming unit-fibroblast
Chondro Chondrogenesis

CO, Carbon dioxide

CTS Cyclic tensile strain

D Diffusion coefficient

DAB Diaminobenzide

Dag Diffusion coefficient for agarose
DAPI 4’,6-diamidino-2-phenylinodole
DC Dynamic compression

Dh2o Diffusion coefficient for water
DM Differentiation medium

Dmedia Diffusion coefficient for culture media
DMEM Dulbecco’s Modified Eagle’s Medium
DMEM- Phenol red-free DMEM

DNA Deoxyribonucleic acid

ECM Extracellular matrix

EDTA Ethylenediamine-tetraacetic acid
EM Expansion medium

ETOH Ethanol

FBS Foetal bovine serum

viii



FE Finite element

FEA Finite element analysis

FGF Fibroblast growth factor

Fibro Fibrogenesis

FPSC Infrapatellar fat pad-derived MSC
FS Free-swelling (unloaded)

GAG Sulphated glycosaminoglycan
GAPDH Glyceraldehydes-3-phosphate dehydrogenase
H,0 Water

H,0,; Hydrogen peroxide

HCI Hydrochloric acid

HP Intermittent hydrostatic pressure
Hz Hertz

IFP Infrapatellar fat pad

IGF Insulin growth factor

IgG Immunoglobulin G

IHP Intermittent hydrostatic pressure
ITS Insulin transferrin selenium

Km Concentration at half the maximum consumption rate
kPa Kilo Pascal

M Molar

MACI Matrix-induced autologous chondrocyte implantation
mg Milligram

min Minute

mL Millilitre

mm Millimetre

mM Millimolar

MMP Matrix metalloproteinase

MPa Mega Pascal

mRNA Messenger ribosomal nucleic acid
ms Millisecond

MSC Mesenchymal stem cell / multipotent stromal cell
Myo Myogenesis

n Number of observations

N Newton

N, Nitrogen

ng Nanogram

nM Nanomolar

nM Nanometre

[ Diameter

0, Oxygen

OA Osteoarthritis

Osteo Osteogenesis



PBS
PDMS
PEG
PG
PGA
PLGA
PO,
polc

qRT-PCR
RGD
RhoA
RNA
ROCK
RT-PCR

SD
SD
SEM
sGAG
sGAG
SMC

TGF-B
TIMP-1

ww
a-SMA
718

1]

P
PCR

Threshold significance level

Phosphate buffered saline
Polydimethylsiloxane

Poly(ethylene glycol)

Proteoglycan

Polyglycolic acid

Poly(lactic-co-glycolic acid)

Oxygen tension

Oxygen tension measured at the centre of the construct
Maximum oxygen consumption rate
guantitative real-time reverse transcriptase PCR
Arginine-Glycine-Aspartic acid

Ras homolog gene family, member A
Ribosomal nucleic acid

Rho-associated protein kinase

Reverse transcriptase polymerase chain reaction
Seconds

Cell density

Standard deviation

Standard error from the mean

Sulphated glycosaminoglycan

Sulphated glycosaminoglycan

Smooth muscle cell

Time

Transforming growth factor-beta

Tissue inhibitors of metalloproteinases -1
Units

Wet weight

a-smooth muscle actin

Microlitre

Micromolar

Cell density

Fluid phase volume fraction

Polymerase chain reaction
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(red) and alkaline phosphatase (blue) (A). Increased cell spreading was
correlated with enhanced osteogenesis and reduced adipogenesis (B)
(McBeath et'al ;20045 Guilak etial. 2000) . i e eirteasneseinssessbses sonsnsssansnonnasssnen 16

Cyclic hydrostatic pressure promotes chondrogenic gene expression in both
the presence and absence of TGF-B3 (CTR - free swelling control; IHP -
intermittent hydrostatic pressure; TGF - transforming growth factor B3;
AGC — aggrecan) (Miyanishi et al. 2006)..........c.ccccervueniinieninieiiniececeeene 18

The local oxygen tension in the centre of in vitro engineered cartilage tissue
grafts cultured in chondrogenic media was measured using a custom
designed oxygen testing rig, test dish and fibre optic sensor (a). Samples
were separated into cores and annuli for spatial biochemical analysis (b).
Schematic of the finite element model developed to predict oxygen
concentration gradients throughout the rest of the graft (c)........ccccooeveiriennnn. 32
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Figure 3-2: Cartilage tissue grafts engineered using various cell sources were cultured
for 24 days. Oxygen concentration at centre of cartilage tissue grafts
engineered using cells derived from various tissue sources (a). Cellular
oxygen consumption rate extrapolated from FE model. (b) FE contour plots
showing predicted oxygen concentration throughout the constructs (c). (a, b
and c denote statistical difference vs. same cell type at day 24 , FPSC
constructs at same time-point and CC constructs at same time-point
respectively; P <0.05; n = 3 * indicates the location of oxygen sensor
measurement Within the CONStructs)..........ocevuiiiiiieeiiieiiieceecee e 36

Figure 3-3: Cartilage tissue grafts engineered using various cell sources were cultured
for 24 days, separated into cores and annuli, then analysed for DNA, sGAG
and collagen content (a-d). Histological and immune-histochemical staining
(e) was performed on representative sections for sGAG, collagen and
collagen type Il (top, middle, bottom respectively). (a, b and ¢ denote
statistical difference vs. core of construct using the same cell type, FPSC
constructs in the same region and CC constructs in the same region
respectively, P <l.05; B = 3). voummsssssssimimioabeonsisssavasiivsssssssssranssioessserttsass 38

Figure 3-4: Cartilage tissue grafts engineered using bone marrow MSCs were cultured
in either a normoxic (20%) or low (5%) external oxygen environment for 24
days. Oxygen concentration measured at centre of the constructs (a).
Cellular oxygen consumption rate extrapolated from FE model (b). FE
contour plots showing predicted oxygen concentration throughout the
constructs (c). (a, b denote statistical difference vs. same culture condition
group at day 24 and 5% oxygen environment group at the same time point
respectively; P <0.05; n = 3. * indicates the location of oxygen measurement
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Figure 3-5: Cartilage tissue grafts engineered using various cell sources were cultured
for 24 days, separated into cores and annuli, then analysed for DNA, sGAG
and collagen content (a-d). Histological and immuno-histochemical staining
(e) was performed on representative sections for sGAG, collagen and
collagen type II (top, middle, bottom respectively). (a, b and c¢ denote
statistical difference vs. core of construct using the same cell type, FPSC
constructs in the same region and CC constructs in the same region
yYespeomvely PRl g = Ay 1 A I R, e T L L s 40

Figure 3-6: Cartilage tissue grafts engineered using bone marrow stem cells were
seeded initially at a density of either 20 or 40 million cells/mL and cultured
for 24 days. Oxygen concentration measured at the centre of constructs (a).
Cellular oxygen consumption rate extrapolated from FE model (b). FE
contour plots showing predicted oxygen concentration throughout the
constructs (c). (a, b denote statistical difference vs. same initial seeding
density group at day 24 and 40 million cell group at the same time point; P
<0.05; n = 3. * indicates the location of oxygen measurement within the
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Figure 3-7: Cartilage tissue grafts engineered using bone marrow MSCs were seeded
initially at a density of either 20 or 40 million cells/mL for 24 days, then
separated into cores and annuli and analysed for DNA, sGAG and collagen
content (a-d). Histological and immuno-histochemical staining (e) was
performed on representative sections for sGAG, collagen and collagen type
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Figure 3-8:

Figure 3-9:

Il (top, middle, bottom respectively). (a, b denote statistical difference vs.
core of construct cultured in a similar environment and same region of
construct seeded at 40 million cells/mL respectively; P <0.05; n=3)............. 42

A replicate study was performed using cells from a separate set of donors
and oxygen tension in the centre of each construct was measured. Data is
arranged (a) by cell source, (b) by external oxygen environment and (c) by
initial cell seeding density. .........ccccoeeiiriiiiiiiiiiiicecc e 47

The percentage change in cell density in sample cores and annuli after 24
days of culture. Cell density at day 24 was estimated by normalizing day 24
DNA values to the average day 0 values, which were assumed to be
representative of the initial cell seeding density, for each group. Data is
arranged (a) by cell source, (b) by external oxygen environment and (c) by
initial cell seeding density (a, b denote a statistically significant different
DNA content vs. day 0 samples, and vs the DNA content in the core region
of the same samples respectively, P <0.05;n=3)....ccccccviiiiiiininiininnicce. 47

Figure 3-10: FEA models were analysed to determine the percentage volume of each

Figure 4-1

Figure 4-2:

Figure 4-3:

Figure 4-4:

Figure 4-5:

sample that lay within the specified oxygen ranges. Data is arranged (a) by
cell source, (b) by external oxygen environment and (c) by initial cell
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: Dynamic hydrostatic pressure enhances the accumulation of cartilage

specific ECM in both BMSC and FPSC constructs when cultured in
chondrogenic medium for 5 weeks, as shown by biochemical analyses (a-d)
and histological/immune-histological staining (e.) *, ”~ denote statistical
significance vs. free swelling group of similar cell type and vs. FPSCs under
similar loading conditions respectively (P<0.002; n=4). .......ccccevviiniiiinnenns 57

Dynamic hydrostatic pressure enhances the functional properties of both
BMSC and FPSC constructs when cultured in chondrogenic medium for 5
weeks. *, ~ denote statistical significance vs. free swelling group of similar
cell type and vs. FPSCs under similar loading conditions respectively
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Dynamic hydrostatic pressure suppresses calcification of BMSC constructs
when cultured in chondrogenic medium for 5 weeks, as shown by
biochemical analysis of calcium content of BMSC constructs (a) and
Alizarin Red staining of BMSC constructs for calcium deposition (b). FS
and HP indicate free swelling and loaded respectively. * denotes statistical
significance vs. free swelling group of similar cell type (P<C.002; n = 4).......59

Dynamic hydrostatic pressure has no significant effect on calcification of
BMSC constructs when cultured in chondrogenic medium for 3 weeks,
followed by 2 weeks culture in hypertrophic medium, as shown by
biochemical analysis (n = 4) of calcium content of BMSC constructs (a) and
Alizarin Red staining of BMSC constructs for calcium deposition (b). FS
and HP indicate free swelling and loaded respectively. Original image
magnification is SHOWN INSEL.........ccoueiiiiiriiiiiiiecieece e 39

Dynamic hydrostatic pressure acts to maintain a chondrogenic phenotype in
FPSC constructs when cultured for 3 weeks in chondrogenic medium
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containing TGF-B3, followed by 2 weeks in the presence or absence of
TGF-B3, as shown by biochemical analyses (a) and histological staining (b)
of constructs. FS, FS- and HP- indicate free swelling with continuous TGF-
B3 supplementation, free swelling without TGF-B3 and loaded without
TGF-B3 respectively. * and * denote statistical significance vs. FS and FS-
groups respectively (P<0.001; n=4). .....cccveieveieernennieniniensenseeeseeeeenreseeneens 60

Figure 5-1: Front panel of bioreactor control software developed in Matlab. Multiple
instances of the script could be run simultaneously by utilising partitioned
virtual environments, thereby allowing multiple bioreactors to run
simultaneously from the same PC. The graphical user interface allows
control of applied strain magnitude, frequency and duration of loading.
Automated loading is facilitated via a script loop that continuously
monitored the current time on the system clock, and system information
such as current status and cycles remaining is displayed............ccccccceninnnnne 72

Figure 5-2: A novel bioreactor system for application of uniaxial cyclic tensile strain to
soft 3D hydrogels was developed (a). Dog-bone shaped cell-seeded
hydrogels constructs were moulded in recesses within flexible silicone strips
(i). These strips were mounted on strain assemblies (ii), which were then
sealed into the bioreactor chamber (iii) under sterile conditions. The
displacement of external actuators (iv) was aseptically transferred to
accurately stretch the strips in the bioreactor using magnets, both outside of
and within the chamber, connected around a flexible membrane separator.
MSCs encapsulated in collagen-alginate blended hydrogels and cultured in
the bioreactor remained viable over 7 days (b). Tensile testing image
analyses were performed to correlate actuator displacement with hydrogel
strain (c). Representative images and data from hydrogel strain validation
image analyses are SHOWIN. .........coocueevueiniieniieiiieirtee ettt eene et e s saesrens 76

Figure 5-3: Mechanical characterisation of collagen-alginate blended hydrogels created
using 0.6% (soft) and 2.25% (stiff) final alginate concentration (a). Relative
gene expression in MSCs encapsulated in stiff blended hydrogels
(normalized to MSCs in soft hydrogels) after 4 days of culture (b). *
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Figure 5-4: F-actin staining of MSCs encapsulated in a soft or stiff hydrogel and
cultured in free swelling or loaded conditions for 4 days (a). Cell nuclei are
counter-stained with Dapi (blue). Chondrogenic and myogenic relative gene
expression at day 4 normalized to the soft/free-swelling control group (b).
Significant differences vs. non-loaded control group are indicated (P<0.05;
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Figure 5-5: Live/dead staining 24 hours after MSCs were encapsulated in an
immediately (round) or delayed (spread) cross-linked hydrogel (a). Relative
gene expression in spread MSCs (normalized to round MSCs) after 4 days
of culture. * indicates a significant difference vs. round group (P<0.05; n =
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Figure 5-6: F-actin staining of MSCs encapsulated in an immediately (round) or delayed
(spread) cross-linked hydrogel and cultured in free swelling (control) or
loaded conditions for 4 days (a). Cell nuclei are counter-stained with Dapi
(blue). Chondrogenic and myogenic relative gene expression at day 4
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normalized to the round/free-swelling group (b). Significant differences vs.
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Figure 6-1: Relative gene expression of MSCs encapsulated in fibrin hydrogels and
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Chapter 1 Introduction

1.1 General overview

Articular cartilage is the smooth, white connective tissue covering the ends of long bones.
It is an avascular, aneural, but highly specialized tissue, the principal function of which is
to provide a smooth, low friction, load-bearing surface in diarthrodial joints. Due to its
avascular nature, articular cartilage has a limited capacity for self-repair and cartilage
degeneration due to high impacts loads or pathological conditions, such as osteoarthritis,
can lead to the ablation of the cartilage layer and development of debilitating lesions.
Depending on the severity of the condition, surgical interventions, such as microfracture,
autologous chondrocyte implantation or autologous osteochondral transplantation may
be required. These treatments are not without drawbacks however, as transplantation of
tissue risks donor site morbidity, chondrocytes are known to dedifferentiate during
monolayer expansion, and tissue regenerated following such procedures often displays
characteristics of fibrocartilage and is susceptible to degradation (Jackson and Simon
1999, Redman et al. 2005). Repaired articular cartilage often degenerates over time,
leading to the debilitating condition of osteoarthritis. The most common treatment of
advanced osteoarthritis is joint replacement, which is estimated to reach two million
knees and hips per year by 2015 in the United States (Benders et al. 2013). This procedure
involves surgical removal of the joint and implantation of a prosthesis. However, such
implants have a tendency to loosen with time, thus requiring revision surgeries in younger

patients (Creamer 2000).

A promising alternative approach to cartilage and joint regeneration is tissue
engineering: the use of autologous or allogenic cells encapsulated in three-dimensionai
(3D) matrices to create functional grafts in vitro prior to implantation. Mesenchymal stem
cells/multipotent stromal cells (MSCs) are a promising cell source for tissue engineering,
have been demonstrated to possess a high capacity for proliferation in vitro, and can be
induced to differentiate towards multiple lineages (Caplan 1991, Pittenger et al. 1999,
Tuan et al. 2003). MSCs can be isolated from various tissues, such as bone marrow (BM),

infrapatellar fat pad (IFP) and subcutaneous fat, via minimally invasive surgeries.



1.2 Regulation of MSC differentiation

MSCs are a multipotent progenitor cell type that give rise to skeletal tissues such as
cartilage, bone and other connective tissues (Caplan 1991). However, harnessing the
potential of these cells in a regenerative context will require a deep understanding of how
local environmental signals can guide stem cell differentiation towards a desired
phenotype. A further challenge is to define the metrics by which successful differentiation
of MSCs into specialised cell types is measured. Common approaches involve
investigation of genetic markers associated with specific lineages and analyses of the
biochemical constituents and mechanical properties of synthesized tissues, but MSCs

should also adopt a metabolic profile that mirrors that of the desired phenotype.

For the purposes of in vitro differentiation of MSCs, it would seem reasonable to
employ a culture environment that recapitulates key aspects of the environment of the
desired tissue, both biochemically and mechanically. Articular cartilage exists in a low
oxygen environment, in which the resident cells (chondrocytes) are subjected to gradients
in various biochemical factors and multiple modes of biophysical stimuli. Successful
cartilage tissue engineering strategies must aim to produce mechanically functional grafts
occupied by cells that have adapted to, and can thrive in, this environment. It is well
established that biochemical stimuli, provided by growth factors such as members of the
transforming growth factor-B (TGF-B) or bone morphogenic protein (BMP) super-families,
can be potent promoters of chondrogenic and osteogenic phenotypes respectively, and
that altering the local oxygen environment can influence MSC phenotype and subsequent
tissue formation (as reviewed by Malda et al. 2003, Puetzer et al. 2010, and James 2013).
However, it has also been demonstrated that, through the use of various bioreactor
systems, the application of physiologically appropriate mechanical signals, such fluid
shear stresses, hydrostatic pressure, cyclic compressive strains and cyclic tensile strains
can drive MSC differentiation (Angele et al. 2003, Mouw et al. 2007, Kreke et al. 2008,
Connelly et al. 2010). Indeed, it has been reported that mechanical loading is critical for
homeostasis of articular cartilage and there is evidence to suggest that abnormal joint
loading plays a key role in the onset of osteoarthritis (Paukkonen et al. 1983, Lane Smith

et al. 1992, Arokoski et al. 2000, Felson et al. 2000).

Although MSCs have been reported to undergo chondrogenesis, cartilage matrix

content and functional properties of the grafts remain inferior to those engineered using



chondrocytes (Mauck et al. 2006, Erickson et al. 2009). Furthermore, it has been shown

that following in vivo subcutaneous implantation, IFP derived MSCs tend to undergo

fibrous dedifferentiation or resorption, whereas bone marrow derived MSCs tend to

follow an endochondral pathway (Pelttari et al. 2006, Vinardell et al. 2012), suggesting

that further optimisation of 3D culture environments will be required before MSC seeded

grafts can realize their full potential.

1.3 Aims of this research

The overall objective of this thesis is to investigate the influence of joint-specific

environmental factors of MSC differentiation and subsequent neo-tissue formation. The

specific objectives are:

il

3.

To characterize the local oxygen gradients that develop within cartilaginous
tissues engineered using chondrocytes and MSCs derived from various tissue
sources, and examine the influence of this environment on cellular metabolism

and cartilage tissue deposition.

To investigate the influence of cyclic hydrostatic pressure in directing the fate of
MSCs encapsulated in physiologically relevant 3D grafts. It is hypothesised that the
application of such mechanical stimuli will play a role in the maintenance of a
chondrogenic phenotype and in supressing hypertrophy and endochondral

ossification.

To investigate the influence of cyclic tensile strain in directing the fate MSCs
encapsulated in physiologically relevant 3D grafts. It is hypothesised that the
application of such mechanical stimuli to chondrogenically primed MSCs will

enhance progression along the endochondral pathway.



Chapter 2 Literature Review

This chapter will begin by describing the structure, composition and in vivo mechanical
loading environment of articular cartilage. The application of cartilage tissue engineering
strategies for treatment of articular cartilage defects will then be discussed, with a focus
on biomaterial selection and potential cell types. Finally, mesenchymal stem cells and

their potential for use in tissue engineering applications will be reviewed.

2.1 Articular cartilage

2.1.1 Composition and structure of articular cartilage

Articular cartilage is a highly organized hyaline cartilage composed of a dense
extracellular matrix (ECM) arranged in a hierarchical, zonal configuration and sparsely
populated with highly specialized cells called chondrocytes. Chondrocytes, the cells
responsible for secretion and maintenance of the organic part of the ECM, account for
approximately 1% of the tissue volume (Buckwalter and Mankin 1997). The low cellular
density of chondrocytes within cartilage, coupled with fact that chondrocytes reside
within lacunae which limit the ability of the cell to migrate, results in a poor capacity for
tissue regeneration. Furthermore, the poor vascularisation of the tissue inhibits the
migration of progenitor cells to the site of cartilage injuries, whilst simultaneously limiting

the supply of nutrients required for cartilage matrix synthesis.

The function of cartilage tissue is to provide a lubricated articulating surface, whilst
resisting compression and distributing point loads, thereby reducing peak stresses on the
subchondral bone (Buckwalter and Mankin 1997). The tissue is a porous, viscoelastic
material which is composed predominately of a densely woven, strong, collagen fibrillar
network (15-22% by wet weight) enmeshed with proteoglycan macromolecules (4—7% by
wet weight), water (80% by wet weight) and many ionic species of dissolved electrolytes
with positive and negative charges (<<1% by wet weight) (Lu and Mow 2008). Collagen
type Il represents 90% to 95% of the collagen in ECM; collagen types |, IV, V, VI, IX, and XI

are also present, but contribute only a minor proportion of the total content (Sandell and



Aigner 2001). Proteoglycans (PGs) are composed of a protein core and can have
numerous sulphated glycosaminoglycan (GAG) branches. Cartilage PGs are large protein-
polysaccharide molecules, which are composed of a protein core, can have numerous
GAG branches, and can exist either as monomers or as aggregates (Mow et al. 1989).
Aggrecan, for example, consists of a single ~200 nm long protein core to which about 150
GAG chains are covalently attached, whereas keratan sulphate and chondroitin sulphate,
the two sulphated glycosaminoglycans found in articular cartilage, are polymer chains of
specific repeating disaccharide units. It is these structural components, together with
water, that determine the biomechanical behaviour of articular cartilage. (Lai and Mow

1980).

Collagen fibrils, while possessing little resistance to compression, contribute to the
tensile strength of cartilage (Figure 2-1), whilst the negatively charged, hydrophilic
proteoglycans attract water molecules, thus inducing a swelling pressure that increases
the tissues resistance to compression. PG aggregation promotes immobilisation of the
PGs within the collagen meshwork, adding structural rigidity to the extracellular matrix

(Mow et al. 1989).
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Figure 2-1: Illustration of a collagen fibril’s mechanical properties. The fibril is stiff and strong in
tension (A), but is weak and buckles easily in compression (B). A schematic representation of the
collagen network interacting with the proteoglycan network, forming a porous, fibre-reinforced,

composite solid matrix in articular cartilage (C) (Mow et al. 1989, Lu and Mow 2008).

A notable feature of articular cartilage is the depth dependent properties and structure.
The tissue is 2 to 4mm deep and can be divided into several zones — the superficial
tangential zone, the middle zone, the deep zone and the calcified zone (Figure 2-2) (as
reviewed by Buckwalter et al. 1994). In the superficial zone, collagen fibres are densely
packed and aligned parallel to the surface, thus providing resistance to shear forces at the
articular surface. The middle zone contains proteoglycans and more randomly aligned
collagen fibres, provides compressive strength, and acts as a transitional zone between
the superficial and deep regions. In the deep zone, collagen fibrils are arranged
perpendicular to the articular surface, thus providing an anchor to the subchondral bone

via the calcified zone. The deep zone contains the greatest concentration of



proteoglycans and is responsible for providing the tissues highest resistance to

compression. Here, the cell population is sparse and the chondrocytes are hypertrophic

(Fox et al. 2009).

STZ (10%-20%) _E
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Figure 2-2: Chondrocyte and collagen fibre organization in articular cartilage (Buckwalter et al. 1994)



2.1.2  Chondrocytes

Chondrocytes develop as a result of mesenchymal cell condensation, followed by
chondro-progenitor cell differentiation. Mature chondrocytes found in articular cartilage
are generally spherical, non-dividing (post-mitotic) cells that, as mentioned previously,
are responsible for the regulation of ECM turnover by synthesizing cartilage matrix
markers such as collagen type Il and aggrecan. Since cartilage is avascular, nutrients and
oxygen are supplied to the cells primarily via diffusion from the synovial fluid and
subchondral bone, resulting in chondrocytes occupying a low oxygen niche in vivo.
Chondrocytes located nearer the subchondral bone mature and enter the final stage of
development and become hypertrophic, no longer synthesizing type Il collagen, but
mainly type X collagen and alkaline phosphatase, resulting in calcification and

endochondral ossification of the matrix (Figure 2-3) (Temenoff and Mikos 2000, Demoor

et al. 2014).
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Figure 2-3: Schematic overview of the role of growth factors at different stages of chondrogenesis.
BMP (bone morphogenetic protein), TGF-p (transforming growth factor beta), PDGF (platelet-derived
growth factor), FGF (fibroblast growth factor), CTGF (connective tissue growth factor), and VEGF

(vascular endothelial growth factor) (Demoor et al. 2014).



Growth factors such as transforming growth factor-B3 (TGF-B3) are expressed in pre-
chondrocytes, and TGF- 33 has been shown to guide chondrogenic differentiation, inhibit
endochondral ossification and increase cartilage ECM synthesis (Grimaud et al. 2002),
whereas other growth factors, such as bone morphogenic protein-2 (BMP-2) can be
employed to induce hypertrophy (Enomoto-lwamoto et al. 1998). Current techniques for
treatment of cartilage defects include Autologous Chondrocyte Implantation (ACI, Figure
2-4), which has been shown to have to some success in regenerating hyaline cartilage
(Peterson et al. 2002, Marlovits et al. 2006). However, while chondrocytes may appear to
be the natural choice for tissue engineering applications, there are drawbacks associated
with chondrocyte availability and culture. Traditionally, chondrocytes for ACI or tissue
engineering approaches are harvested from non-loaded bearing cartilaginous regions.
However, in both cases, donor site morbidity remains a risk, and only limited numbers of
cells can be obtained via this method, so an in vitro proliferation step is required.
Furthermore, since chondrocytes have been demonstrated to de-differentiate during
expansion in monolayer culture, resulting in the secreted matrix resembling a more fibro-
cartilaginous tissue, it would appear that there is still room for improvement, and that

another cell source may be desirable.

- Growth factors

- 3D culture (biomaterial)
- Oxygen tension

- Cell source

- Bioreactor

- 2 articular cartilage
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Figure 2-4: Diagram of autologous chondrocyte implantation (ACI) technique (Demoor et al. 2014).



2.1.3 Invivo loading of articular cartilage

Joint forces in healthy articular cartilage are transmitted across the joint by the
generation of pressure over the contact area of two opposing cartilage surfaces. During
gait, these contact areas, separated by a thin film of fluid, sweep swiftly across the
cartilage surfaces, thereby introducing intermittent hydrostatic pressurization of the fluid
phase of cartilage and generating shear and tensile stresses near the contact area surface
(Figure 2-5). While compressive loading of the joint naturally leads to compressive strains
normal to the articular cartilage surface, the rolling action of the joint motion induces
cyclic tensile strains tangential to the surface (Askew and Mow 1978). Since the exudation
of interstitial fluid from the porous cartilage is inhibited by the relatively low permeability
of the matrix and confined by the impermeable subchondral bone (Maroudas et al. 1968),
fluid flow is restricted to regions near the articular surface. Furthermore, as the matrix is
compressed, pore size is reduced, thus resulting in a further, non-linear strain-dependent
reduction in permeability (as reviewed by Mow et al. 1984). Therefore, the magnitude of
total cartilage thinning during physical activities is relatively small, with peak compressive
strains occurring in the superficial and transitional zones and high magnitude hydrostatic
pressures in the middle and deep zones (Waterton et al. 2000, Eckstein et al. 2001). This
hydrostatic pressure has been shown both theoretically and experimentally to support
over 90% of the applied stress (Macirowski et al. 1994, Ateshian and Wang 1995, Soltz
and Ateshian 1998, Soltz and Ateshian 2000), and thereby provide a stress-shielding
mechanism for articular cartilage. Continuous loading leads to consolidation of the matrix
and reduced thickness of the superficial layer. However, subsequent removal of load
leads to hydrostatic tension in the porous matrix, causing the matrix to swell and imbibe

water, and thus restoring cartilage thickness (Suh et al. 1995).
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Figure 2-5 : Schematic representation of the in vivo mechanical environment of articular cartilage

under intermittent joint loading and motion (Wong and Carter 2003).

Numerical modelling techniques have revealed that even under simple compressive
loading conditions, chondrocytes are subjected to a complex local mechanical
environment consisting of tension, compression, shear, and fluid pressure (Guilak and
Mow 2000), and mechanical loading of the joint environment has been shown to be
critical for cartilage homeostasis. Increased functional loading of joints though moderate
exercise has been correlated with increased in articular cartilage thickness, proteoglycan
content, and mechanical stiffness of the tissue (Jurvelin et al. 1986, Kiviranta et al. 1988,
Saamanen et al. 1988). However, strenuous exercise can lead to the formation of
cartilage lesions (Brama et ai. 2000), whilst a lack of mechanical loading due to, for
example, immobilization of the joint, can lead to a decrease in proteoglycan content,
thinning and softening of the non-calcified part of articular cartilage and an increase in
subchondral vascular eruptions (Paukkonen et al. 1983, Lane Smith et al. 1992, O'Connor
1997, Vanwanseele et al. 2002). Furthermore, there is evidence to suggest that an
abnormal joint loading environment plays a key role in the onset of osteoarthritis

(Arokoski et al. 2000, Felson et al. 2000, Griffin and Guilak 2005, Cox et al. 2013).
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2.2 Cartilage tissue engineering

2.2.1 Overview of cartilage tissue engineering

The goal of cartilage tissue engineering is the in vitro development of implantable
cartilage tissue grafts that can induce and/or maintain the desired phenotype of the
encapsulated cells. Furthermore, it is desirable that engineered grafts should be of
sufficient structural stability to withstand the mechanical rigors of the joint environment.
Ultimately, the implanted cells should synthesize cartilage-specific ECM and the graft
integrate with host tissue at the defect site, thus repairing the defect. Since chondrocytes
expanded in monolayer culture displayed a tendency to de-differentiate towards a more
fibrous phenotype (Benya and Shaffer 1982, Temenoff and Mikos 2000), a highly porous
3D scaffold that provides structural support and chondro-inductive stimuli to
encapsulated cells is desirable. Therefore, both cell type and scaffold biomaterial

selection are of key importance when engineering cartilage tissue grafts.

2.2.2  Biomaterials for cartilage tissue engineering

Features of the ideal scaffold would include:

e biocompatible - to minimize immunological responses and to integrate with the
adjacent tissue

e biodegradable - gradual, controlled resorption should be simultaneous with cellular
and tissue ingrowth

e porous - with interconnected pores, to allow cell migration of loaded cells or native
cells as well as diffusion of nutrients, gases and waste

e adhesive - for cell attachment as well as chondro-inductivity, and for delivery of
bioactive molecules

e structurally and mechanically stable - to support loading and deformation of the

tissue

Many biomaterials, both naturally-derived and synthetic, have been studied for use as
scaffolds. Polysaccharides are the most frequently employed natural polymer in
biomedical applications and possess useful properties such as water solubility, non-

toxicity, stability in variable pH and can be bio-functionalized via chemical modification.
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Polysaccharide based hydrogels, such as agarose and alginate, have been shown to induce
enhanced production of type Il collagen and GAG in chondrocytes, thereby promoting and

maintaining a chondrogenic phenotype (Rahfoth et al. 1998, Domm et al. 2002).

Fibrin is the polymerised form of fibrinogen, which is a natural component found
in blood, and is commonly used as an adhesive or sealant in surgical applications
(Radosevich et al. 1997). Fibrinogen exists physiologically in a liquid state within the
blood stream, with activation of polymerisation via thrombin in instances of vascular
lesioning or other pathological situations to form fibrin clots. Fibrin gels have been shown
to maintain the chondrogenic phenotype leading to functional chondrogenesis in long
term culture when seeded with chondrocytes (Eyrich et al. 2007). However, there is
evidence to suggest that fibrin is not as chondro-permissive as other well established
hydrogels, with bone marrow derived stem cells showing a diminished chondrogenic

potential when encapsulated in fibrin (Thorpe et al. 2012).

Collagen is another commonly used natural biomaterial, and features qualities
such as biodegradability, low antigenicity and the ability to facilitate cell adhesion (Lee et
al. 2001). Collagen is a biological protein abundant in the extra cellular matrix of many
tissues, where it provides the principal structural and mechanical support. Collagen gels
have also been shown to promote a cartilage ECM synthesis in chondrocytes (Wakitani et
al. 1989), but a disadvantage of using collagen as a biomaterial for tissue repair is its high
degradation rate, which can lead to a rapid loss of mechanical properties (Angele et al.
2004). However, it is possible to overcome these functional limitations by blending

collagen based gels with more structurally stable materials (Kim and Kim 2013).

2.3 Mesenchymal stem cells

Musculoskeletal tissues are in a constant state of flux, constantly remodelling to grow and
adapt to the physiological environment. Tissues such as bone, cartilage, muscle and fat
are maintained by osteocytes, chondrocytes, myocytes and adipocytes respectively,
which share a common progenitor cell type — the mesenchymal stem cell / multipotent
stromal cell (MSC). MSCs are multipotent, self-renewing stem cells that reside in adult

mesenchymal tissues such as bone marrow, infrapatellar fat pad, synovial membrane and
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adipose tissue and are responsible for directing and controlling re-modelling, repair and
rejuvenation of these tissues (Figure 2-6) (Caplan and Bruder 2001). Autologous MSCs can
be harvested from various tissues with relative ease and, when seeded in monolayer
culture, possess the ability proliferate extensively in vitro. MSCs also have the ability to
sense and respond to their local chemical and physical environment and can be induced
to differentiate along multiple lineages ex vivo (Pittenger et al. 1999). These
characteristics make MSCs an ideal candidate for tissue engineering applications.
However, MSC differentiation is complex process requiring temporal and spatial control
of the biochemical and biophysical environment.
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Figure 2-6: The mesengenic process (Caplan and Bruder 2001).

2.3.1 Biochemical regulation of MSC differentiation

The ability of growth factors to induce differentiation in MSCs is well documented.
Chondrogenic differentiation of MSCs can be achieved by culturing MSCs in high cell-
density micromass culture in a chemically defined, serum free medium supplemented
with TGF-B (Mackay et al. 1998, Pittenger et al. 1999). However, it has also been shown
the TGF-B induces a smooth muscle phenotype in MSCs cultured in vitro (Kinner et al.

2002, Jeon et al. 2006, Gao et al. 2010), suggesting that there are additional factors that
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regulate the chondrogenic/myogenic lineage switch that must be considered.
Furthermore, rather than adopting a stable chondrogenic phenotype following TGF-B
induced chondrogenesis, bone marrow derived MSCs can continue to progress along an
endochondral path, thereby becoming hypertrophic chondrocytes and resulting in
mineralization of engineered grafts (Pelttari et al. 2006). While calcification may be
desirable in specific regions of grafts engineered for treatment of osteochondral defects,
understanding how this process occurs and how to stabilize the chondrogenic phenotype

is of critical importance.

2.3.2  Substrate stiffness and cell morphology

Previous studies have demonstrated that MSCs can respond and adapt to changes in their
local mechanical environment. For example, it has been shown that lineage commitment
can be controlled by tuning substrate stiffness, with softer matrices promoting a
chondrogenic, neurogenic or adipogenic phenotype, matrices of intermediate stiffness
being more myogenic and comparatively rigid matrices promoting osteogenesis (Figure
2-7) (Engler et al. 2006, Rowlands et al. 2008, Chatterjee et al. 2010, Huebsch et al. 2010,
Park et al. 2011, Bian et al. 2013). The stiffness of MSC substrates has also been shown to
influence cell shape in 2D culture, with stiffer substrates being associated with a more
spread cell morphology (Yeung et al. 2005, Winer et al. 2008), but there is evidence to
suggest that this is not necessarily the case in more physiologically relevant 3D matrices

(Huebsch et al. 2010, Parekh et al. 2011).
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Figure 2-7: Matrix compliance alters MSC fate in 3D matrix culture. In this case, MSC seeded in softer
matrices (left) stained positive for adipogenic markers, whereas stiffer substrates (right) promoted

osteogenic markers (Huebsch et al. 2010).

Furthermore, cell morphology itself is known to regulate cell fate, with MSCs that are

allowed to adopt a more stellate morphology undergoing osteogenesis or myogenesis,
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while cells constrained in a round shape exhibit enhanced markers of chondrogenesis or

adipogenesis (Figure 2-8) (McBeath et al. 2004, Gao et al. 2010).
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Figure 2-8: Cell morphology alters MSC fate in 2D culture. The spreading of MSCs (cultured in
combined osteo/adipo-inductive medium) was limited by creating islands of ECM protein coatings of
varying area on non-adhesive glass via microcontact printing techniques. Cells were stained for lipids
(red) and alkaline phosphatase (blue) (A). Increased cell spreading was correlated with enhanced

osteogenesis and reduced adipogenesis (B) (McBeath et al. 2004, Guilak et al. 2009)

2.3.3  Extrinsic mechanical signals as regulators of MSC fate

A considerable body of data exists demonstrating that the application of physiological
levels of mechanical stimuli, such as dynamic compression (DC), hydrostatic pressure (HP)

and cyclic tensile strain (CTS), can influence MSC lineage commitment.

2.3.3.1 Dynamic compression

Due, perhaps, to the relative ease of bioreactor design and the relevancy of this form of
stimulation to physiological loading of cartilage tissue, dynamic compression is among the
more commonly studied modes of extrinsic loading. It has been demonstrated that DC
can be as effective as TGF-B1 stimulation in inducing MSC expression of chondrogenic
genes aggrecan and collagen type Il in agarose hydrogels (Huang et al. 2004). Indeed,
multiple studies report enhanced chondrogenic gene expression and/or cartilage-specific

ECM deposition as a response to compressive loading in the absence of growth factors

16



(Huang et al. 2004, Huang et al. 2005, Campbell et al. 2006, Park et al. 2006, Mauck et al.
2007, Terraciano et al. 2007) and increased Sox9 and aggrecan gene expression has been
observed as early as only one hour after the initiation of dynamic compressive loading in

PEG hydrogels (Terraciano et al. 2007).

Studies involving compressive loading in conjunction with growth factors reveal a
more complex pattern. DC has been reported to lead to enhanced synthesis of GAG and
collagen and a more uniform ECM distribution in MSC seeded hyaluronic acid hydrogels
cultured long term (70 days) in chondrogenic medium supplemented with TGF- B3 (Bian
et al. 2012). Interestingly, in constructs that were transferred to hypertrophic induction
media after 14 days, dynamic compressive loading was also shown to significantly reduce
the expression of hypertrophic markers and to suppress the degree of calcification (Bian
et al. 2012). However, it has been shown that that the influence of compressive loading is
dependent on growth factor dosage, with much stronger effects on chondrogenic gene
expression observed at lower TGF-B1 concentrations (Li et al. 2010) and that in the
presence of TGF-B1, biosynthesis in loaded MSC agarose constructs was less than in
unloaded controls (Kisiday et al. 2009). Furthermore, longer-term studies have shown
that cartilage ECM deposition by MSCs encapsulated in agarose hydrogels is reduced
when mechanical loading is initiated at the onset of TGF-B induced chondrogenesis
(Campbell et al. 2006, Thorpe et al. 2008). It has also been reported that delayed dynamic
compressive loading (applied after the discontinuation of the growth factors) significantly
increased tissue mechanical properties relative to DC applied concurrently with TGF-$3
supplementation (Lima et al. 2007). Chondrogenic gene expression can be enhanced in
the presence of TGF-B1 if DC application is delayed until day 16, whereas initiation of DC
at day 6 suppresses aggrecan expression in MSCs. Taken together, these data suggest that
there is a complex interplay between DC and growth factor stimulation of MSCs and that
cellular response to extrinsic mechanical loading is dependent on the stage of

chondrogenesis of the MSC.

2.3.3.2 Hydrostatic pressure

Application of physiological levels of cyclic hydrostatic pressure have been reported to
promote a chondrogenic phenotype in MSCs cultured both with and without growth

factor supplementation. HP has been demonstrated to enhance SOX9, collagen type Il
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and aggrecan gene expression in MSC pellets cultured without TGF-B3 (Miyanishi et al.
2006). Furthermore, although supplementation with TGF was found to be the more
potent chondrogenic stimulus than HP loading, combining HP and TGF supplementation
resulted in the greatest increase in expression of the chondrogenic genes examined
(Figure 2-9). This pro-chondrogenic influence of HP loading has since been demonstrated
to be magnitude dependent, with greater collagen type Il expression and collagen matrix
deposition being found to be correlated with increasing magnitude of applied HP within

the range examined (i.e. 0.1, 1 and 10 Hz) (Miyanishi et al. 2006).
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Figure 2-9: Cyclic hydrostatic pressure promotes chondrogenic gene expression in both the presence
and absence of TGF-B3 (CTR - free swelling control; IHP - intermittent hydrostatic pressure; TGF -
transforming growth factor p3; AGC — aggrecan) (Miyanishi et al. 2006).



HP has been shown to promote chondrogenesis, but have no effect on osteogenic gene
expression, on bone marrow-derived MSCs (BMSC) seeded in collagen type | matrices
when cultured in media supplemented with both chondrogenic and osteogenic growth
factors (Wagner et al. 2008). It has also been reported that HP failed to induce robust
chondrogenic differentiation in both synovial membrane-derived stem cells and
infrapatellar fat pad-derived stem cells in the absence of TGF-B3 (Vinardell et al. 2012).
However, following TGF-B3 (1 ng/mlL) induced chondrogenesis, HP promoted Sox9
expression, enhanced GAG accumulation and, interestingly, inhibited expression of
hypertrophic markers collagen type X and Indian Hedgehog. Also, a study examining the
influence of HP on endochondral ossification of chondrocyte seeded hydrogels found that
HP downregulated MMP-13 (matrix metalloproteinase -13; an enzyme in hypertrophic
cartilage responsible for hydrolysing type Il collagen and aggrecan) and type | collagen,
while upregulating TIMP-1 (an inhibitor of matrix metalloproteinase), leading the authors
to conclude that HP may slow chondrocyte differentiation and have a chondro-protective,
anti-angiogenic influence on cartilage tissue (Wong et al. 2003). Furthermore, a more
recent study revealed that the application of HP can reduce alkaline phosphatase activity
in BMSC seeded agarose and fibrin grafts, thus adding further weight to the hypothesis
that HP plays a role in the maintenance of the chondrogenic phenotype and regulating

endochondral ossification of mature chondrocytes (Steward et al. 2012).

2.3.3.3 Cyclic tensile strain

There is currently a paucity of studies examining the influence of cyclic tensile strain (CTS)
on chondrocytes and MSCs encapsulated in physiologically relevant 3D matrices. Likely
reasons for this include the relative difficulty associated with this mode of mechanical
stimulation (i.e. firmly gripping and accurately straining soft 3D hydrogels, whilst avoiding
slippage or causing damage). Also, tensile strains are typically associated with connective
tissues such as tendon, ligament and muscle, as opposed to articular cartilage, where the
predominant mode of extrinsic loading is compressive. However, as discussed previously
intermittent compressive loading is known to induce cyclic tensile strains in articular
cartilage. Additionally, endochondral ossification, the process by which all long bones are
formed, requires the development of a cartilage intermediate, and there is evidence to

suggest that tensile strain is a regulator of this process. It has long been suggested that



ossification during limb development occurs in the regions of maximal tensile strains
(Carey 1922), while in vivo studies of bone healing have shown that callus distraction can
produce a systemic increase in concentrations of several bone growth factors; something
which is not seen after rigid osteotomy (Sato et al. 1999, Weiss et al. 2002). Furthermore,
while dynamic compression has been shown to suppress myogenesis of MSCs (Thorpe et
al. 2012), there is evidence to suggest CTS may induce a pro-myogenic response in MSCs
(Park et al. 2004). Therefore, understanding how tensile deformation influences MSC
lineage commitment may be key to understanding the phenotype switch between a
chondrogenic/myogenic phenotype and stabilization of phenotype of the mature

chondrocyte prior to endochondral ossification.

It has previously been reported that cyclic tensile strain (CTS) can direct MSC
organization and differentiation when seeded on 2D substrates. Multiple studies
demonstrate that the application of uniaxial CTS can enhance markers of osteogenesis,
fibrogenesis and myogenesis, and suppress chondrogenesis and adipogenesis in MSCs in
monolayer culture (Simmons et al. 2003, Hamilton et al. 2004, Park et al. 2004, Fried! et
al. 2007, Chen et al. 2008, Qi et al. 2008, Ghazanfari et al. 2009, Jang et al. 2011, Maul et
al. 2011, Huang et al. 2012, Li et al. 2015). The magnitude of tensile loading has also been
shown to be important, with low strains inducing osteogenesis and higher strains
promoting the expression of fibrous or myogenic markers (Chen et al. 2008, Jang et al.
2011). These studies also show that in 2D culture, uniaxial CTS leads to cell
reorganisation and alignment (Wang and Grood 2000) and that tension induced
differentiation signals are dependent on MSC orientation (Kurpinski et al. 2006, Heo et al.
2011, Subramony et al. 2013). However, although there is an abundance of data
regarding CTS in 2D cultures, these 2D culture systems are generally not considered truly
representative of the physiological environment of cells in vivo, and MSCs have been
shown to respond differentially to tensile loading when seeded on 2D substrates

compared to when encapsulated within 3D matrices (Rathbone et al. 2012).

Fewer studies have examined the influence of CTS on MSCs seeded in more
physiologically relevant 3D matrices (see Table 2-1 for summary), and most naturally
focus on the influence of CTS on tenogenic and ligamentogenic differentiation. These
studies generally show an upregulation in fibroblast-related genes, increased collagen

deposition and enhanced mechanical properties following the application of CTS
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(Juncosa-Melvin et al. 2007, Farng et al. 2008, Kuo and Tuan 2008, Connelly et al. 2010,
Doroski et al. 2010, Baker et al. 2011, Yang et al. 2012), although there is evidence to
suggest that, for fibrous tissue generation, MSCs should be primed towards a fibroblast

lineage prior to loading (Kreja et al. 2012).

The few studies that have explored the role of tensile loading on chondrogenesis of MSCs
have generally found that this mechanical stimulus promotes the development of a more
fibrocartilaginous phenotype. For example, Connelly et al. found that the application of
CTS to MSCs encapsulated into fibrin hydrogels enhanced glycosaminoglycan (GAG)
deposition and collagen type 1 expression (Connelly et al., 2010). Furthermore, McMahon
et al. also found CTS enhanced GAG synthesis of MSCs in collagen-GAG scaffolds, and
attributed this to the involvement of stretch-activated ion channels (McMahon et al.

2008).

It has been reported that CTS can induce osteogenic differentiation in MSC seeded
3D constructs. The application of CTS has been shown to promote MSC expression of
BMP-2 in collagen gels in the absence of osteogenic supplements (Sumanasinghe et al.
2006). Furthermore, investigations comparing of the influence of tensile strain versus
compressive strain on MSCs in alginate hydrogels also found that the application of CTS
upregulated osteogenic gene expression, whereas DC upregulated chondrogenic genes
(Haudenschild et al. 2009). However, the mechanism of how extrinsic CTS influences MSC
lineage commitment, and the dependency of this mechanism on factors such as matrix
stiffness and cell shape, has not yet been fully elucidated. While it has been show that, in
2D culture, the application of CTS can regulate the chondrogenic/myogenic lineage switch

in MSCs, this has yet to be demonstrated in more physiologically relevant 3D matrices.
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2.3.4 Oxygen tension and MSC metabolism

The efficacy of stem cell based cartilage tissue engineering strategies is typically
evaluated based on changes in the expression of chondrogenic matrix related genes, the
biochemical composition and biomechanical function of the graft (Kafienah and Sims
2004, Cernanec et al. 2007, Fehrer et al. 2007, Buckley et al. 2010, Meyer et al. 2010,
Farrell et al. 2012, Thorpe et al. 2012, Farrell et al. 2014). However other changes in
phenotype, such as cellular metabolic activity, may play an equally important role in
determining whether a stem cell can differentiate to fulfil a tissue specific function. In the
case of cartilage tissue engineering strategies, it would seem reasonable to assume that
chondrogenically primed MSCs would need to adopt oxygen and nutrient consumption
rates approaching that of chondrocytes in order to thrive following implantation into an
articular cartilage defect. Chondrocytes are known to reside in an avascular, low oxygen
in vivo environment, which ranges from around 6% in the superficial zone to as low as 1%
in the deep zone (Zhou et al. 2004, Fermor et al. 2007). MSCs, however, typically reside in
tissues such as bone marrow, which has been shown to possess oxygen levels of around
4% - 7% in vivo (Grant and Smith 1963, Kofoed et al. 1985, Harrison et al. 2002), and due
to their perivascular niche (as reviewed by Caplan 2007, da Silva Meirelles et al. 2008),
MSCs occupying such a tissue are likely to experience an oxygen tension at the higher end
of this range. This would suggest that undifferentiated MSCs possess a different oxygen
consumption rate to that of chondrocytes. Therefore, determining if MSCs used to
engineer cartilage grafts adopt a metabolic profile similar to chondrocytes might be
considered a key determinant of the success of stem cell based cartilage tissue
engineering strategies. Furthermore, given that MSC phenotype and its biosynthetic
activity is influenced by the local oxygen tension (Malladi et al. 2006, Fehrer et al. 2007,
Buckley et al. 2010, Meyer et al. 2010, Sheehy et al. 2012, Pattappa et al. 2013), a
detailed knowledge of how MSCs consume factors such as oxygen will play a key role in
successfully engineering tissues of clinically relevant scales and modulating gradients in
such regulatory signals will be critical to generating spatial complexity into tissue

engineered grafts (Thorpe et al. 2013).
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Chondrocytes generate energy in the form of adenosine triphosphate (ATP) via
glycolysis and oxidative phosphorylation, and the rate at which chondrocytes consume
oxygen is dependent on both the local oxygen and glucose environment. Studies have
shown that chondrocytes are well adapted to low oxygen environments, deriving over
95% of their energy from glycolysis and demonstrating minimal oxygen consumption
(Rajpurohit et al. 1996, Lee and Urban 1997, Heywood and Lee 2008). However, in the
absence of sufficient glucose, a relative upregulation of oxygen consumption occurs
(Heywood et al. 2006, Heywood et al. 2010), a phenomenon known as the Crabtree
effect. Also, consistent with the Warburg effect, chondrocytes retain high levels of
glycolysis even in an aerobic environment (Bywaters and MacKinnon 1937, Rosenthal et
al. 1941), but culture in an anoxic environment (<1% oxygen) leads to a suppression of
glycolysis (Lee and Urban 1997). It has been shown that chondrocyte ATP generation is
optimal when chondrocytes are cultured in a low oxygen (5% oxygen) environment,
compared to anoxia (1% oxygen) or normoxia (20% oxygen) (Fermor et al. 2010), and
anoxia has been shown to severely compromise cartilage matrix production (Grimshaw

and Mason 2000).

Undifferentiated MSCs also demonstrate a mixed metabolism, but have a higher
oxygen consumption rate than chondrocytes and derive a significantly larger portion of
ATP generation via oxidative phosphorylation (Pattappa et al. 2011). Both osteogenic and
chondrogenic differentiation of MSCs have been shown to alter the balance of oxidative
phosphorylation and glycolysis, with culture of MSC pellets in chondrogenic media shown
to result in a reduction in the oxygen consumption rate, and MSCs undergoing
osteogenesis increasing their glucose consumption rate (Pattappa et al. 2011). It has also
been shown that environmental oxygen tension influences the differentiation capacity of
MSCs and their metabolic behaviour. MSC populations expanded under normoxic
conditions demonstrate premature senescence, enhanced capacity for osteogenic
differentiation and an increase in oxygen consumption when compared to MSCs
expanded under hypoxia, where a greater proportion of ATP production is derived from
glycolysis (Pattappa et al. 2013). Furthermore, chondrogenic differentiation of MSCs
under hypoxia leads to enhanced matrix deposition and the development of cartilage
grafts with superior mechanical properties (Buckley et al. 2010). However, while the
external culture environment can be controlled with relative ease, depending on

construct geometry and scale, large gradients in oxygen availability (and thus gradients in
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cell viability and matrix deposition) can arise between the periphery and centre of in vitro
engineered cartilage grafts (Martin et al. 1999, Malda et al. 2004, Meyer et al. 2010,
Buckley et al. 2011), potentially resulting in a necrotic core and graft failure.
Understanding how parameters such as cell source, cell seeding density, oxygen
consumption rate and culture environment influence oxygen gradients, and thus cellular
metabolism and matrix synthesis, within engineered tissues will be critical to developing

functional cartilage grafts.

2.4 Summary

The articulating joint is a complex, low oxygen environment, featuring gradients in
nutrient availability and extracellular matrix composition and architecture, and subjected
to multiple modes of extrinsic mechanical stimuli. Hence, chondrocytes occupying the
diverse cartilage zones exhibit varying morphologies, experience gradients in oxygen and
glucose availability and are subjected to a variety of modes of mechanical loading. While
MSCs offer an attractive alternative to chondrocytes for tissue engineering based
regenerative strategies, differentiation of MSCs into the required phenotype, and the
subsequent stabilizing and maintaining of that phenotype, will require temporal and
spatial control of the biochemical and biophysical environment. The studies presented in
this dissertation aim to isolate and decouple these various stimuli with a view to

identifying the conditions necessary for engineering of functional cartilage tissue grafts.
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Chapter 3 A comparison of the oxygen consumption rate
of chondrocytes and MSCs of different tissue
origins undergoing chondrogenesis in 3D

hydrogels



3.1 Abstract

Understanding how the local cellular environment influences cell metabolism, phenotype
and matrix synthesis will be crucial to engineering functional cartilage tissue grafts of a
clinically relevant scale. The objective of this study was to investigate how factors such as
cell source, environmental oxygen tension and cell seeding density influence the local
oxygen environment within in vitro engineered cartilage grafts. Furthermore, the
subsequent impact of such factors on the cellular oxygen consumption rate and cartilage
matrix synthesis was also examined. Bone marrow derived MSCs, infrapatellar fat pad
derived MSCs and chondrocytes were seeded into agarose hydrogels and cultured in
chondrogenic medium supplemented with transforming growth factor-B3 (TGF- 33). The
local oxygen tension (pO,) was measured in the centre of the constructs, and numerical
modelling was employed to predict oxygen gradients and the average oxygen
consumption rate within the engineered tissues. MSCs were found to possess a high
initial oxygen consumption rate, but to adopt a less oxidative, more chondrocyte-like
metabolic profile with the onset of chondrogenic differentiation, resulting in net increases
in tissue oxygenation. Cartilage matrix deposition was generally maximal in regions of low
oxygen tension, but collagen synthesis was inhibited in very low oxygen (pO; < 2%)
regions. These findings suggest that promoting a metabolic profile similar to that of
chondrocytes might be considered a key determinant of the success of stem cell based

cartilage tissue engineering strategies.
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3.2 Introduction

The efficacy of stem cell based cartilage tissue engineering strategies is typically
evaluated based on changes in the expression of chondrogenic matrix related genes, the
biochemical composition and biomechanical function of the graft (Kafienah and Sims
2004, Cernanec et al. 2007, Fehrer et al. 2007, Buckley et al. 2010, Meyer et al. 2010,
Farrell et al. 2012, Thorpe et al. 2012, Carroll et al. 2014, Farrell et al. 2014). As discussed
in Chapter 2, it would seem reasonable to assume that chondrogenically primed MSCs
would need to adopt oxygen and nutrient consumption rates approaching that of
chondrocytes (CCs) in order to thrive following implantation into an articular cartilage
defect. Therefore, determining if MSCs used to engineer cartilage grafts adopt a
metabolic profile similar to chondrocytes might also be considered a key determinant of

the success of stem cell based cartilage tissue engineering strategies.

While the external culture environment can be controlled with relative ease,
depending on construct geometry and scale, large gradients in oxygen availability (and
thus gradients in cell viability and matrix deposition) can arise between the periphery and
centre of in vitro engineered cartilage grafts (Martin et al. 1999, Malda et al. 2004, Meyer
et al. 2010, Buckley et al. 2011), potentially resulting in a necrotic core and graft failure.
Understanding how parameters such as cell source, cell seeding density, oxygen
consumption rate and culture environment influence oxygen gradients, and thus cellular
metabolism and matrix synthesis, within engineered tissues will be critical to developing

functional cartilage grafts.

The first objective of this study was to compare the oxygen consumption rate of
chondrocytes and progenitor cells isolated from bone marrow (BMSCs) and infrapatellar
fat pad (FPSCs) following encapsulation into three dimensional hydrogels. Cell seeded
constructs were maintained in chendrogenic medium supplemented with TGF-B3 for 24
days, with the oxygen levels measured within the engineered tissues at day 0 and day 24.
The hypothesis was that the oxygen levels within tissue grafts engineered using MSCs
would initially be lower than those in grafts engineered using chondrocytes (due to the
more oxidative phenotype of MSCs), but, as the MSCs adopt a more chondrogenic

phenotype, the consumption rate would reduce towards that observed in chondrocytes.
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The second objective of this study was to explore how altering the external oxygen
tension would affect local levels of oxygen availability and gradients within the
engineered tissue. The final objective was to measure how oxygen levels and subsequent
levels of matrix synthesis within engineered tissues depended on the initial cell seeding

density.

3.3 Methods

3.3.1 Cell Isolation and Expansion

Bone marrow MSCs, infrapatellar fat pad MSCs and chondrocytes were isolated
aseptically from the femoral diaphysis, the knee joint capsule and the femoral condyle,
respectively, of porcine donors as described previously (Buckley et al. 2010, Buckley et al.
2011). Isolated BMSCs, FPSCs and CCs were plated separately to T-75 cm® flasks (Sarstedt,
Wexford, Ireland) at a density of 5 x 10® cells/cm” and expanded in a normoxic (20%
oxygen tension) environment in a media consisting of high glucose DMEM containing 10%
foetal bovine serum and 1% penicillin (100 U/ml) - streptomycin (100 mg/ml) (all from
GIBCO, Biosciences, Dublin, Ireland) and supplemented with fibroblastic growth factor-2
(FGF-2, 5 ng/ml; ProSpec-Tany TechnoGene Ltd, Israel). Each group consisted of cells from
a single donor (i.e. donors were not pooled). Following colony formation, the cells were
trypsinised, counted and expanded to passage 3 at a seeding density of 5 x 10° cells/cm?

at each passage. Complete medium exchanges were performed twice weekly.

3.3.2 Agarose gel constructs fabrication and culture

BMSC, FPSC and CC constructs were fabricated separately. Cell suspensions were mixed
with 4% agarose (Type VII; Sigma-Aldrich) at a ratio of 1:1 at ~40°C to yield a final gel
concentration of 2% at a density of either 20 or 40 million cells/mL. The agarose/cell
suspension was cast in stainless steel moulds and allowed to set for 20min to produce a
solid slab, which was then cored with sterile biopsy punches to produce cylindrical
constructs (@5x3 mm). Constructs were maintained for 24 days in a chemically defined

chondrogenic medium consisting of high glucose DMEM supplemented with 100 U/mL
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penicillin/streptomycin (both from Gibco), 100 mg/mL sodium pyruvate, 40 mg/mL L-
proline, 50 mg/mL L-ascorbic acid-2-phosphate, 1.5 mg/mL bovine serum albumin, 1 x
insulin—transferrin—selenium, 100 nM dexamethasone (all Sigma-Aldrich), and 10ng/mL of
transforming growth factor-B3 (TGF-B3, ProSpec-Tany TechnoGene, Ltd.). Constructs
were cultured in either a normoxic (nominally 20%) or a low (5%) oxygen environment.
Each construct was cultured in an individual test dish (Figure 3-1) on a 3 mm agarose bed
to allow greater, more homogenous oxygen distribution throughout the construct.
Constructs were held firmly in position by the surrounding agarose bed to ensure that
their position and orientation remained constant throughout the culture period.
Complete medium exchanges were performed twice weekly. A replicate study with a new

set of donors was performed upon completion of the initial study to verify findings.

3.3.3 Experimental design

Three studies were performed:

1. Hydrogels were seeded with BMSCs, FPSCs or CCs at a cell density of 20 x 10°
cells/mL and cultured in 20% oxygen to investigate the influence cell source on

oxygen gradients and matrix deposition.

2. Hydrogels were seeded with BMSCs at a cell density of 20 x 10° cells/mL and
cultured in either 20% or 5% oxygen to investigate the influence of external

oxygen environment.

3. Hydrogels were seeded with BMSCs at a cell density of either 20 x 10° or 40 x 10°
cells/mL and cultured in 20% oxygen to investigate the influence of the cell

seeding density.
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3.3.4 Measurement of localised oxygen concentration

A novel test rig (Figure 3-1a) was developed to allow accurate spatial positioning of
sensor tips within the engineered constructs. Sample test dishes were prepared by
pouring acellular 2% agarose into cell culture dishes (Ilwaki, 60 mm), thus creating a 4.5
mm deep agarose bed. A recess (1.5 mm deep, @5 mm) was created in the centre of the
dish, into which samples to be tested were placed (thus leaving a 3 mm deep agarose bed
underneath the sample). Sufficient medium was added to the dish to result in a

consistent depth of approximately 1 mm of medium above the construct.

Legend:

O, diffusion into
system

—
e Construct boundary
-

mpermeable
boundary (no flux)
Axis of symmetry

(c)

location

Figure 3-1: The local oxygen tension in the centre of in vitro engineered cartilage tissue grafts cultured
in chondrogenic media was measured using a custom designed oxygen testing rig, test dish and fibre
optic sensor (a). Samples were separated into cores and annuli for spatial biochemical analysis (b).
Schematic of the finite element model developed to predict oxygen concentration gradients throughout

the rest of the graft (c).

Oxygen tension at the centre of each construct (pO,.) was measured using a fibre optic
oxygen transmitter (Microx TX; PreSens — Precision Sensing GmbH, Regensburg, Germany)
and implantable, 140 um tip diameter, fibre optic, oxygen micro-sensors. The sensors
were calibrated using a two point calibration in oxygen free (nitrogen saturated and

containing sodium sulphite) and air saturated medium at 37°C. At each time-point, a

micrometer was used to accurately position the sensor tip at the centre of the construct
and the system was allowed to equilibrate for at least 3 hours prior to each oxygen

measurement.
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3.3.5 Prediction of oxygen concentration within agarose constructs

Oxygen concentration in the constructs and throughout the culture dish was modelled
using commercially available finite element modelling software (Comsol Multiphysics 4.3)
and is described by a diffusion-reaction type equation. The reaction term followed

Michaelis-Menten kinetics:

—gEZDVZC_‘p ch

+iC

m

This equation describes a quasi-steady state reaction, which assumes that after an initial
time period, the concentration of the reaction intermediates remain constant with time.
Here, c is the oxygen concentration, D is the diffusion coefficient, p is the cell density, Q,
is the maximum cellular oxygen consumption rate and K, is the oxygen concentration at
which the reaction rate is at 50% of Q,,. The diffusion coefficient in 2% agarose was

determined using the Mackie and Meares relation

2
Dug — ¢/

DH:() 2_¢/

so that Dyg = 2.77x10° mm?/s, where ¢s (=0.98) is the fluid phase volume fraction (Gu et
al. 2003, Sengers et al. 2005). The Michaelis-Menten constant, K, was set to 63
umol/mm? (Heywood et al. 2010). The construct was modelled as axisymmetric (Figure
3-1c). Oxygen diffusion through the culture media was accounted for by setting Dpeqia (=
3.0x10° mm?/s) to that of water (Haselgrove et al. 1993, Lightfoot and Duca 1999). The
oxygen concentration at the media surface was prescribed as 185 uM, (measured using
independently calibrated oxygen sensors) in the case of constructs cultured in the
nominally 20% oxygen incubator and 50 uM for the constructs cultured in the 5% oxygen
incubator. At the dish walls, base and at the axis of symmetry, the flux was set to zero.
Day 0 time-point simulations were performed for uniform cell concentrations of p =
20x10° or 40x10° cells/mL throughout the construct. For day 24 simulations however, the
core and outer annular regions were modelled using separate p values, to allow for
discrepancies in cell proliferation/death between each region. The percentage change in
cell concentration was calculated separately for each sample core and annulus by

normalizing day 24 DNA values to mean day 0 DNA values (see Supplementary Figure 3-9a
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at end of this chapter). p values for day 24 models were then calculated by multiplying
this ratio by the initial (day 0) seeding density, giving cell concentrations in each sample
core (pcore) and annulus(pann), thereby accounting for spatial changes in cell number over
the study duration. Thus, 3 models per culture condition per time-point were developed,
each with unique input parameters for Q. Pcore and pann. Qn values (n=3) were
determined for each cell type and culture condition by systematically adjusting Q,, until
the predicted pO,. matched the experimentally observed pO,.. It should be noted that Q,,
represents the mean oxygen consumption value for all cells in each construct and, in the
case of an experimentally measured pO,. of 0%, the predicted value of Q,, is a minimum
value of the oxygen consumption rate required to deplete oxygen to 0% at the centre of
the construct. Contour plots were then produced showing predicted oxygen gradients

throughout the tissues.

3.3.6 Biochemical analysis

Each construct (n 2 3 per group) was separated into a core and annulus (to allow for
spatial biochemical analyses; Figure 3-1b) using a 3 mm biopsy punch and their respective
wet weights were measured. Each sample was then used for quantitative analysis of DNA,
sulphated glycosaminoglycan (sGAG) and collagen content. For the former analyses,
samples were digested with papain (125 pg/ml) in 0.1M sodium acetate, SmM L-cysteine-
HCI, and 0.05M EDTA (pH 6.0, all Sigma-Aldrich) at 60°C under constant rotation for 18
hours. DNA content was quantified using the Hoechst Bisbenzimide 33258 dye assay as
described previously (Kim et al. 1988), with a calf thymus DNA standard. sGAG content
was quantified using the dimethylmethylene blue dye-binding assay (DMMB; Blyscan,
Biocolor Ltd., Northern Ireland) with a chondroitin sulphate standard. Collagen content
was determined by measuring the hydroxyproline content. Samples were hydrolysed at
110 °C for 18 hours in 38% HCl and assayed using a chloramine-T assay with a
hydroxyproline : collagen ratio of 1:7.69 (Kafienah and Sims 2004, Ignat’eva et al. 2007).

Total sGAG and hydroxyproline values were normalized to DNA values.
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3.3.7 Histology and immunohistochemistry

At selected time-points, constructs (n = 2) were fixed in 4% paraformaldehyde (Sigma-
Aldrich) overnight at 4°C, rinsed with PBS, dehydrated and embedded in paraffin wax.
Constructs were then cut in half and sectioned perpendicular to the disc face yielding 8
um thick sections. Sections were stained with either 1% Alcian Blue 8GX (Sigma-Aldrich,
Ireland) in 0.1M HCI for sGAG or Picro-Sirius Red for collagen. The deposition of collagen
type Il was identified through immunohistochemistry. Briefly, sections were rinsed with
PBS and quenched of peroxidase activity for 20 min and treated with chondroitinase ABC
(Sigma, 0.25 units/ml) in a humidified environment at 37 °C for 1 h to enhance the
permeability of the extracellular matrix by removal of chondroitin sulphate. Slides were
again rinsed with PBS and blocked with 10% goat serum for 30 min. Sections were
incubated with mouse monoclonal anti-collagen type Il diluted 1:100 (Abcam, UK)
(concentration 1 mg/ml) for 1 h at room temperature. After washing in PBS, the
secondary antibody for type Il collagen (Anti-Mouse IgG Biotin antibody produced in goat)
(concentration 1 g/L) binding was applied for 1 h. Colour was developed using the
Vectastain ABC reagent (Vectastain ABC kit, Vector Laboratories, UK) for 45 and 5 min
exposure to peroxidase DAB substrate kit (Vector laboratories, UK). Slides were
dehydrated through ethanol and xylene and mounted with Vectamount medium (Vector
Laboratories, UK). Positive and negative controls (porcine cartilage and ligament) were

included in the immunohistochemistry staining protocol for each batch.

3.3.8 Statistical Analysis

Results are reported as mean * standard deviation. Groups were analysed by a general
linear model for analysis of variance. Tukey’s test was used to compare conditions.
Unpaired t-tests were used where appropriate to highlight individual significant

differences between conditions. Significance was accepted at a level of P<0.05.
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3.4 Results

3.4.1 MSCs adopt a chondrocyte-like oxygen consumption rate following agarose
hydrogel encapsulation and stimulation with TGF-f33

Agarose hydrogels seeded with either BMSCs, FPSCs or CCs were cultured for 24 days in
chondrogenic medium. The level of oxygen at the centre of the construct (pO,) was
measured at day 0 and 24 (Figure 3-2a). On day 0, the lowest pO,levels were measured
in BMSC seeded constructs, whereas the highest levels were measured in the CC seeded
constructs. By day 24, pO,. levels had increased in BMSC constructs, approaching that
observed in FPSC seeded constructs. The oxygen levels in CC constructs also increased
over the duration of the study, whereas no significant change in oxygen levels were
measured in FPSC constructs. Similar results were produced in a replicate study

performed with cells isolated from a different donor (Supplementary Figure 3-8a).

@ BMSC

Day 0

Q,, (x10"'® mol/cell's)

Day 24

(b) (c)

Figure 3-2: Cartilage tissue grafts engineered using various cell sources were cultured for 24 days.
Oxygen concentration at centre of cartilage tissue grafts engineered using cells derived from various
tissue sources (a). Cellular oxygen consumption rate extrapolated from FE model. (b) FE contour plots
showing predicted oxygen concentration throughout the constructs (¢). (a, b and ¢ denote statistical
difference vs. same cell type at day 24 , FPSC constructs at same time-point and CC constructs at same
time-point respectively; P <0.05; n =3 * indicates the location of oxygen sensor measurement within

the constructs).
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While a likely explanation for the observed increases in oxygen levels within the
constructs is a change in cellular metabolism as MSCs adopt a more chondrogenic
phenotype with time in culture, an alternative explanation could be a change in total
number of cells within the engineered tissue due to proliferation or cell death. To
investigate this, average DNA content at day 24 was normalized to that of day 0 and the
percentage change was calculated (Supplementary Figure 3-9a). Both BMSCs and FPSCs
proliferated in both the annuli and the central core section of the samples over the study
duration, with a ~40% increase in DNA content. However, a reduction in CC cell numbers
was observed, as evidenced by a ~20% decrease in overall DNA content, with cell death
being higher in the higher oxygen annular section than in the core. FE modelling of
oxygen transport revealed that BM cells at day 0 were found to have highest cellular
oxygen consumption rate (Figure 3-2b), but this value dropped by approximately 70% to a
level similar to that of CCs by day 24. The CC oxygen consumption rate remained
relatively unchanged throughout the study, suggesting that the observed change in
oxygen tension in CC constructs can be attributed to cell death, as opposed to altered cell
metabolism. Q,, values extrapolated for FPSCs show a significant decrease of
approximately 30% in cellular oxygen consumption rate during the 24 days of culture.
Despite this, oxygen gradients remained consistent throughout FPSC constructs over the
duration of the study, as decreases in FPSC oxygen consumption rate were balanced with

increases in cell numbers (Figure 3-2c).

Biochemical analysis of day 24 constructs for cartilage extracellular matrix (ECM)
deposition showed that the BMSCs synthesised higher quantities of SGAG on a per-cell
basis when compared to FPSCs or CCs (Figure 3-3a). On a wet weight basis, greater levels
of sSGAG accumulation were observed in FPSC seeded constructs compared to both BMSC
seeded constructs and CC seeded constructs (FPSC: 1.75 + 0.08 %ww; BMSC: 1.29 + 0.04
%ww; CC: 0.59 + 0.01 %ww, for whole constructs). Spatial analysis of ECM deposition
revealed higher levels of sSGAG accumulation in the more hypoxic core than in the outer
annulus of the engineered tissues (Figure 3-3 a, b). This difference was also observed in
FPSC constructs, but not with CCs (Figure 3-3b). Similar trends were observed for collagen
deposition, with BMSCs synthesizing the most collagen when normalized to DNA content
(Figure 3-3c), and with the greatest levels of accumulation observed in the core. On a
percentage weight basis, comparable levels of total collagen accumulation were

observed in FPSC and BMSC seeded constructs, which were higher than those observed in
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CC seeded constructs (FPSC: 0.36 + 0.02 %ww; BMSC: 0.4 + 0.02 %ww; CC: 0.04 * 0.01
%ww, for whole constructs). Histological analysis revealed more intense staining for sGAG
and collagen in BMSC and FPSC constructs when compared to CCs (Figure 3-3e). Only
weak staining for collagen type Il was observed in FPSC and CC constructs, with BMSC
constructs staining more strongly for type Il collagen, particularly in the more hypoxic

core region of the engineered tissue.

SGAG [% wiw]

Collagen [Yw/w]

Figure 3-3: Cartilage tissue grafts engineered using various cell sources were cultured for 24 days,
separated into cores and annuli, then analysed for DNA, sGAG and collagen content (a-d). Histological
and immune-histochemical staining (e) was performed on representative sections for sGAG, collagen
and collagen type II (top, middle, bottom respectively). (a, b and c denote statistical difference vs. core
of construct using the same cell type, FPSC constructs in the same region and CC constructs in the

same region respectively; P <0.05; n = 3).

3.4.2  Decreasing the external oxygen tension reduces the rate at which MSCs consume
oxygen and leads to increased matrix accumulation.

Although regions of low oxygen tension correlated with increased ECM deposition in stem
cell seeded constructs, it was unclear whether these low oxygen conditions were directly
enhancing chondrogenesis, or if these regions of low oxygen within the engineered

tissues were simply a function of the high levels of oxygen consumption by encapsulated
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cells. In an attempt to address this question, BMSC-seeded constructs were cultured in
either a normoxic (20%) or a low oxygen (5%) environment and then measured (and
subsequently predicted) local levels of oxygen availability in the engineered grafts. pO,.
was observed to be close to 0% for both external oxygen conditions at day O (Figure 3-4a).
However, by day 24, local pO,. levels had increased significantly for both external oxygen

environments.

Unsurprisingly, oxygen levels in the core of BMSC constructs cultured in a low
oxygen environment were still lower than those in the core of constructs cultured in
normoxia at day 24. FE simulations predicted higher concentrations of oxygen (ranging
from 0-14% O;) throughout the constructs maintained in normoxic conditions compared
to those maintained in low oxygen conditions, where the oxygen levels throughout most
of the construct were less than 2% (Figure 3-4c). Q, was shown to decrease in both cases
over the culture period duration, but was significantly lower in the 5% oxygen (Q., = 8.8
+0.8 x10*® mol/cell/s) condition than in 20% oxygen (Qm = 13.1 +0.5 x10™® mol/cell/s) by
day 24 (Figure 3-4b). Although decreasing the external oxygen tension to 5% had no
effect on sGAG accumulation in the already low oxygen core, sGAG accumulation in the
annulus of the construct maintained at an external oxygen tension of 5% was
approximately twice that measured in the annulus of the construct maintained in

normoxic conditions (Figure 3-5, a & b).

Collagen deposition also increased in the annulus of the constructs maintained at
5% oxygen, but decreased in the core (Figure 3-5, ¢ & d). The average predicted oxygen
level in the annulus was 9.0% for constructs maintained in normoxia and 2.3% for those
maintained in hypoxia, while the average predicted oxygen level in the core was 6.4% for
constructs in normoxia and 1.7% for those in hypoxia This suggests that while
environments of less than 2% oxygen tension can continue to support sGAG synthesis,
collagen synthesis can be negatively impacted. Positive Alcian Blue, Picrosirius Red and
type Il collagen staining was observed in all constructs (Figure 3-5e), with the latter

staining maximally in the normoxia construct core.
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Figure 3-4: Cartilage tissue grafts engineered using bone marrow MSCs were cultured in either a
normoxic (20%) or low (5%) external oxygen environment for 24 days. Oxygen concentration
measured at centre of the constructs (a). Cellular oxygen consumption rate extrapolated from FE
model (b). FE contour plots showing predicted oxygen concentration throughout the constructs (c). (a,
b denote statistical difference vs. same culture condition group at day 24 and 5% oxygen environment
group at the same time point respectively; P <0.05; n = 3. * indicates the location of oxygen

measurement within the constructs).
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Figure 3-5: Cartilage tissue grafts engineered using various cell sources were cultured for 24 days,
separated into cores and annuli, then analysed for DNA, sGAG and collagen content (a-d). Histological
and immuno-histochemical staining (e) was performed on representative sections for sGAG, collagen
and collagen type II (top, middle, bottom respectively). (a, b and c denote statistical difference vs. core
of construct using the same cell type, FPSC constructs in the same region and CC constructs in the

same region respectively; P <0.05; n = 3).
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3.4.3 Increasing the cell seeding density lowers oxygen levels in tissue engineered
cartilage and increases extracellular matrix synthesis.

To investigate the influence of cell seeding density (SD) on engineered cartilage tissue
development, constructs were seeded at either 20 or 40 million cells/mL and cultured in
chondrogenic medium for 24 days. On day 0, pO,. was measured to be approximately 0%
in both groups (Figure 3-6a). This value increased for both conditions over the study
period despite significant cell proliferation (Figure 3-9c), but was significantly greater in
the lower SD group by day 24. A higher cell SD was predicted to lead to the development
of a much larger hypoxic core region on both day 0 and 24 (Figure 3-6¢), although the size
of this region was not as large as that for the lower cell SD when maintained at 5%
external oxygen tension (compare Figure 3-4c and Figure 3-6¢). Extrapolated values for
the average cellular oxygen consumption rate at day 24 were similar for both conditions

(Figure 3-6b).
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Figure 3-6: Cartilage tissue grafts engineered using bone marrow stem cells were seeded initially at a
density of either 20 or 40 million cells/mL and cultured for 24 days. Oxygen concentration measured at
the centre of constructs (a). Cellular oxygen consumption rate extrapolated from FE model (b). FE
contour plots showing predicted oxygen concentration throughout the constructs (c). (a, b denote
statistical difference vs. same initial seeding density group at day 24 and 40 million cell group at the

same time point; P <0.05; n = 3. * indicates the location of oxygen measurement within the constructs).
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Spatial biochemical analysis revealed that doubling the initial SD resulted in a large
increase in sGAG synthesis (on a per cell basis) and accumulation in the construct annulus,
as measured by increases in SGAG/DNA (x 3.5 times, Figure 3-7a) and sGAG as a % of wet
weight (x 6.7 times, Figure 3-7b). Increasing the SD also lead to higher sGAG accumulation
in the core region, but not when sGAG accumulation was normalized to DNA content.
Collagen synthesis was also enhanced in the annulus with increasing SD, but was reduced
in the core region (Figure 3-7, ¢ & d). More intense staining for sGAG was observed
throughout the high SD constructs (Figure 3-7e), while collagen staining was located
primarily in the annular region. Immuno-histochemical staining for collagen type Il clearly
showed the effects of varying the SD, with collagen Il concentrated in the core of the low

SD constructs and around the periphery of the high SD constructs.
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Figure 3-7: Cartilage tissue grafts engineered using bone marrow MSCs were seeded initially at a
density of either 20 or 40 million cells/mL for 24 days, then separated into cores and annuli and
analysed for DNA, sGAG and collagen content (a-d). Histological and immuno-histochemical staining
(e) was performed on representative sections for sGAG, collagen and collagen type II (top, middle,
bottom respectively). (a, b denote statistical difference vs. core of construct cultured in a similar

environment and same region of construct seeded at 40 million cells/mL respectively; P <0.05; n = 3).

42



3.5 Discussion

It has previously been demonstrated that the external oxygen tension can influence MSC
metabolism, differentiation and matrix synthesis (Fehrer et al. 2007, Buckley et al. 2010,
Meyer et al. 2010, Pattappa et al. 2013). Successful engineering of 3-dimensional cartilage
tissue grafts of a clinically relevant scale will likely involve a thorough understanding and
control of oxygen and nutrient gradients throughout the tissue. In the current study, a
combined experimental and numerical approach was utilised to characterise the spatial
oxygen environment within cartilage tissues engineered using various sources of cells.
Oxygen levels measured within tissues seeded with BMSCs and CCs increased significantly
over the study duration. However, biochemical analysis and finite element modelling
revealed different causes for these increases: MSCs were found to possess a high initial
oxygen uptake rate, but to adopt a more chondrocyte-like oxygen consumption profile
with the onset of chondrogenic differentiation, whereas increases in oxygen
concentration within CC constructs were attributed to cell death. Spatial biochemical
analysis of revealed a correlation between low oxygen regions and enhanced levels of

cartilage specific extra cellular matrix deposition.

Direct measurements of oxygen levels within the constructs provided an insight
into the local cellular environment during chondrogenesis in 3D hydrogels. BMSCs and
FPSCs were found to have proliferated significantly over the study duration, while CCs
population reduced. Using this data, it was estimated the average oxygen consumption
rate of BMSCs to be 43.2 x 108 mol/cell/s prior to chondrogenic differentiation, which is
comparable to those previously reported for BMSCs expanded in normoxia (33 x 10™®
mol/cell/s, Pattappa et al. 2013). FPSCs were estimated to use oxygen at a rate of 28.1 x
108 mol/cell/s at day 0. CC oxygen consumption did not change significantly throughout
the study, with an average rate of 16.5 x 10™*® mol/cell/s, which is reasonably consistent
with previously reported values (19.4 x 10™® mol/cell/s, Heywood and Lee 2010).
However, by day 24, both BMSCs and FPSCs had adopted a similar oxygen uptake (13.1
and 19.1 x 10*® mol/cell/s, respectively) to that of CCs. MSCs are known to possess the
ability to adapt their oxygen consumption to changes in the oxygen environment
(Pattappa et al. 2013). The apparent switch to a more glycolytic metabolism reported in

the current study has also been observed previously in a MSC pellet culture study

43



(Pattappa et al. 2011), whereas increases in oxidative metabolism has been associated

with a loss of chondrocyte phenotype (Heywood and Lee 2008).

In the current study, it was demonstrated that BMSCs possess a higher initial
oxygen uptake rate than FPSCs. A possible explanation for this is that these cells occupy
differentially oxygenated niches in vivo and have adapted metabolisms to reflect this.
Also, the isolated cell populations will be heterogeneous with significant cell-cell
variability (Wagner et al. 2006, Russell et al. 2010). Despite this, both groups were
successfully induced to adopt a more chondrogenic oxygen consumption rate and
synthesize cartilage specific extracellular matrix. Consistent with previously reported
findings (Meyer et al. 2010, Buckley et al. 2011), matrix deposition was generally maximal
in regions of low oxygen tension. Even when cultured in normoxia, MSC seeded
constructs developed a hypoxic core region (Figure 3-2c), where matrix deposition was
greatest. Culturing in a low oxygen environment effectively expanded this hypoxic region
to include the entirety of the construct (Figure 3-4c), thereby enhancing matrix synthesis
within the annular region also. However, this also had the effect of further reducing the
oxygen tension in the core from an average concentration (by volume) of 6.4% to 1.7%
oxygen, which, while having no effect on sGAG content, appeared to inhibit collagen
synthesis. This suggests that, while both sGAG and collagen synthesis is enhanced by
culture in hypoxia, very low oxygen environments can be detrimental to collagen
production. However, since MSCs have been observed to increase their glucose uptake
when maintained in hypoxia (Pattappa et al. 2013, Naqvi and Buckley 2015), the lower
oxygen environment predicted throughout the entirety of the constructs cultured in
hypoxia will also likely lead to a depletion of glucose in the core region, thus potentially
inhibiting collagen synthesis. Indeed, it has been reported that, while collagen deposition
of MSCs remains unaffected in either low oxygen or low glucose environments, hypoxia
combined with deprivation of glucose leads to significantly reduce collagen synthesis,
whereas sGAG synthesis is enhanced under these conditions, when compared to

normoxic controls (Naqvi and Buckley 2015).

Increasing the cell seeding density also had the effect of expanding the hypoxia
core region (Figure 3-6¢) and again enhancing matrix accumulation in the annulus, at the
cost of reduced collagen synthesis (on a per cell basis) in the core. As discussed

previously, this may be due to low oxygen conditions or glucose depletion in gels seeded
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at high densities. However, as native cartilage consists of a zonal architecture, with
gradients in biochemical content and functional properties throughout the tissue (Chen et
al. 2001, Julkunen et al. 2009, Gannon et al. 2012), introducing nutrient gradients, and
even selective near deficiencies, may be ultimately desirable when attempting to

recapitulate native-like tissue architecture.

These findings point to the importance of not only environmental oxygen tension,
but also construct scale and geometry in cartilage tissue engineering. Previous studies
from our group have employed numerical modelling techniques to investigate the
influence of construct scale on tissue development (Buckley et al. 2011). These models
assumed constant medium oxygen saturation equal to that of the culture environment
atmosphere. However, the current study demonstrates the importance of including the
surrounding media in the model, as increases in medium height above the construct will
result in a longer oxygen diffusion path, and hence, lower oxygen availability at the
construct periphery. The current study also highlights the value of experimental
observations of oxygen levels, as this serves to increase the validity of the model.
However, while cell density was estimated separately for each core and annulus region,
cell density gradients, which are not fully accounted for, will be present within these
regions. Also, the K, value used for all cell types was a value reported for bovine articular
chondrocytes and was assumed not to vary throughout the study. Furthermore, oxygen
tension was measured only at the centre of each construct, whereas multiple
measurement locations would increase the model validity (Thorpe et al. 2013). Finally,
when investigating cellular metabolism, no model that excludes glucose transport and
cellular uptake can present a full picture. Therefore, it is proposed that future studies
should involve accurately measuring cell density gradients, quantifying temporal changes
in Ky, for each culture condition, monitoring both oxygen and glucose concentrations at
multiple locations throughout the tissues and development of dual-species

oxygen/glucose diffusion-reaction numerical models.
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3.6 Conclusion

Understanding how the local cellular environment influences cell metabolism, phenotype
and matrix synthesis will be crucial to engineering functional cartilage tissue grafts of a
clinically relevant scale. Oxygen and nutrient gradients and consumption rates within
tissue grafts can be influenced by varying such factors as culture environment oxygen
tension, medium depth above constructs, cell seeding density and construct scale.
However, these gradients will be often in a state of flux, varying both spatially and
temporally; a feedback loop where the local environment will influence cell metabolism,
which in turn will influence the cells environment. These studies present a combined
experimental and numerical approach to characterising these gradients and cellular
responses and, potentially provides a framework which in the future may allow tissue
engineers to control these gradients to engineer native-like articular cartilage. It was
demonstrated that MSCs undergoing chondrogenesis adapt their oxygen consumption
profile to that similar to chondrocytes. Therefore, determining if MSCs used to engineer
cartilage grafts adopt a metabolic profile similar to chondrocytes might be considered a

key determinant of the success of stem cell based cartilage tissue engineering strategies.

Having examined and characterized the local oxygen gradients within cartilaginous tissue
grafts, and the influence of this environment on MSC phenotype, it was decided to next
examine the influence of other joint-related stimuli. Therefore, several bioreactor
systems were developed and utilized to investigate how the various modes of mechanical
loading that occur within the articular cartilage environment (as discussed in Chapter 2)

can direct MSC fate.
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3.7 Supplementary figures
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Figure 3-8: A replicate study was performed using cells from a separate set of donors and oxygen
tension in the centre of each construct was measured. Data is arranged (a) by cell source, (b) by

external oxygen environment and (c) by initial cell seeding density.
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Figure 3-9: The percentage change in cell density in sample cores and annuli after 24 days of culture.
Cell density at day 24 was estimated by normalizing day 24 DNA values to the average day 0 values,
which were assumed to be representative of the initial cell seeding density, for each group. Data is
arranged (a) by cell source, (b) by external oxygen environment and (c) by initial cell seeding density
(a, b denote a statistically significant different DNA content vs. day 0 samples, and vs the DNA content

in the core region of the same samples respectively, P <0.05; n = 3).
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Figure 3-10: FEA models were analysed to determine the percentage volume of each sample that lay
within the specified oxygen ranges. Data is arranged (a) by cell source, (b) by external oxygen

environment and (c) by initial cell seeding density (n = 3).
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Chapter 4

Cyclic hydrostatic pressure promotes a stable
cartilage phenotype and enhances the
functional development of cartilaginous grafts
engineered using MSCs of different tissue

origins

For the purposes of this thesis, the study presented is adapted from the original article

published in Journal of Biomechanics, June 2014, Vol. 47, No. 9 pp. 2115-2121 (Carroll et

al. 2014).
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4.1 Abstract

The objective of this study was to investigate how joint specific biomechanical loading
influences the functional development and phenotypic stability of cartilage grafts
engineered in vitro using stem/progenitor cells isolated from different source tissues.
Porcine bone marrow derived multipotent stromal cells (BMSCs) and infrapatellar fad pad
derived multipotent stromal cells (FPSCs) were seeded in agarose hydrogels and cultured
in chondrogenic medium, while simultaneously subjected to 10MPa of cyclic hydrostatic
pressure (HP). To mimic the endochondral phenotype observed in vivo with cartilaginous
tissues engineered using BMSCs, the culture media was additionally supplemented with
hypertrophic factors, while the loss of phenotype observed in vivo with FPSCs was
induced by withdrawing transforming growth factor (TGF)-B3 from the media. The
application of HP was found to enhance the functional development of cartilaginous
tissues engineered using both BMSCs and FPSCs. In addition, HP was found to suppress
calcification of tissues engineered using BMSCs cultured in chondrogenic conditions and
acted to maintain a chondrogenic phenotype in cartilaginous grafts engineered using
FPSCs. The results of this study point to the importance of in vivo specific mechanical cues
for determining the terminal phenotype of chondrogenically primed multipotent stromal
cells. Furthermore, demonstrating that stem or progenitor cells will appropriately
differentiate in response to such biophysical cues might also be considered as an

additional functional assay for evaluating their therapeutic potential.
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4.2 Introduction

Articular cartilage possesses a limited capacity for self-repair. Current clinical therapies
for cartilage defect repair such as autologous chondrocyte implantation suffer from
significant drawbacks, such as donor site morbidity and dedifferentiation of chondrocytes
during monolayer expansion. MSCs possess the ability to proliferate extensively ex vivo
whilst maintaining their multipotent differentiation capabilities (Bruder et al. 1997,
Kadiyala et al. 1997) and can be induced to differentiate towards a chondrogenic lineage
(Caplan 1991, Johnstone et al. 1998, Mackay et al. 1998, Pittenger et al. 1999, Sheehy et
al. 2012, Vinardell et al. 2012), making them an attractive alternative cell type for
cartilage repair strategies. Multipotent cells can be isolated from numerous different
tissues. There are, however, significant differences in their properties depending on cell
source, with joint tissue derived stem cells having a gene expression profile closer to that
of chondrocytes when compared to extra-articular tissue derived stem cells (Segawa et al.
2009). There is also evidence to suggest that joint tissue derived multipotent stromal
cells, such as those isolated from the infrapatellar fat pad (IFP) or synovium, may possess
a superior chondrogenic potential to those derived from alternative sources (Sakaguchi et
al. 2005, Vinardell et al. 2012). In spite of this, the in vivo phenotypic stability of
cartilaginous tissues engineered using such cells, irrespective of their origin, is by no
means assured (De Bari et al. 2004, Pelttari et al. 2006, Hennig et al. 2007, Dickhut et al.
2008). Previous studies have shown that following in vivo subcutaneous implantation, IFP
derived multipotent stromal cells (FPSCs) tend to undergo fibrous dedifferentiation or
resorption, as evidenced by increased collagen type | and reduced sulphated
glycosaminoglycan (sGAG) content, whereas bone marrow derived multipotent stromal
cells (BMSCs) tend to follow an endochondral pathway, with increased mineralization and
vascularization of the engineered tissue (Pelttari et al. 2006, Vinardell et al. 2012). This
highlights the potential challenges associated with using any such cell type for

successfully regenerating articular cartilage.

Within the orthotopic environment of a full thickness cartilage defect, it has been
demonstrated that hypertrophy of implanted multipotent stromal cells (MSCs) is
restricted to a region of the regenerating tissue close to the bone, demonstrating that in
vivo signalling molecules and biomechanical stimuli play a key role in regulating the

chondrogenic phenotypic (Steck et al. 2009). Identifying how such in vivo specific
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environmental cues regulate the terminal phenotype of MSCs may play a key role in
realising their full therapeutic potential. Mechanical signals, such as hydrostatic pressure
(HP), are a key component of the in vivo joint environment and have been shown to play
a significant role in regulating the chondrogenic differentiation of MSCs. Previous studies
have shown varying and occasionally conflicting results (Parkkinen et al. 1993, Carver and
Heath 1999, Suh et al. 1999, Carver and Heath 2000, Jortikka et al. 2000, Smith et al.
2000, Smith et al. 2005, Hu and Athanasiou 2006, Finger et al. 2007, Ogawa et al. 2009,
Meyer et al. 2011, Liu et al. 2012, Maxson and Burg 2012, Puetzer et al. 2012, Safshekan
et al. 2012, Steward et al. 2012, Vinardell et al. 2012, Steward et al. 2013), but it would
appear that the application of physiological levels (3 - 10 MPa) of intermittent HP can
enhance proteoglygan and collagen synthesis and upregulate aggrecan and collagen I
mRNA expression in chondrocytes and stem/progenitor cells isolated from bone marrow,
synovial tissues and adipose tissues. There is also evidence to suggest that dynamic HP
can act to stabilise the phenotype of chondrogenically primed joint tissue derived MSCs
(Vinardell et al. 2012). A better understanding of how mechanical loading influences
terminal differentiation of different tissue-specific MSCs should facilitate efforts to tissue

engineer phenotypically stable cartilaginous grafts using such cells.

While an extensive body of work exists comparing the biochemically driven
differentiation of MSCs isolated from different tissues, little is known about how these
unique cell populations will respond to biophysical stimuli. The objectives of this study
were to compare how chondrogenically primed BMSCs and FPSCs respond to the
application of physiological levels of HP, and to investigate how such joint-specific
biomechanical loading influences the stability and functional development of cartilage
grafts engineered using cells from both sources. It was hypothesized that the application
of cyclic HP would (i) enhance the functional development of cartilage tissues engineered
using both BMSCs and FPSCs, (ii) reduce hypertrophic differentiation and endochondral
ossification of cartilaginous grafts engineered using BMSCs and (iii) stabilize and maintain
the chondrogenic phenotype in cartilaginous grafts engineered using FPSCs. To mimic the
endochondral phenotype observed in tissues engineered using BMSCs, the culture media
was supplemented with hypertrophic factors (Sheehy et al. 2012) and the constructs were
simultaneously subjected to 10 MPa of cyclic HP. To mimic the fibrous dedifferentiation
observed in tissues engineered using FPSCs, the chondrogenic growth factor transforming

growth factor (TGF)-B3 was withdrawn from the culture medium (Vinardell et al. 2012)
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and again constructs were subjected to 10 MPa of cyclic HP. In this way, it was possible to
mimic how physiological loading can impact the phenotypic stability of tissue engineered

cartilaginous grafts using a well-controlled in vitro model.

4.3 Methods

4.3.1 Agarose gel constructs fabrication and culture

BMSC and FPSCs were isolated and expanded as described in the supplementary material
section. Both cell types were mixed with 4% agarose (Type VII; Sigma-Aldrich, Ireland) at a
ratio of 1:1 at ~40°C to yield a final gel concentration of 2% at a density of 20 million
cells/mL. Each group consisted of cells from a single donor (i.e. donors were not pooled).
The agarose-cell constructs (@5x3 mm) were encapsulated within an acellular agarose
block (as described below) and maintained in a chemically defined chondrogenic medium
consisting of high glucose DMEM supplemented with 100 U/mL penicillin/streptomycin
(both from Gibco), 100 mg/mL sodium pyruvate, 40 mg/mL L-proline, 50 mg/mL L-
ascorbic acid-2-phosphate, 1.5 mg/mL bovine serum albumin, 1 x insulin—transferrin—
selenium, 100 nM dexamethasone (all Sigma-Aldrich) and 10 ng/mL of transforming
growth factor-B3 (TGF-B3, ProSpec-Tany TechnoGene, Ltd.). On day 21, selected BMSC
groups were exposed to hypertrophic medium for 14 days, by changing the following
parameters: TGF-B3 was withdrawn from the medium, which was then supplemented
with 1 nM L-thyroxine (Sigma-Aldrich) and 20 pg ml* B-glycerophosphate (Sigma-
Aldrich), and the level of dexamethasone was reduced to 1 nM. Also, on day 21,
additional FPSC groups were maintained in chondrogenic medium (as described above)
without TGF-B3 for 14 days. Constructs were allowed to equilibrate overnight before the

initiation of hydrostatic pressure.

4.3.2  Application of hydrostatic pressure

Cell seeded agarose constructs were encapsulated, evenly spaced, in an agarose block to

improve homogeneity of oxygen and nutrient availability and to provide protection from
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handling damage when the constructs were being placed into and out of the HP
bioreactor. Constructs were then inserted into heat-sealed, gas-permeable, water-tight,
sterile bags (EV0O120, Quest Biomedical, UK) with 4 mL of medium per construct and the
air was removed via a needle free port. Cyclic HP was applied via a water filled, custom-
made bioreactor within a 37°C incubator as described previously (Meyer et al. 2011). The
sealed bags exposed to HP were placed into the pressure vessel, while the free swelling
controls were placed into an open water bath next to the pressure vessel. HP was applied
at an amplitude of 10 MPa and a frequency of 1 Hz for a duration of 4 hours per day, 5
days per week for 5 weeks. The bags were returned to a culture incubator (37°C, 5% CO,)
between loading periods and suspended separately in an upright position for
homogenous gas transfer. Media changes were performed twice weekly via the needle

free port.

4.3.3  Mechanical, histological and biochemical assessment of tissues

The mechanical properties of the engineered constructs were determined as described
previously (Buckley and Kelly 2012). Stress relaxation tests were performed to determine
the equilibrium modulus of the tissue, which consisted of a ramp and hold cycle, with a
ramp displacement of 1 um/s until 10% strain was obtained and then maintained until
equilibrium was reached. Dynamic tests, which involved applying a cyclic strain of 1% at a
frequency of 1 Hz, were performed immediately after the stress relaxation cycle to
determine the dynamic modulus of the tissue. Constructs were also analysed
biochemically to determine their DNA, sulphated glycosaminoglycan (sGAG), collagen and
calcium content. Sections were stained with Alcian Blue for sGAG, Picro-Sirius Red for
collagen and Alizarin Red for mineral deposition, while the localized deposition of
collagen types | & Il was identified through immunohistochemistry. See supplementary

material section for further details of biochemical and histological assays/methodologies.

4.3.4 Experimental design

To test the hypotheses, three studies were performed. In study 1, BMSC and FPSC seeded

constructs were cultured in chondrogenic medium for 5 weeks. In study 2, BMSC
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constructs were cultured in chondrogenic medium for 3 weeks, followed by 2 weeks
culture in hypertrophic medium. In study 3, FPSC constructs were cultured in
chondrogenic medium containing TGF-B3 for 3 weeks, followed by 2 weeks culture in
chondrogenic medium in the presence or absence of TGF-B3. All study groups consisted

of a hydrostatically loaded group (HP) and a free-swelling unloaded control (FS).

4.3.5 Statistical Analysis

All statistical analyses were carried out using Minitab 15.1. Results are reported as mean
+ standard deviation. Groups were analysed using a general linear model for analysis of
variance. Tukey’s test was used to compare conditions. Significance was accepted at a

level of P<0.05.
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4.4 Results

4.4.1 Dynamic hydrostatic pressure enhances the functional development of cartilage
tissue engineered using both BMSCs and FPSCs.

BMSC and FPSC seeded constructs were cultured for 5 weeks in chondrogenic medium in
the presence or absence of HP. The application of HP had no effect on the DNA content of
either BMSC or FPSC seeded constructs (data not shown). HP significantly enhanced sGAG
accumulation in both BMSC (P<0.0001) and FPSC (P<0.0006) seeded hydrogels (Figure
4-1, a-b), but only increased collagen accumulation in BMSC seeded constructs (P<0.0001,
Figure 4-1, c-d). Histological staining (Figure 4-1e) revealed a high degree of spatial
symmetry in ECM deposition for all groups. Alcian Blue staining revealed greater sGAG

accumulation in the pericellular region of BMSC constructs (Figure 4-1e).

SGAG accumulation was more diffuse in FPSC seeded constructs and, at the tissue
level, more localised to the peripheral region of the engineered tissue. Interestingly, in
FPSC seeded constructs only, a narrow, well-defined boundary of collagen deposition was
observed primarily between the outer annulus (where sGAG synthesis was maximised)
and the central region of low ECM deposition. This is perhaps indicative of a region of
optimized nutrient availability for collagen synthesis and warrants further investigation.
For both cell types, application of HP led to more intense Alcian Blue staining, with more
intense Picrosirius Red staining observed in BMSC constructs. While HP had little
influence on collagen type | deposition, collagen type Il accumulation was enhanced
throughout BMSC constructs when exposed to HP. Although FPSC constructs followed a
similar trend, staining for collagen Il was less intense than BMSC seeded constructs.
Increases in cartilage specific ECM accumulation were accompanied by improvements in
the functional properties of both BMSC and FPSC derived grafts, as evidenced by
significantly increased equilibrium and dynamic moduli following application of

hydrostatic pressure (Figure 4-2).
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Figure 4-1: Dynamic hydrostatic pressure enhances the accumulation of cartilage specific ECM in both
BMSC and FPSC constructs when cultured in chondrogenic medium for 5 weeks, as shown by
biochemical analyses (a-d) and histological/immune-histological staining (e.) *, ~ denote statistical
significance vs. free swelling group of similar cell type and vs. FPSCs under similar loading conditions

respectively (P<0.002; n = 4).
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Figure 4-2: Dynamic hydrostatic pressure enhances the functional properties of both BMSC and FPSC
constructs when cultured in chondrogenic medium for 5 weeks. *, * denote statistical significance vs.
free swelling group of similar cell type and vs. FPSCs under similar loading conditions respectively

(P<0.002; n = 4).

4.4.2 Dynamic hydrostatic pressure suppresses calcification of cartilage grafis
engineered using BMSCs

The application of HP resulted in significantly (P<0.002) reduced calcium deposition
within BMSC seeded constructs maintained in chondrogenic medium (Figure 4-3a). This
result was confirmed by Alizarin Red staining (Figure 4-3b), which showed dramatically
reduced staining in the constructs exposed to HP. Next, chondrogenically primed BMSC
constructs were cultured in the presence of hypertrophic factors in order to accelerate
the onset and progression of endochondral ossification. No difference was observed in
calcium content between the loaded and FS constructs (Figure 4-4a), with the addition of
hypertrophic factors leading to a decrease in cell viability and a large increase in calcium
deposition on a per cell basis. Alizarin Red staining (Figure 4-4b), which was restricted to
the peripheral region of these constructs, appeared slightly less intense in the loaded

constructs.
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Figure 4-3: Dynamic hydrostatic pressure suppresses calcification of BMSC constructs when cultured
in chondrogenic medium for 5 weeks, as shown by biochemical analysis of calcium content of BMSC
constructs (a) and Alizarin Red staining of BMSC constructs for calcium deposition (b). FS and HP
indicate free swelling and loaded respectively. * denotes statistical significance vs. free swelling group

of similar cell type (P<0.002; n = 4).
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Figure 4-4: Dynamic hydrostatic pressure has no significant effect on calcification of BMSC constructs
when cultured in chondrogenic medium for 3 weeks, followed by 2 weeks culture in hypertrophic
medium, as shown by biochemical analysis (n = 4) of calcium content of BMSC constructs (a) and
Alizarin Red staining of BMSC constructs for caicium deposition (b). FS and HP indicate free swelling

and loaded respectively. Original image magnification is shown inset.
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Figure 4-5: Dynamic hydrostatic pressure acts to maintain a chondrogenic phenotype in FPSC
constructs when cultured for 3 weeks in chondrogenic medium containing TGF-$3, followed by 2
weeks in the presence or absence of TGF-B3, as shown by biochemical analyses (a) and histological
staining (b) of constructs. FS, FS- and HP- indicate free swelling with continuous TGF-B3
supplementation, free swelling without TGF-B3 and loaded without TGF-B3 respectively. * and *

denote statistical significance vs. FS and FS- groups respectively (P<0.001; n = 4).

4.4.3 Dynamic hydrostatic pressure acts to maintain a chondrogenic phenotype in
cartilaginous grafts engineered using FPSCs

No evidence of calcium deposition was observed in cartilaginous tissues engineered using
FPSCs (data not shown). To mimic the fibrous dedifferentiation observed in cartilaginous
grafts engineered using FPSCs following subcutaneous implantation (Vinardell et al.
2012), constructs were cultured for 3 weeks in chondrogenic medium containing TGF-$3,
followed by 2 weeks where TGF-B3 was withdrawn from the culture media of half of the
groups, in the presence or absence of HP. The withdrawal of TGF-B3 from FPSC seeded
constructs after 3 weeks (FS-) had no effect on the DNA content of the engineered tissues
(Figure 4-5a), when compared to continuous TGF-B3 supplementation (FS). However,
TGF-B3 withdrawal resulted in a significant decrease in sGAG and collagen deposition by

week 5. Interestingly, in the absence of TGF-B3, the application of hydrostatic pressure
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(HP-) partially mitigated this reduction, with regards to sGAG synthesis, and fully restored
collagen levels to that observed in the non-loaded, TGF-B3 supplemented constructs.
Histological staining (Figure 4-5b) demonstrated greater levels of sGAG and collagen
accumulation in the loaded group when compared to the free swelling group, with a more

homogenous distribution of extra cellular matrix (ECM) throughout the construct.

4.5 Discussion

Understanding how joint specific environmental factors regulate the phenotype of MSCs
is central to developing novel cell based therapies for cartilage regeneration. In this study,
a custom HP bioreactor was employed to firstly elucidate how this stimulus can be used
to enhance the functional development of cartilage constructs engineered using
multipotent cells derived from different tissue sources, and secondly, as a model system
to understand how joint specific environmental factors such as HP will regulate
phenotypic stability of such cartilage grafts. In agreement with previous studies (Meyer et
al. 2011), the application of HP was found to enhance the mechanical functionality of
cartilaginous grafts engineered using BMSCs and, furthermore, to suppress the inherent
tendency of these tissues to mineralise and progress along the endochondral route. In
addition, HP would also appear to play a role in maintaining the chondrogenic phenotype
of FPSCs, as indicated by the findings that, upon removal of TGF-B3, HP also acted to
enhance cartilage-specific extracellular matrix development. These results suggest that
cartilaginous tissues engineered using either cell source have the ability to terminally
differentiate towards a stable chondrogenic phenotype within an environment where the

constructs are subjected to high magnitude cyclic HP.

This study adds to the growing body of literature pointing to the beneficial effects
of mechanical stimuli, which appear to improve the functionality of cartilage grafts
engineered using MSCs. Articular cartilage is a multiphasic tissue, the solid phase of which
is composed predominately of a collagen (mainly type Il) fibrillar network (around 10—
22% by wet weight) enmeshing proteoglycan macromolecules (2-7% by wet weight)
(Maroudas et al. 1969, Muir et al. 1970, Bayliss and Ali 1978, Inerot et al. 1978, Maroudas
et al. 1980, Zirn et al. 1984, Mow et al. 1992, Rieppo et al. 2009, Gannon et al. 2012).

Previous studies have demonstrated that the application of dynamic compression (Huang
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et al. 2010, Bian et al. 2012, Thorpe et al. 2013) or hydrostatic pressure (Miyanishi et al.
2006, Wagner et al. 2008, Ogawa et al. 2009, Huang et al. 2010, Meyer et al. 2011,
Correia et al. 2012, Liu et al. 2012, Steward et al. 2012, Vinardell et al. 2012, Liu et al.
2013) can enhance the sGAG and collagen content as well as the mechanical functionality
of cartilage constructs engineered using MSCs. However, these studies often fail to
produce cartilage grafts with mechanical functionality or ECM content approaching that
of native cartilage. It appears that the efficacy of pre-implantation mechanical stimulation
is dependent on many variables, such as substrate stiffness (Steward et al. 2013, Steward
et al. 2014), magnitude and duration of applied loading (lkenoue et al. 2003, Correia et al.
2012), time of initiation of loading during culture period (Thorpe et al. 2010), cell donor
source (Meyer et al. 2011) and, as demonstrated in the current study, the tissue source of
MSCs. It remains to be determined how mechanically functional a tissue needs to be to
ensure regeneration of hyaline tissue, although computational studies suggest the
likelihood of success will improve with increases in pre-implantation functionality (Nagel

and Kelly 2013).

The mean equilibrium modulus of FPSC constructs was found to be greater than
that of BMSC constructs. This can be attributed, at least in part, to the higher levels of
sGAG accumulation (as a percentage of wet weight) within FPSC constructs. The
differences in spatial matrix accumulation may also play a role in determining the
apparent mechanical properties of the engineered tissues (Kelly and Prendergast 2004,
Khoshgoftar et al. 2013). Following the application of HP, there was no difference in the
dynamic modulus of BMSC and FPSC constructs. This can be attributed to the large
increase in collagen deposition observed in BMSC constructs following the application of
HP. While the equilibrium modulus of engineered cartilage is known to be strongly
correlated to the sGAG content (Kelly et al. 2007, Vinardell et al. 2011), the dynamic
modulus also strongly depends on the functionality of the collagen network, as it plays a

key role in enabling the tissue to generate fluid load support (Ateshian 2009).

Within full thickness cartilage defects, it has been demonstrated that hypertrophy
of implanted MSCs is restricted to a region of the regenerating tissue close to the bone,
suggesting that biomechanical stimuli play a key role in determining the stability of the
chondrogenic phenotype (Steck et al. 2009). The results of this study support this

hypothesis, with the application of HP found to dramatically reduce the mineralization of
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BMSC constructs cultured in a chondro-inductive medium. This effect was not observed,
however, when constructs were maintained in medium supplemented with hypertrophic
factors. A possible reason for this is that these factors may provide an unphysiological,
potent chemical cue that mechanical stimulation cannot override. The in vivo mechanical
environment is complex, and MSCs will not only experience high levels of HP, but also
shape changing deformations as the tissue is subjected to tension and compression
during normal joint loading. Indeed, previous studies from our group and others have
demonstrated that other such mechanical cues, such as dynamic compression, can also
suppress hypertrophy of MSCs (Bian et al. 2012, Thorpe et al. 2013). In addition to
mechanical loading, MSCs in the joint defect environment will also experience other
phenotype defining stimuli, such as hypoxic conditions, which have also been shown to
suppress hypertrophy and endochondral ossification of chondrogenically primed MSCs
(Sheehy et al. 2012). Understanding how MSCs integrate the multiple mechanical and
biochemical cues they will experience in vivo and how these cues direct their phenotype

is a central challenge in the field of regenerative medicine.

The mechanism by which HP enhances cartilage-specific matrix synthesis and
suppresses hypertrophy of MSCs has not yet been fully elucidated. According to the
biphasic theory for cartilage, the solid matrix of the tissue can be considered to be
intrinsically incompressible when loaded within the normal physiologic range of pressures
and, unlike with dynamic compression, tissue deformation will be minimal under pure
hydrostatic pressurization (Bachrach et al. 1998). Because of this, alternative mechanisms
of HP mechanotransduction have been explored. There is evidence to suggest that HP
affects the cell membrane ion channels (Browning et al. 1999), possibly via changes in the
conformations of the transmembrane proteins (Kornblatt and Kornblatt 2002). The
resulting changes in intracellular ion concentrations can then, in turn, result in changes in
cellular gene expression and protein synthesis (Horowitz and tau 1983). Several studies
have also indicated that HP can trigger the release of intracellular calcium stores
(Browning et al. 2004, Mizuno 2005), but further investigation will be necessary to
determine whether such factors regulate the onset of hypertrophy in BMSCs. What has
been demonstrated is that a stiffer substrate promotes a more endochondral phenotype
in BMSCs (Bian et al. 2013). Since the pericellular environment will become stiffer as ECM
content increases with time in culture, this may contribute to the development of an

endochondral phenotype in BMSC constructs. However, it has also been shown that HP
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can override the influence of a stiffening microenvironment on chondrogenesis of MSCs
(Steward et al. 2013), possibly by modulating changes to the cytoskeleton. Taken
together, these results raise the possibility that HP may act to suppress a substrate
stiffness mediated progression of hypertrophy in BMSCs, although further work is clearly

required to directly test this hypothesis.

In conclusion, the results of this study demonstrate that the application of
physiological levels of HP to cartilage grafts engineered using different types of MSCs not
only improves their mechanical functionality, but also leads to the development of a more
stable cartilaginous phenotype. A better understanding of stem cell mechanobiology
should open up many exciting new possibilities for the field of articular cartilage tissue
engineering and regenerative medicine. It may allow for the development of in vitro
bioreactor stimulation protocols to engineer not only more mechanically functional
grafts, but also tissues that are resistant to hypertrophy and endochondral ossification.
Perhaps more importantly, a more complete understanding of stem cell mechanobiology
may ultimately allow us to manipulate the in vivo mechanical environment (for example,
by modulating the mechanical properties of scaffolds/engineered tissues or through
appropriate post-operative rehabilitation regimes) to ensure such cells terminally

differentiate towards a desired phenotype upon implantation into the body.

The findings presented in this chapter add to the growing body of evidence
indicating that, as with dynamic compressive loading, the application of HP can act as a
pro-chondrogenic stimulus in MSCs. As discussed in Chapter 2, chondrocytes are
subjected to a complex local mechanical environment in vivo, consisting of multiple
modes of loading, such as fluid pressure, compression and tension. Less is known,
however, about the influence of dynamic tensile loading in guiding MSC fate in 3D
implantable matrices. Therefore, next, a novel bioreactor was developed and employed
to investigate the influence of cyclic tensile strains on both the chondrogenic/myogenic
switch that has been previously observed in MSCs (Gao et al. 2010, Thorpe et al. 2012)
(Chapter 5) and the tendency of bone marrow-derived MSCs, as demonstrated above, to

progress along an osteogenic pathway (Chapter 6).
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Chapter 5 The influence of cyclic tensile strain on MSC
differentiation in 3D hydrogels is dependent

on cell morphology and substrate stiffness
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5.1 Abstract

The objectives of this study were (i) to develop a custom bioreactor for the application of
uniaxial cyclic tensile strain (CTS) to stem cell-seeded 3D hydrogels, (ii) to investigate the
influence of CTS on chondrogenically-primed MSC seeded 3D hydrogel grafts, and (iii) the
dependency of this response on matrix stiffness and MSC morphology. Porcine bone
marrow derived MSCs were encapsulated in collagen-alginate blended hydrogels, which
for allowed tuning of both matrix rigidity (soft vs. stiff) and MSC shape (round vs. spread).
Both stiffer substrates and the adoption of a round cell morphology were found to
promote MSC chondrogenesis and progression along an endochondral pathway. The
novel bioreactor was demonstrated to be a system capable of applying accurate tensile
strains to soft 3D hydrogels, whilst maintaining an aseptic, controlled environment and
cell viability. The application of CTS was found to upregulate the expression of the
myogenic markers smooth muscle actin (ACTA2), heavy chain myosin (MYH1) and
calponin (CNN1), but downregulate chondrogenic markers collagen type Il (COL2A1) and
aggrecan (ACAN) in a substrate stiffness dependent manner. Furthermore, mechanical
stimulation was found to synergize with a spread cellular morphology to enhance
myogenic gene expression. These studies represent the first investigations into the
complex interplay between tensile stimuli, matrix rigidity and cellular morphology when
guiding MSC fate in 3D engineered grafts. Taken together, these findings highlight the
importance of both extrinsic physiological mechanical loads and intrinsic biomaterial cues

in determining MSC lineage commitment.
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5.2 Introduction

Due to their relative ease of isolation, ability to proliferate extensively in vitro and to
differentiate along multiple lineage pathways, MSCs are a promising cell type for tissue
regeneration strategies. However, unlocking the potential of these cells requires an
understanding of how environmental factors regulate their fate. The influence of growth
factors and other soluble cues on MSC fate strongly depends on other environmental
factors, such as the stiffness of the local substrate (Engler et al. 2006, Huebsch et al. 2010,
Bian et al. 2013), topographical cues that direct cell shape (McBeath et al. 2004, Gao et al.
2010, Thorpe et al. 2012) and the application of external mechanical stimuli such as
hydrostatic pressure, fluid flow or cyclic compressive and tensile strain (Huang et al. 2004,
Campbell et al. 2006, Li et al. 2009, Connelly et al. 2010, Bian et al. 2012, Steward et al.
2012, Thorpe et al. 2012, Carroll et al. 2014, Steward et al. 2014). For example, it has
been shown that lineage commitment can be controlled by tuning substrate stiffness,
with softer matrices promoting a neurogenic or adipogenic phenotype, matrices of
intermediate stiffness being more myogenic and comparatively rigid matrices promoting
osteogenesis (Engler et al. 2006, Rowlands et al. 2008, Chatterjee et al. 2010, Huebsch et
al. 2010, Park et al. 2011, Bian et al. 2013). The role of substrate stiffness in regulating
chondrogenesis is less clear, with some studies suggesting a soft substrate best supports a
chondrogenic phenotype (Park et al. 2011), but others pointing to the benefit of
intermediate stiffness (Allen et al. 2012). Cell shape is also known to regulate MSC fate,
with a more stellate or spread morphology supporting osteogenesis or myogenesis, while
a round shape has been shown to promote chondrogenesis or adipogenesis (McBeath et
al. 2004, Gao et al. 2010). Cell shape would also appear to play a role in regulating MSC
fate in more physiologically relevant 3D environments. After encapsulation in fibrin
hydrogels, MSCs have been shown to spread and adopt a more myogenic phenotype once
stimulated with transforming growth factor-B3 (TGF-B3) (Thorpe et al. 2012).
Interestingly, the differentiation pathway of MSCs in such hydrogels ultimately depends
on the external mechanical environment, as they adopted a more chondrogenic
phenotype if additionally subjected to dynamic compression (Thorpe et al. 2012).
Therefore directing MSCs down either the chondrogenic or myogenic pathway requires

careful modulation of the biochemical and biophysical environment.
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It is well established that cyclic tensile strain (CTS) can direct MSC differentiation.
Multiple studies have demonstrated that uniaxial CTS can enhance the expression of
markers associated with osteogenesis, fibrogenesis and myogenesis, and suppress
chondrogenesis and adipogenesis in MSCs in monolayer culture (Simmons et al. 2003,
Hamilton et al. 2004, Park et al. 2004, Friedl et al. 2007, Chen et al. 2008, Qi et al. 2008,
Ghazanfari et al. 2009, Jang et al. 2011, Maul et al. 2011, Huang et al. 2012, Li et al. 2015).
These studies also show that in 2D culture, uniaxial CTS leads to cell reorganisation and
alignment (Wang and Grood 2000) and that tension induced differentiation signals are
dependent on MSC orientation (Kurpinski et al. 2006, Heo et al. 2011, Subramony et al.
2013). However, although there is an abundance of data regarding CTS in 2D cultures,
fewer studies have examined the influence of CTS on MSCs seeded in more
physiologically relevant 3D matrices, and most naturally focus on the influence of CTS on
tenogenic and ligamentogenic differentiation. These studies generally show an
upregulation in the expression of genes associated with ligamentous or fibro-cartilaginous
differentiation, with increased collagen deposition and enhanced construct mechanical
properties following the application of CTS (Juncosa-Melvin et al. 2007, Farng et al. 2008,
Kuo and Tuan 2008, Connelly et al. 2010, Doroski et al. 2010, Baker et al. 2011, Kreja et al.
2012, Yang et al. 2012). It has also been shown that CTS can induce osteogenic
differentiation in MSCs maintained in 3D hydrogels (Sumanasinghe et al. 2006,
Haudenschild et al. 2009).

The role that external mechanical stimuli play in MSC lineage commitment, and its
dependency on factors such as matrix stiffness and cell shape, has not yet been fully
elucidated. The hypothesis of this study is that CTS will suppress chondrogenesis and
promote myogenesis of MSCs encapsulated in physiologically relevant 3D hydrogels. It
was further hypothesise that the response of MSCs to external mechanical cues will
depend on both the shape they adopt in such hydrogels and the stiffness of the
surrounding substrate. To test this hypothesis, MSCs will be encapsulated within blended
collagen-alginate hydrogels which have previously been used to modulate both the
encapsulated cell morphology and its surrounding substrate stiffness (Gillette et al. 2010,
da Cunha et al. 2014). Also described is the development of a novel bioreactor system
capable of applying uniaxial cyclic tensile strain to such 3D hydrogels in an aseptic,

controlled environment.
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5.3 Methods

5.3.1 Cell Isolation and expansion

Bone marrow derived MSCs were isolated aseptically from the femoral diaphysis of a
porcine donor and expanded, as described previously (Thorpe et al. 2013, Carroll et al.
2014). Briefly, isolated MSCs were plated and cultured in a standard expansion media
(EM) formulation consisting of high glucose Dulbecco’s Modified Eagle Medium (DMEM,
GlutaMAX™) containing 10% foetal bovine serum and 1% penicillin (100 U/ml)-
streptomycin (100 mg/ml) (all from GIBCO, Biosciences, Dublin, Ireland) and
supplemented with fibroblast growth factor-2 (FGF-2, 5 ng/mL; ProSpec-Tany
TechnoGene Ltd, Israel) and amphotericin B (0.25 mg/mL; Sigma-Aldrich, Arklow, Ireland).
Following colony formation, the cells were trypsinised, counted and plated at a seeding
density of 5x10° cells/cm? at each passage. Complete media exchanges were performed

twice weekly.

5.3.2  Collagen - alginate hydrogel fabrication and culture

MSCs were trypsinised and re-suspended in DMEM at the required concentration for
encapsulation at a seeding density of 10E° cells/mL in collagen—alginate blended
hydrogels. Stock solutions were prepared by diluting collagen type | (#354249, Corning
Inc.) to an initial concentration of 6 mg/mL and dissolving sodium alginate powder
(ProNova™, NovaMatrix) in deionized water for a concentration of 50 mg/mL. All
reagents and implements used were chilled on ice before use to prevent premature
gelling of the collagen phase. The MSC cell suspension was mixed with collagen stock
solution and 10X DMEM was added to maintain cell viability. Next, pH buffer was added
slowly until solution turned pink in colour. For studies involving variation of substrate
stiffness, calcium sulphate (CaSO,) was cryo-milled, then sonicated in solution, before
being added at a final concentration of 100 uM to minimise warping of the stiffer
constructs due to gradients in cross-linking rates. Finally the required volume of alginate
was added and the solution was topped up with deionized water where necessary. The
final concentration of collagen was 1.33 mg/mL for all studies presented. A final alginate

concentration of 0.8% was used for studies requiring variation of cell shape. However, an
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alginate final concentration of 0.6% vs. 2.25% was used for studies requiring variation of

substrate stiffness.

Cell/hydrogel solutions were thoroughly, but gently mixed, then transferred by
syringe to recesses in moulded flexible silicone strips (Figure 5-2a). These strips were then
incubated at 37°C for 80 minutes to allow the collagen to cross-link. Where a spread cell
morphology was required, this incubation period was increased to 12 hours. lonic cross-
linking of the alginate phase was then initiated by immersion in EM supplemented with
CaCl; (50 mM for 30 mins for cell morphology studies and 20 mM for 30 mins, followed by
50 mM for 30 mins for substrate stiffness studies to minimise cross-linking rate gradients
and ensure complete cross-linking). Constructs were washed and incubated in EM
overnight, then loaded into bioreactors containing differentiation medium (DM). DM
consisted of high glucose DMEM supplemented with 100 U/mL penicillin/streptomycin
(both from GIBCO), 100 mg/mL sodium pyruvate, 40 mg/mL L-proline, 50 mg/mL L-
ascorbic acid-2-phosphate, 1.5 mg/mL bovine serum albumin, 1xinsulin—transferrin—
selenium, 100 nM dexamethasone (all Sigma-Aldrich) and 10 ng/mL of transforming
growth factor-B3 (TGF-B3, ProSpec-Tany TechnoGene, Ltd.). For studies requiring
variation of substrate stiffness, DM was supplemented with 1 mM CaCl, to maintain
hydrogel stiffness differential for the duration of the study. All differentiation studies

were performed at 5% oxygen and 37°C.

5.3.3 Mechanical stimulation of hydrogel encapsulated MSCs

A novel bioreactor system (see Appendix A for technical drawings) was developed
for the aseptic application of uniaxial cyclic tensile strain to soft 3D hydrogels. The entire
system was housed within a cell culture incubator for the duration of each study. Custom
rubber strips (Figure 5-2a) were moulded using a commercially available silicone
elastomer kit (Sylgard 184, Dow Corning) by mixing the base with the curing agent at a
ratio of 20:1, pouring into a PTFE mould, de-gassing by vacuum and cross-linking for 1
hour at 100°C. Each strip had dog-bone shaped recess to allow moulding in situ of
hydrogel samples. The strips were soaked and washed in ethanol and water to minimise

leaching of residual curing agent, then autoclaved before use.
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Polymer hexagonal strain mounts were fabricated and assembled. Each strain
assembly was designed to allow fixation of 6 rubber strips, positioned vertically (Figure
5-2 afii]). Strain assembly parts were free to move along a square shaft which allowed
uniaxial translation whilst constraining rotational movement about the shaft axis.
Magnets were embedded at each end of the strain assembly. A cylindrical bioreactor
chamber (Figure 5-2 aliii]) was developed to house the strain assembly and maintain
samples under sterile conditions. Luer adapters were fitted to air inlet/outlet ports and
syringe pumps were used to supply filtered air recycled from within the incubator at a
rate of 3 mL/minute. When used in conjunction with an oxygen tension (pO,) controllable
incubator, the pumps allowed for gentle agitation and re-oxygenation of the culture
medium, thus maintaining uniform dissolved oxygen and nutrient levels at the surface of
the samples. A flexible silicone membrane allowed the magnetic adapters outside the
chamber to connect to and displace the magnets inside the chamber without
compromising the sterility of the chamber. These adapters were fixed to motorized linear
actuators (NAO8A30, Zaber Technologies Inc., microstep size <0.1 um). The actuators
were mounted on a rig (Figure 5-2 a[iv]), into which the bioreactor chambers could be
placed. Strong magnets (>20 kg pull force) embedded in the base of this rig below each
bioreactor held the lower magnets inside the chamber fixed in position, while the
magnets attached to the actuators above the bioreactor allowed vertical displacement of
the upper magnets within the chamber. Bioreactor components were sterilized using

ethylene oxide gas treatment prior to use.

A custom Matlab (version R215b, Mathworks Inc.) script was developed that
allowed precise control of applied strain, frequency and loading duration (Figure 5-1). The
system was calibrated by mounting hydrogels marked with ink at the extremities and
displacing the actuators in 1 mm increments. Image analyses of hydrogels being strained
were performed to correlate hydrogel deformation with actuator displacement (Figure
5-2c¢). Oxygen levels in the media were monitored near the chamber base using non-
invasive oxygen sensors (Fibox 3, PreSens GmbH) and cell viability was monitored over

the duration of a one week pilot study.
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Figure 5-1: Front panel of bioreactor control software developed in Matlab. Multiple instances of the
script could be run simultaneously by utilising partitioned virtual environments, thereby allowing
multiple bioreactors to run simultaneously from the same PC. The graphical user interface allows
control of applied strain magnitude, frequency and duration of loading. Automated loading is
facilitated via a script loop that continuously monitored the current time on the system clock, and

system information such as current status and cycles remaining is displayed.
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5.3.4  Characterization of mechanical properties of collagen-alginate hydrogels

Cylindrical hydrogel constructs were fabricated and mechanical properties were
determined via unconfined compression testing, as described elsewhere (Buckley et al.
2009). Briefly, stress relaxation tests were performed to determine the equilibrium
modulus of the tissue. These consisted of a ramp and hold cycle, with a ramp
displacement of 1 um/s until 10% compressive strain was obtained. This strain was then
maintained until equilibrium was reached, at which point, the stress was noted and the
equilibrium modulus calculated. The Young’s modulus was calculated from slope of the
ramp phase, i.e. the ratio of maximum stress to maximum applied strain. Dynamic tests,
which involved applying a cyclic strain of 1% at a frequency of 1 Hz, were performed
immediately after the stress relaxation cycle to determine the dynamic modulus of the

tissue.

5.3.5 RNA isolation and real-time reverse transcriptase polymerase chain reaction

Quantitative real-time reverse transcription-polymerase chain reaction (QRT-PCR) was
used to determine the relative gene expression changes in RNA isolated from MSCs
cultured in tension bioreactors. The central sections of dog-bone shape collagen-alginate
samples were mechanically disrupted and incubated in alginate dissolving buffer (55 mM
sodium citrate, 30 mM EDTA, 150 mM, pH 6.8) at 37°C for 10 min. Cell pellets, obtained
via centrifugation, were then re-suspended in Buffer RLT (Qiagen) supplemented with -
mercaptoethanol (10 pl/mL) to lyse the cells. Proteinase-K (Qiagen) was added at 10
pl/mL, and samples were incubated at 55°C for 10 min to disrupt any collagen present.
Samples were then transferred to spin columns (RNeasy Micro Kit, Qiagen). Ethanol was
added for a final concentration of 33% EtOH, then RNA was isolated according to

manufacturer’s instructions and subsequently re-suspended in RNase-free water.

RNA concentrations were quantified using a NanoDropTM (ND-1000)
spectrophotometer and RNA was reverse transcribed into cDNA using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Paisley, UK). Real-time PCR reactions
were performed in 20 pL volumes containing 10 uL Sybr Green Master Mix (Applied
Biosystems), 0.4 uM forward primer, 0.4 uM reverse primer and sufficient sample for 50

ng of cDNA. Primers used are listed in Table 1. Reactions were carried out in duplicate on
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an ABI 7500 real-time PCR system (Applied Biosystems) with an amplification profile of
50°C for 2 min, 95°C for 10 min, followed by 40-45 cycles of denaturation at 95°C for 15 s.
and annealing/amplification at 60°C for 1 min. Quantitative expression of target genes
relative to the endogenous control reference gene (GAPDH) and the selected calibrator

-AACT

was carried out using the 2 method as previously described (Livak and Schmittgen

2001).

Table 5-1: Table 1: Primers used for Real-Time Reverse Transcription Polymerase Chain Reaction

Symbol  Gene Forward primer Reverse primer
ACAN Aggrecan GACCACTTTACTCTTGGTG TCAGGCTCAGAAACTTCTAC
ACTA2 Smooth muscle aortic alpha-actin CAAAAGAGGAATCCTGACC CATTGTAGAAAGAGTGGTGC
ALPL Alkaline Phosphatase TTTCACTCTTCTTAGTGCTG CGTTACGGAATGAGGAAAC
BMP2 Bone morphogenic protein-2 ATGTGGAGGCTCTTTCAATG CATGGTCGACCTTTAGGAG
CNN1 Calponin 1, Basic, Smooth Muscle AGATGGCATCATTCTTTGC ATGAAGTTGCCAATGTTCTC
COL10A1 Collagen type 10, alpha-1 GTAGGTGTTTGGTATTGCTC GAGCAATACCAAACACCTAC
COL1A1 Collagen type 1, alpha-1 TAGACATGTTCAGCTTTGTG GTGGGATGTCTTCTTCTTG
COL2A1 Collagen type 2, alpha-1 CGACGACATAATCTGTGAAG TCCTTTGGGTCCTACAATATC
COL3A1 Collagen type 3, alpha-1 TCATCCCACTGTTATTTTGG CTCTATCCGCATAGGACTG
GAPDH Glyceraldehyde 3-phosphate dehydrogenase TTTAACTCTGGCAAAGTGG GAACATGTAGACCATGTAGTG
MYH1 Myosin, Heavy Chain 1 GAGTCACTTTCCAGCTAAAG CATTTCAATGAGCTCTGGC
OPN Secreted phosphoprotein 1 (osteopontin) CTGCAGACCAAGGAAAATC AGCATCTGTGTATTTGTTGG
RUNX2 Runt-related transcription factor-2 CCAACAGAGGCATTTAAGG CCAAAAGAAGTTTTGCTGAC
SOX9 SRY (Sex Determining Region Y)-Box-9 CAGACCTTGAGGAGACTTAG GTTCGAGTTGCCTTTAGTG
TNC Tenascin-C ATCTAGTCTTTCTCAACTCCG GAGTAGAATCCAAACCAGTTG

5.3.6 Cell viability and F-actin cytoskeleton fluorescent imaging MSC

Fluorescent imaging was performed as described previously (Thorpe et al. 2012). Dog-
boned shaped MSC seeded constructs were sectioned along the long axis for imaging
through the depth of the sample. To assess cell viability, sections were washed in phenol
red free DMEM (DMEM-, Sigma-Aldrich) followed by incubation in 4 mM calcein AM (live
cell membrane) and 4 mM ethidium homodimer-1 (dead cell DNA; both Cambridge
Bioscience, Cambridge, UK). Sections were again washed and imaged with an Olympus

FluoView FV1000 Confocal Microscope.
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F-actin cytoskeletal filaments were visualised using rhodamine 110 conjugated
phalloidin (VWR). Constructs were sectioned as described above and fixed in 4%
paraformaldehyde solution containing sodium cacodylate and barium chloride (all Sigma-
Aldrich) to irreversibly cross-link the alginate matrix. Cells were permeabilised in 0.5%
Triton-X100 (Sigma-Aldrich) and incubated overnight in DMEM- with 1.5% BSA and
rhodamine 110 conjugated phalloidin (1:40; 200 U/mL; VWR). Construct slices were

washed in DMEM- and imaged with an Olympus FluoView FV1000 Confocal Microscope.

5.3.7 Statistical analysis

All statistical analyses were performed using GraphPad Prism (Version 4.3) software.
Student’s t-tests or one-way analyses of variance (ANOVA) were used where appropriate.
Tukey’s test for multiple comparisons was used to compare conditions. Significance was
accepted at a level of P<0.05. Numerical and graphical results are reported in the form of

mean + standard error (SE) from the mean.

5.4 Results

5.4.1 Bioreactor Validation

Hydrogel strain was correlated with actuator displacement by video analysis of marked
hydrogels being strained during tensile testing, and hydrogels were found to deform in a
relatively linear manner (R? value = 0.996, Figure 5-2c). A 7 day pilot study was performed
to monitor oxygen leveis and cell viability. Live/dead imaging showed high cell viabiiity
throughout the hydrogel for the duration of the study (Figure 5-2b) and that oxygen did
not vary significantly from nominal levels (5% O,) due to the pumped air supply (data not

shown).
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Figure 5-2: A novel bioreactor system for application of uniaxial cyclic tensile strain to soft 3D
hydrogels was developed (a). Dog-bone shaped cell-seeded hydrogels constructs were moulded in
recesses within flexible silicone strips (i). These strips were mounted on strain assemblies (ii), which
were then sealed into the bioreactor chamber (iii) under sterile conditions. The displacement of
external actuators (iv) was aseptically transferred to accurately stretch the strips in the bioreactor
using magnets, both outside of and within the chamber, connected around a flexible membrane
separator. MSCs encapsulated in collagen-alginate blended hydrogels and cultured in the bioreactor
remained viable over 7 days (b). Tensile testing image analyses were performed to correlate actuator
displacement with hydrogel strain (c). Representative images and data from hydrogel strain validation

image analyses are shown.
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5.4.2  Stiffer substrates promote chondrogenesis and progression along the endochondral
pathway

The stiffness of blended collagen-alginate hydrogels were modulated by varying the
concentration of alginate within the construct. The Young’s Modulus increased from 2.2
+0.2 kPa for 0.6% alginate hydrogels to 10.3 +2.3 kPa for 2.25% alginate hydrogels; a 4.7
fold difference in measured stiffness (Figure 5-3a, P=0.003). These groups were termed

“soft” and “stiff” respectively.

MSCs were encapsulated in both soft and stiff hydrogels and cultured under free-
swelling conditions for 4 days in media supplemented with the growth factor TGF-3, a
growth factor known to regulate differentiation and to play a role in promoting both
chondrogenic and myogenic differentiation of MSCs (Gao et al. 2010). The stiffer
substrates promoted the expression of markers associated with chondrogenesis (COL2A1,
ACAN) and osteogenesis (ALPL, BMP2, OPN), but had no effect on markers of myogenic
differentiation (ACTA2, MYH1, CNN1; Figure 5-3c).

5.4.3  Cyclic tensile strain enhances myogenesis but inhibits chondrogenesis of MSCs

MSC encapsulated in both soft and stiff hydrogels were mounted in bioreactors and
subjected to 10% uniaxial CTS. After 4 days of culture, MSCs in all groups maintained a
mostly spherical morphology and displayed clearly defined actin cytoskeletons (Figure
5-4a). The application of CTS had an inhibitory effect on the expression of the
chondrogenic markers COL2A1 and ACAN (Figure 5-4b) in MSCs seeded in stiffer matrices.
This inhibitory effect was not observed, however, in MSCs seeded in soft substrates.
Regardless of substrate stiffness, SOX9 expression was not influenced by the application
of CTS. CTS was found to significantly upregulate the myogenic marker ACTA2 in stiff

hydrogels, and MYH1 and CNN1 in soft hydrogels (Figure 5-4b).
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Figure 5-3: Mechanical characterisation of collagen-alginate blended hydrogels created using 0.6%
(soft) and 2.25% (stiff) final alginate concentration (a). Relative gene expression in MSCs encapsulated

in stiff blended hydrogels (normalized to MSCs in soft hydrogels) after 4 days of culture (b). * indicates

a significant difference vs. soft group (P<0.05; n =5).
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5.4.4 A spread MSC morphology is correlated with suppression of chondrogenesis

Despite the increases in the expression of myogenic markers with the application of CTS,
MSCs generally maintained a round cell morphology. However a more spread morphology
is generally associated with a myogenic phenotype. In an effort to further promote
myogenesis, cell shape was controlled by encapsulating MSCs in collagen-alginate
hydrogels and performing cross-linking with calcium chloride either immediately to
promote a spherical cell shape, or after a 12 hours delay period to allow MSCs to spread
within the collagen matrix. Live-dead staining 24 hours after cell encapsulation and actin
cytoskeleton staining after 4 days of culture under free-swelling conditions confirmed
that MSCs in immediately cross-linked hydrogels retained a round shape (Figure 5-5a,
top), while cells that were allowed a delay period before cross-linking adopted a more

elongated, stellated morphology (Figure 5-5a, bottom).

Cell shape appeared to have no significant effect on the expression of myogenic
markers (ACTA1, MYH1, and CNN1) after 4 days of culture in media supplemented with
TGF-B3 (Figure 5-5b). However, cell spreading was correlated with a reduced expression
of markers associated with chondrogenesis (SOX9) and endochondral ossification (BMP2

and COL10A1).

5.4.5 Cyclic tensile strain synergizes with a spread cellular morphology to enhance
markers of myogenesis.

The application of CTS appeared to have little apparent influence on cell morphology,
with the MSCs encapsulated in the immediately cross-linked hydrogels displaying a mostly
spherical cytoskeleton and cells in the delayed cross-linked group retaining a visibly more
elongated, spread morphology (Figure 5-6a). Furthermore, gene expression analysis
revealed no significant effect of CTS on chondrogenic gene expression, regardless of cell
shape within the hydrogels (Figure 5-6b). In contrast, CTS significantly upregulated both
MYH1 and CNN1 expression when applied to MSCs with a spread morphology.
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5.5 Discussion

In a regenerative context, an understanding of how external mechanical stimuli influence
MSC lineage commitment will be key to engineering functional tissue grafts. In this study,
a novel bioreactor was developed that is capable of applying accurate levels of uniaxial
CTS to soft 3D hydrogels in a controlled, aseptic environment. Needle-free ports enabled
connection of air pumps to ensure stable, uniform levels of oxygen tension, pH and
nutrients throughout the culture media and facilitated simple media changes under
sterile conditions. The system was demonstrated to be capable of accurately straining
collagen-alginate blended hydrogels whilst maintain cell viability, and is suitable for use
with other soft 3D hydrogel systems. This bioreactor was then utilized to investigate the
interdependency of mechanical stimuli, matrix stiffness and cell shape on the phenotype
of MSCs encapsulated in 3D collagen-alginate grafts. Both stiffer matrices and a spherical
cell morphology were found to promote a chondrogenic phenotype, when compared with
softer matrices and spread morphology respectively. The application of CTS was found to
enhance markers of myogenesis, and a spread cell morphology appeared to synergize

with tensile stimulation to enhanced myogenic differentiation of MSCs.

Increasing the stiffness of the collagen-alginate hydrogel from 2.2 kPa to 10.3 kPa
was found to enhance the expression of genes associated with both chondrogenesis
(COL2A1, ACAN) and osteogenesis (ALPL, BMP2, OPN), whilst having no effect on
myogenic markers, suggesting that that stiffer substrates promote a more endochondral
phenotype (Figure 5-3c). It has previously been shown that stiffer substrates are
correlated with enhanced expression of osteogenic genes and promotion of MSC
hypertrophy and endochondral markers (Engler et al. 2006, Bian et al. 2013). However,
previous studies have found that increasing substrate stiffness also enhances markers of
myogenic differentiation (Engler et al. 2006). On such stiffer 2D substrates, MSCs adopt a
more spread, stellate morphology (Rowlands et al. 2008), which is known to be
supportive of myogenesis (Gao et al. 2010). In contrast, in immediately cross-linked
alginate 3D hydrogels MSCs remain round, regardless of stiffness (Huebsch et al. 2010,
Parekh et al. 2011). Collectively, these findings motivated our subsequent studies to

explore the role of cell shape in regulating myogenesis in MSCs in 3D environments.

The application of uniaxial CTS was found to suppress chondrogenic gene

expression (Figure 5-4b), thus corroborating previously reported findings using MSCs in
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3D hydrogels (Haudenschild et al. 2009). However, this inhibitory effect was only
observed in stiffer hydrogels. Our group has also previously reported that the application
of hydrostatic pressure and dynamic compression enhances chondrogenic differentiation
in stiff gels only (Steward et al. 2013, Steward et al. 2014), suggesting that
chondrogenically primed MSCs become more mechano-sensitive as the stiffness of their
substrate increases. In contrast, CTS was found to promote the expression of different
markers of myogenesis regardless of substrate stiffness (Figure 5-4b), with ACTA2
expression found to be upregulated in stiff hydrogels, and MYH1 and CNN1 expression
upregulated in soft hydrogels, indicating that not all mechanically mediated changes in
gene expression is enhanced in stiffer matrices. The finding that CTS enhances myogenic
markers is in agreement with earlier studies that explored the influence of this stimulus
on MSCs seeded on 2D substrates (Hamilton et al. 2004, Park et al. 2004, Kurpinski et al.
2006, Ghazanfari et al. 2009, Jang et al. 2011, Maul et al. 2011).

As expected, cells that were constrained in 3D matrices that imposed a spherical
cell shape exhibited markers of a more chondrogenic phenotype when compared to MSCs
that were permitted to adopt a more spread morphology (Figure 5-5). In 2D culture a
spread MSC shape has been associated with osteogenesis (McBeath et al. 2004), however
there was no evidence in this study that a spread cell promoted a more endochondral
phenotype. Taken together, these findings suggest that a round cell shape may enhance
endochondral ossification in 3D hydrogels by facilitating MSCs to wundergo
chondrogenesis, a necessary precursor to hypertrophy. Somewhat unexpectedly, a spread
shape was not correlated with an increase in myogenic gene expression as might be
expected based on the findings of previous studies of MSCs in monolayer culture (Gao et
al. 2010). However, monolayer culture is not truly representative of a natural 3D in vivo
environment. A key difference between 2D and 3D culture is that, although both
environments may be permissive for cell spreading, differentials exist in the degree and
spatial distribution of integrin binding sites and the resultant cytoskeletal traction forces
generated (Beningo et al. 2004), and it may be that longer culture periods are required in
3D hydrogels to detect differences in myogenic gene expression in response to alterations

in MSC shape.

The application of CTS to spread MSCs was found to lead to enhanced myogenic

gene expression, suggesting that cyclic tensile strain may synergize with a spread cellular
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morphology to promote myogenesis of MSCs in 3D hydrogels. This finding can be related
to previous studies using MSCs in 2D systems permissive to cellular re-organisation and
cell-cell interaction (Hamilton et al. 2004, Park et al. 2004, Kurpinski et al. 2006,
Ghazanfarj -et al. 2009, Jang et al. 2011, Maul et al. 2011). It may be that increased
cytoskeletal tension develops within spread cells (Rowlands et al. 2008), which in turn
may result in increased mechano-sensitivity to tensile deformation of the local substrate.
Furthermore, since direct cell-cell interaction has been reported to be of key importance
for myogenesis of MSCs (Fukuhara et al. 2003, Gao et al. 2010), and cell-cell contact has
been shown to be sufficient to induce cellular spreading and enhanced actin stress fibre
development (Yeung et al. 2005), it may well be the case that cell spreading leads to
increased cell-cell contact, similar to monolayer culture systems, thus myogenically
priming the MSCs. Indeed, it is tempting to hypothesise that soft gels facilitate greater
cell-cell interaction, as do gels that permit cell spreading, which may explain why the

application of CTS in both groups enhances myogenic marker expression in MSCs.

Collagen-alginate hydrogel stiffness can typically be tuned by two methods:
varying the cross-link density or varying the alginate concentration, both methods have
drawbacks. The method utilised in this study (i.e. varying alginate concentration) may
subtly influence other features of the local cellular environment, such as cross-link
density, pore interconnectivity and availability of collagen integrin binding sites. Changes
in cross-link density, for example, have been reported to influence cell motility, spreading
and migration (Kyburz and Anseth 2013) and may subsequently effect cell-cell
interactions, which are known to be key for myogenesis of MSCs (Fukuhara et al. 2003,

Gao et al. 2010).

It is clear that extrinsic mechanical stimuli can drive MSC differentiation and guide
stem cell lineage commitment. However, the successful engineering of functional tissue
grafts for clinical applications will require a more complete understanding of the complex
interplay between extrinsic mechanical signals, biomaterial characteristics, biochemical
environment and cell phenotype. The current study represents the first investigation into
the dependency of MSC response to cyclic tensile deformation on matrix rigidity and cell

morphology in clinically relevant 3D grafts.

85



ity

UL

e ‘ s i dim e MM.' P 8

y : : UL ' 2 Hrm-..g g

Pyl g MY 1y} ot At e ) e

whireuiar Beca wr s by R TR T Gl A e o A, e piPy G '!uﬂlhﬂﬁ'l' g

i asied-baamiron Fey gl et nﬂﬂhh-‘ Vsl ga e ot Jnm\nﬂm ﬁ; "'.

-l.nnm-;ﬂl-m'* trkips ARG e ® a'.EIEﬂ'LI. L Lo ;r-'r\r!l.iahl‘d.. '*liﬁn-hﬂ*-:ﬂl s
MMhp!J BLURTIE DL -,'.h,p-‘*ﬂtl“ll:i'!.\uh i Hh‘llﬂ‘lﬂiiﬂ -M'IM.HIﬁlllllﬁ
3 sl gty i itfpaq ) s i tmqmﬂ IR u‘l hnﬂﬂ iR T
k. e ﬁmmq-t:ﬁnm uwmmummammm

II|I




Chapter 6 Cyclic tensile strain can play a role in directing
both intramembranous and endochondral

ossification of MSCs in 3D hydrogels
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6.1 Abstract

Successfully regenerating damaged or diseased bone and other joint tissues will require a
detailed understanding of how joint specific environmental cues regulate the fate of cells
that are recruited or delivered to the site of injury. Recognising that bone can form and
heal through either an intramembranous or an endochondral pathway, the objectives of
this study were (i) to explore the influence of cyclic tensile strain (CTS) on the
differentiation of MSCs in the absence of any specific growth factor, and (ii) examine the
influence of the long-term application of this mechanical stimulus on markers of
endochondral ossification in MSCs maintained in chondrogenic culture conditions. A
custom bioreactor was used to apply uniaxial tensile deformation to bone marrow-
derived MSCs encapsulated within physiological relevant 3D fibrin hydrogels. Mechanical
loading, applied in the absence of soluble differentiation factors, was found to enhance
the expression of both tenogenic (TNC, COL1A1) and osteogenic markers (BMP2, RUNX2
and ALPL), while suppressing markers of adipogenesis. During longer term culture in the
presence of a chondrogenic growth factor, CTS was shown to induce MSC re-organization
and alignment, and to enhance the expression of markers associated with endochondral
ossification (BMP2, RUNX2, ALPL, OPN, COL10A1) in a strain magnitude dependent
manner. Taken together, these findings indicate that tensile loading may play a key role in
promoting both intramembranous and endochondral ossification of MSCs in a context
dependent manner. This would appear to be mediated, at least in part, by loading
induced increases in the expression of osteogenic growth factors such as BMP2. The
results of this study demonstrate the potent role that extrinsic mechanical loading plays
in guiding stem cell fate, which must be carefully considered in the design of cell and

tissue engineering therapies if they are to realize their clinical potential.
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6.2 Introduction

Understanding the etiology of diseases such as osteoarthritis requires an in-depth
understanding of the role that joint specific environmental factors play in the
maintenance of cartilage and its conversion into bone. Furthermore, successfully
regenerating damaged or diseased bone and other joint tissues also requires an
understanding of how such environmental factors regulate the fate of cells that are
recruited or delivered to the site of injury. MSCs isolated from bone marrow can be
induced to differentiate towards multiple lineages, making them an attractive cell type for
cartilage and bone tissue engineering (Caplan 1991, Vinardell et al. 2012). Bone
development occurs via two distinct mechanisms - intramembranous or endochondral
ossification. Intramembranous ossification involves the direct differentiation of MSCs into
osteoblasts, whereas endochondral ossification first involves differentiation of precursor
cells into chondrocytes, the formation of a cartilage template and its subsequent
replacement by bone (as reviewed by Frohlich et al. 2008). The latter is the process by
which all long bones are formed. It has long been suggested that endochondral
ossification during limb development is mechano-regulated, with early studies linking
femoral ossification to the regions of maximal tensile strains (Carey 1922). It has also
been reported that, during bone healing, callus distraction can produce a systemic
increase in concentrations of several bone growth factors (Sato et al. 1999, Weiss et al.
2002). Clearly mechanical cues are integral to directing bone growth, development and
healing, however the underlying mechanisms remain poorly understood. A more
complete understanding of these processes will benefit not only the fields of cartilage and
bone tissue engineering, but will also be integral to the development of novel therapeutic

strategies to treat complex diseases such as osteoarthritis.

There has been increased interest in the use of in vitro bioreactor systems to
examine how different mechanical stimuli regulate both osteogenesis and
chondrogenesis of stem cells (Kelly and Jacobs 2010). It has been demonstrated that the
application of uniaxial cyclic tensile strain (CTS) to MSCs cultured on 2D substrates can
induce osteogenic and fibrous gene expression (Simmons et al. 2003, Friedl| et al. 2007, Qi
et al. 2008, Diederichs et al. 2009). The magnitude of tensile loading has also been shown
to be important, with low strains inducing osteogenesis and higher strains promoting the

expression of fibrous or myogenic markers (Chen et al. 2008, Jang et al. 2011). These 2D
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culture systems are generally not considered truly representative of the physiological
environment of cells in vivo, and MSCs have been shown to respond differentially to
tensile loading when seeded on 2D substrates compared to when encapsulated within 3D
matrices (Rathbone et al. 2012). Of the studies that have explored the influence of tensile
strain on directing the differentiation of MSCs in 3D matrices, many have concluded that
the application of uniaxial CTS promotes a more ligamentous or fibro-chondrogenic
phenotype in MSCs (Altman et al. 2002, Juncosa-Melvin et al. 2007, Farng et al. 2008, Kuo
and Tuan 2008, Connelly et al. 2010, Doroski et al. 2010, Baker et al. 2011, Kreja et al.
2012, Yang et al. 2012). However it has also been demonstrated that the application of
CTS to MSCs in 3D collagen gels in the absence of osteogenic supplements can lead to the
upregulation of BMP2 (Sumanasinghe et al. 2006), suggesting that this mechanical
stimulus may also be osteoinductive. Furthermore, it has also been reported that tensile
strain and dynamic compression differentially regulate MSC differentiation (Haudenschild
et al. 2009), with CTS upregulating osteogenic markers BMP1, ALP and NELL1, whereas
compression was found to promote chondrogenesis of MSCs encapsulated in 3D alginate
matrices. This latter finding agrees with a number of separate studies demonstrating that
compressive loading can enhance chondrogenesis of MSCs (Huang et al. 2004, Campbell
et al. 2006, Thorpe et al. 2012, Steward et al. 2014, Luo et al. 2015). Furthermore, it has
been demonstrated that high magnitudes of cyclic hydrostatic pressure and dynamic
compression can suppress hypertrophy and endochondral ossification of MSCs (Bian et al.
2012, Thorpe et al. 2013, Carroll et al. 2014, Luo et al. 2015, Zhang et al. 2015).
Collectively, these studies point to the integral role that mechanical cues play in directing

both the initial phenotype of MSCs and in determining their ultimate fate.

Despite the fact that long bones form and regenerate through the process of
endochondral ossification, relatively little is known about the role mechanical cues can
play in directing this process. Motivated by previous work pointing to a role for tensile
strain in directing bone development and healing, the objective of this study was to
explore the role of CTS in directing osteogenesis of MSCs within physiologically relevant
3D hydrogels using a custom developed bioreactor system. Recognising that bone can
form and heal through either an intramembranous or an endochondral pathway, we first
sought to explore the influence of CTS on the differentiation of MSCs in the absence of

specific growth factors to determine if loading alone could initiate osteogenesis. We then
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examined the influence of the long-term application of this mechanical stimulus on
markers of endochondral ossification in MSCs maintained in chondrogenic culture
conditions. The hypothesis was that CTS would enhance endochondral ossification in
chondrogenically primed MSCs. The dependency of this process on magnitude and

frequency of the applied strain was also examined.

6.3 Methods

6.3.1 Cell Isolation and Expansion

Bone marrow derived MSCs were isolated aseptically from the femoral diaphysis of a
porcine donor and expanded, as described previously (Thorpe et al. 2013, Carroll et al.
2014). Briefly, isolated MSCs were plated and cultured in a standard expansion media
(EM) formulation consisting of high glucose Dulbecco’s Modified Eagle Medium (DMEM,
GlutaMAX™) containing 10% foetal bovine serum and 1% penicillin (100 U/ml)-
streptomycin (100 mg/ml) (all from GIBCO, Biosciences, Dublin, Ireland) and
supplemented with fibroblast growth factor-2 (FGF-2, 5 ng/mL; ProSpec-Tany
TechnoGene Ltd, Israel) and amphotericin B (0.25 mg/mL; Sigma-Aldrich, Arklow, Ireland).
Following colony formation, the cells were trypsinised, counted and plated at a seeding
density of 5x10° cells/cm® at each passage. Complete media exchanges were performed

twice weekly.

6.3.2 Fibrin hydrogel fabrication and culture

MSCs were suspended in 10,000 KIU/mL aprotinin solution (Nordic Pharma) containing 19
mg/mL sodium chloride and 100 mg/mL bovine fibrinogen type I-S (60-85% protein, 10%
sodium citrate and 15% sodium chloride; Sigma-Aldrich), which was combined 1:1 with 5
U/mL thrombin in 40 mM CaCl, (pH 7) and transferred by syringe to recesses in custom
designed flexible silicone strips. These strips were then incubated at 37°C for 45 minutes
to allow cross-linking to complete, producing dog-boned shaped constructs with final

concentrations of 50 mg/mL fibrinogen, 2.5 U/mL thrombin, 5000 KIU/mL aprotinin, 17
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mg/mL sodium chloride, 20 mM CaCl, and 10x10° cells/mL. The constructs were then
loaded into bioreactors containing differentiation medium (DM), consisting of DMEM
supplemented with 100 U/mL penicillin/streptomycin (both from Gibco), 100 mg/mL
sodium pyruvate, 40 mg/mL L-proline, 50 mg/mL L-ascorbic acid-2-phosphate, 1.5 mg/mL
bovine serum albumin, 1xinsulin—transferrin—selenium and 100 nM dexamethasone (all
Sigma-Aldrich). For studies requiring chondro-inductive stimuli, constructs were culture in
chondrogenic medium (DM supplemented with 10 ng/mL of transforming growth factor-
B3 (TGF-B3, ProSpec-Tany TechnoGene, Ltd., Israel). Media changes were performed

twice weekly.

6.3.3 Mechanical stimulation of hydrogel encapsulated MSCs

Uniaxial cyclic tensile strain was applied to MSC seeded hydrogels in a custom design
bioreactor system (as described in the previous chapter). All bioreactors were housed in
incubators set at 5% oxygen, 37°C and a reciprocating syringe air pump system was
employed to pass air bubbles (2 mL/min) through the culture medium, thereby gently
agitating the system and maintaining a uniform dissolved oxygen content of 5% pO,. In
the initial study, hydrogels were deformed at a strain magnitude of 10% and frequency of
0.5 Hz for 4 hours each day for 7 days. In the second, longer term study, the influence of
strain magnitude and frequency was investigated. Therefore, this study involved four
experimental groups (non-loaded control, 5% strain at 0.5 Hz, 10% strain at 0.5 Hz and

10% strain at 1 Hz) cultured in chondrogenic medium (+TGF-B3) for 21 days.

6.3.4 Biochemical analysis

The central (strained) sections of dog-bone constructs (n = 3) were used for quantitative
analysis of DNA, sulphated glycosaminoglycan (sGAG) and collagen content. The wet
weight of each section was measured, then the samples were digested with papain (125
pg/ml) in 0.1 M sodium acetate, 5 mM L-cysteine-HCl, and 0.05 M EDTA (pH 6.0, all
Sigma-Aldrich) at 60°C under constant rotation for 18 hours. DNA content was quantified
using the Hoechst Bisbenzimide 33258 dye assay as described previously (Kim et al. 1988),

with a calf thymus DNA standard. Sulphated glycosaminoglycan (GAG) content was

92



guantified using the dimethylmethylene blue dye-binding assay (DMMB; Blyscan, Biocolor
Ltd., Northern Ireland) with a chondroitin sulphate standard. Collagen content was
determined by measuring the hydroxyproline content. Samples were hydrolysed at 110 °C
for 18 hours in 38% HCl and assayed using a chloramine-T assay with a hydroxyproline :
collagen ratio of 1:7.69 (Kafienah and Sims 2004, Ignat’eva et al. 2007). Total sGAG and

collagen values and values normalized to DNA content are reported.

6.3.5 RNA isolation and real-time reverse transcriptase polymerase chain reaction

Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) was
used to determine the relative gene expression changes in RNA isolated from MSCs
cultured in tension bioreactors. The central sections of dog-bone shape collagen-alginate
samples were mechanically disrupted in Buffer RLT (Qiagen) supplemented with B-
mercaptoethanol (10 ul/mL), frozen in liquid nitrogen and stored at -80°C prior to
analysis. Thawed samples were then transferred to spin columns for homogenization
(QlAShredder, Qiagen), followed by RNA isolation (RNeasy Micro Kit, Qiagen) according to

manufacturer’s instructions, and subsequently re-suspended in RNase-free water.

RNA concentrations were quantified using a NanoDrop™ (ND-1000) spectrophotometer
and RNA was reverse transcribed into cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Paisley, UK). Real-time PCR reactions were
performed in 20 pL volumes containing 10 pL Sybr Green Master Mix (Applied
Biosystems), 0.4 uM forward primer, 0.4 uM reverse primer, RNase-free water and
sufficient sample for 50 ng of cDNA. Primers used and gene abbreviations are listed in
Table 1. Reactions were carried out in duplicate on an ABI 7500 real-time PCR system
(Applied Biosystems) with an amplification profile of 50°C for 2 min, 95°C for 10 min,
followed by 40-45 cycles of denaturation at 95°C for 15 sec and annealing/amplification at
60°C for 1 min. Quantitative expression of target genes relative to the endogenous
control reference gene (GAPDH) and the selected calibrator was carried out using the 2

AT method as previously described (Livak and Schmittgen 2001).
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Table 6-1: Primers used for Real-Time Reverse Transcription Polymerase Chain Reactions

Symbol  Gene Forward primer Reverse primer
ACAN Aggrecan GACCACTTTACTCTTGGTG TCAGGCTCAGAAACTTCTAC
ACTA2 Smooth muscle aortic alpha-actin CAAAAGAGGAATCCTGACC CATTGTAGAAAGAGTGGTGC
ALPL Alkaline Phosphatase TTTCACTCTTCTTAGTGCTG CGTTACGGAATGAGGAAAC
BMP2 Bone morphogenic protein-2 ATGTGGAGGCTCTTTCAATG CATGGTCGACCTTTAGGAG
CNN1 Calponin 1, Basic, Smooth Muscle AGATGGCATCATTCTTTGC ATGAAGTTGCCAATGTTCTC
COL10A1 Collagen type 10, alpha-1 GTAGGTGTTTGGTATTGCTC GAGCAATACCAAACACCTAC
COL1A1 Collagen type 1, alpha-1 TAGACATGTTCAGCTTTGTG GTGGGATGTCTTCTTCTTG
COL2A1 Collagen type 2, alpha-1 CGACGACATAATCTGTGAAG TCCTTTGGGTCCTACAATATC
COL3A1 Collagen type 3, alpha-1 TCATCCCACTGTTATTTTGG CTCTATCCGCATAGGACTG
FABP4 Fatty acid binding protein-4 CTGAAGAGAGTCATTGCAC CATTTTGTGAGCACTCTAGG
GAPDH Glyceraldehyde 3-phosphate dehydrogenase TTTAACTCTGGCAAAGTGG GAACATGTAGACCATGTAGTG
LECT1 Leukocyte cell derived chemotaxin-1 ACCTTTAAAATGGGAAACGG GCTTTGATGTAGCACTTCTC
LPL Lipoprotein lipase ACCTAACTTCGAGTATGCAG GGTGAATGTGTGTAAGACG
MYH1 Myosin, Heavy Chain 1 GAGTCACTTTCCAGCTAAAG CATTTCAATGAGCTCTGGC
OPN Secreted phosphoprotein 1 (Osteopontin) CTGCAGACCAAGGAAAATC AGCATCTGTGTATTTGTTGG
RUNX2 Runt-related transcription factor-2 CCAACAGAGGCATTTAAGG CCAAAAGAAGTTTTGCTGAC
SOX9 SRY (Sex Determining Region Y)-Box-9 CAGACCTTGAGGAGACTTAG GTTCGAGTTGCCTTTAGTG
TNC Tenascin-C ATCTAGTCTTTCTCAACTCCG GAGTAGAATCCAAACCAGTTG
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6.3.6 Fluorescent staining and quantification of cellular anisotropy of MSC filamentous
actin

Fluorescent images were taken from the central (strained) section only. F-actin
cytoskeletal filaments were visualised using rhodamine 110 conjugated phalloidin (VWR).
Dog-boned shaped MSC seeded constructs were sectioned for imaging through the depth
of the sample and fixed in 4% paraformaldehyde solution. Cells were permeabilised in
0.5% Triton-X100 (Sigma-Aldrich), then incubated overnight in phosphate buffer saline
(PBS) with 1.5% BSA and rhodamine 110 conjugated phalloidin (1:40; 200 U/mL; VWR).
Construct slices were washed in PBS and imaged with an Olympus FluoView FV1000
Confocal Microscope. Anisotropy of actin filaments was quantified by performing analysis

of confocal images (n=4) using the ImageJ FibrilTool plugin (Boudaoud et al. 2014).

6.3.7 Statistical analysis

All statistical analyses were performed using GraphPad Prism (Version 4.3) software.
Student’s t-tests were used where appropriate and one-way analyses of variance
(ANOVA) with Tukey’s post-test were used to compare multiple conditions. Numerical
and graphical results are reported in the form of mean + standard error (SE) from the
mean. Significance was accepted at a level of P<0.05. Gene expression data are present as
fold-differences normalized to the mean of the free-swelling (non-loaded) control group
and fold-increase or decreases, where relevant, are indicated in the text below by 1 or

respectively.
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6.4 Results

6.4.1 Cyclic tensile strain in the absence of soluble differentiation factors promotes the
expression of tenogenic and osteogenic markers while inhibiting adipogenesis

MSCs encapsulated in fibrin hydrogels were cultured in bioreactors in the absence of
chondrogenic growth factors for 7 days. The application of 10% CTS at 0.5 Hz was found
to upregulate the tenogenic markers TNC and COL1A1 (1~54.56 +10.83, and 1*3.11 £ 0.34
respectively; P<0.003) and to suppress the expression of the adipogenic marker LPL
(4,6.84 +0.62, P=0.0001). Mechanical stimulation had no effect on the expression of the
myogenic markers ACTA2, CNN1 and MYH1 (Figure 6-1). CTS was also found to enhance
the expression of a number of markers of osteogenesis, including ALPL and BMP-2 (147.09
+1.46 and T 4.61 + 0.74; P<0.003). Furthermore, COL10A1 was found to be expressed in
all loaded samples, but was not detected in samples in the non-loaded control group
(data not shown). Since no expression of chondrogenic markers COL2A1 or SOX9 was
detected, while osteogenic markers ALPL, and BMP2 were upregulated following
mechanical loading, it would appear that CTS may have a positive role in promoting
(intramembranous) osteogenesis of MSCs in the absence of exogenously supplied growth
factors. However, since long bones are known to develop and heal via the more indirect
process of endochondral ossification, we therefore next sought to explore the role of CTS

on MSCs maintained in chondro-inductive medium for longer term culture duration.
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Figure 6-1: Relative gene expression of MSCs encapsulated in fibrin hydrogels and cultured in tensile
strain bioreactor in the absence of growth factors for 7 days. The application of 10% cyclic tensile
strain at 0.5 Hz was found to promote intramembranous ossification and inhibit adipogenic
differentiation of MSCs. Data are presented as fold-changes, relative to the non-loaded (control) group.
* indicates a significant difference vs. free swelling control group (P<€.05; n = 5). See Table 1 for

details of gene symbols.



6.4.2 Cyclic tensile strain promotes endochondral ossification of chondrogenically
primed MSCs in a magnitude dependent manner

MSCs encapsulated within fibrin hydrogels and maintained in media supplemented with
the chondrogenic growth factor TGF-B3 for 21 days were found to synthesize cartilage
extracellular matrix components (Figure 6-2) and express genes associated with a
chondrogenic phenotype (Figure 6-3). The application of 10% strain at 0.5Hz was found to
promote cellular proliferation, which led to increased overall GAG and coilagen synthesis
(Figure 6-2). However, when normalized to DNA content, there was no difference in ECM

synthesis rates on a per cell basis.
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Figure 6-2: Biochemical analysis of MSC encapsulated fibrin hydrogels cultured in tensile strain
bioreactors in media supplemented with chondrogenic growth factor TGF-B3 for 21 days. The
application of 10% cyclic tensile strain at 0.5 Hz was found to promote cellular proliferation, which led
to an increase in total cartilage matrix deposition. Significant differences between groups are indicated

where P<0.05 (n =5).

10% CTS at 1Hz was also found to significantly enhance several markers of
chondrogenesis (ACAN and SOX9), but inhibit COL2A1 expression in MSCs cultured in

chondrogenic media for 3 weeks (Figure 6-3).

98



ACAN SOX9 LECT1 RUNX-2 / SOX9

5 5 5§ 3 § 25 5 2
% a4 == 2 § 20 2 2 —=
g 3 5 g 15 s- 15
o V) [ (V)
o 2 Q Q 1.0 Q 10
® 1 ® T 05 g s
[] [} (] 7]
[v4 0 ['4 x o0.04 (7= 04
BMP-2 RUNX-2 OPN
5 0 s 5 s B
8 2 2 a0 g
8 o ® g
(=% Q [=%
S 3 5 H
2 2 p = 2
3 3 B 10 ®
[} 7] ° @
o x x o4 14
COL1A1 COL3A1 COL10A1
8 5 & L
w v (73
] 8 g 8 15
Q (=%
% ) > % 1.0
2 2 2 2 0.5
B © k] s
[3] K] [7] ()
@ @ x @ 00
l [ Control 5% strain, 0.5Hz @l 10% strain, 0.5Hz @8 10% strain, 1Hz

Figure 6-3: Chondrogenic and osteogenic gene expression of MSCs encapsulated in fibrin hydrogels
and cultured in media supplemented with chondrogenic growth factor TGF-pB3 for 21 days. Cyclic
tensile strain was found to promote endochondral ossification of chondrogenically primed MSCs in a
magnitude and frequency dependent manner. Data are presented as fold-changes, relative to the non-
loaded (control) group. RUNX-2/SOX9 ratio is presented as fold change/fold change. Significant
differences between groups are indicated where P<0.05 (n = 5). See Table 1 for explanation of gene

symbols.

CTS was also found to enhance the expression of genetic markers associated with
an osteogenic phenotype in a magnitude and frequency dependent manner (Figure 6-3).
Application of smaller strains appeared to be insufficient to evoke a response in many of
the osteogenic markers investigated, with only ALPL upregulated following application of
5% CTS (142.24 + 0.18, P<0.0001). Of the loading regimens investigated, a tensile stimulus
of 10% strain at 1Hz was observed to evoke the largest increase in osteogenic gene
expression and resulted in a significant upregulation of BMP-2, RUNX2, COL3A1 and OPN
(1N7.02 £ 0.92, 139.41 + 0.4.34, 12.05 + 0.25, and 1°2.24 + 0.31; P<0.015) when
compared to the non-loaded control group. Furthermore, the ratio of RUNX2 expression
to SOX9 expression was dramatically increased in the 10% CTS groups (Figure 6-3). The

magnitude of strain appeared to effect gene expression to a greater degree than
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frequency, with the only apparent difference due to strain frequency being a smaller
increase in BMP-2 expression in samples strained at 0.5Hz compared to 1Hz. However,
BMP-2 levels in this 10% CTS group still remained greater than those in hydrogels strained
by both 0 and 5%. In contrast to the 5% CTS group, the application of 10% strain lead to a
significant downregulation in ALPL expression after 21 days compared to non-loaded

controls.
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Figure 6-4: F-actin staining (a) and quantification of filament anisotropy (b) of MSCs encapsulated in
fibrin hydrogels and cultured in tensile strain bioreactors in media supplemented with chondrogenic
growth factor TGF-B3 for 21 days. The application of cyclic tensile strain was found to increase

cellular organisation. Significant differences between groups are indicated where P<0.05 (n =5).

6.4.3 Cyclic tensile strain promotes cellular alignment of MSCs in 3D fibrin hydrogels

Filamentous-actin staining and confocal imaging of MSC laden 3D hydrogels showed
spindle shaped, spread cells with well-developed actin networks in all groups (Figure
6-4a). Image analysis and quantification of cellular organisation revealed that the
application of CTS resulted in enhanced anisotropy of the actin network in all groups
subjected to mechanical strain (Figure 6-4b). Analysis of images from a replicate study
showed a similar trend, but with significantly increased anisotropy in samples subjected

to 10% strain only (data not shown).
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6.5 Discussion

Our long bones develop and heal through the process of endochondral ossification. The
objective of this study was to explore the role of mechanical cues in regulating the
initiation and progression of endochondral ossification. The hypothesis was that uniaxial
cyclic tensile strain would promote an endochondral phenotype in MSCs encapsulated
within physiologically relevant 3D fibrin hydrogels. While it has previously been reported
that CTS promotes a fibrochondrocyte phenotype in MSCs seeded in 3D hydrogels
(Connelly et al. 2010), the role of this mechanical stimulus in regulating the conversion of
cartilage into bone remains poorly understood. The findings of the current study suggest
that CTS can promote osteogenesis of MSCs, either directly or indirectly through a
cartilage intermediate, and therefore may play a key role in both intramembranous and

endochondral ossification of MSCs.

The application of CTS to MSCs cultured in the absence of soluble differentiation
factors was found to increase the expression of osteogenic and tenogenic markers.
However, the chondrogenic markers COL2A1 and SOX9 were not expressed in either
unloaded or loaded conditions (Figure 6-1). Furthermore, in agreement with recently
reported findings in 2D culture systems (Li et al. 2015), it was found that mechanical
loading supressed adipogenesis of MSCs. This suggests that CTS is a positive stimulus for
intramembranous ossification of MSCs, with tensile loading induced increases in BMP-2
expression a likely mechanism that warrants further investigation. Other loading
modalities such as compressive and shear loading have also been shown to lead to
increased growth factor expression in MSCs (Huang et al. 2004, Li et al. 2009, Li et al.
2010). Increased osteogenesis on stiff substrates has been linked to cytoskeletal tension
and RhoA and RhoA kinase (ROCK) signalling, a pathway which is known to regulate
remodelling of the actin cytoskeleton and play a key role as a dynamic mechanosensor
(Peyton et al. 2007, Guilak et al. 2009, Khatiwala et al. 2009, Holle and Engler 2011).
Mechanical cues such as cyclic stretch and fluid flow have also been shown to promote
cell stiffening, enhance cytoskeletal tension and be dependent upon RhoA/ROCK
signalling pathways, suggesting common molecular mechanisms translating diverse
mechanical cues into increases in osteogenesis (Chiquet et al. 2004, Lee et al. 2006,
Matthews et al. 2006, Arnsdorf et al. 2009). These findings add to the growing body of

work pointing to the role of different mechanical cues such as substrate stiffness
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(Huebsch et al. 2010, Park et al. 2011) in directing either an osteogenic or adipogenic

phenotype in MSCs.

Given that long bones form and generally regenerate via endochondral
ossification, we examined the influence of longer-term CTS on chondrogenically primed
MSC laden 3D hydrogels to explore how this mechanical cue regulates the process of
endochondral ossification. The application of CTS was found to influence the expression
of both chondrogenic and osteogenic genes in a strain magnitude and frequency
dependent manner. 10% tensile strain at 1Hz was found to promote both chondrogenic
(ACAN, SOX9) and osteogenic (BMP-2, RUNX-2, OPN, COL3A1) gene expression, whereas
5% strain was determined to be insufficient to induce upregulation of many of these
markers (Figure 6-3). Interestingly, mechanical stimulation was observed to lead to an
inhibition of COL2A1 expression. COL2A1 expression has previously been shown to follow
a temporal profile during endochondral ossification, with peak expression observed at
day 7 after BMP-2 induced bone formation (Clancy et al. 2003). MSCs in hydrogels
strained at 10% also exhibited a downregulation in ALPL expression after 21 days,
whereas those strained at 5% showed enhanced ALPL expression (Figure 6-3). ALPL is
considered to be an early marker of osteogenesis in MSCs and is upregulated during the
differentiation phase and then downregulated prior to mineralization (Kulterer et al.
2007). Therefore, the downregulation in ALPL expression observed in MSCs subjected to
higher magnitude strains may further suggest that CTS is accelerating the process of
endochondral ossification. Furthermore, the ratio of RUNX-2 to SOX9 was dramatically
increased (>14 fold increase) following application of 10% CTS. SOX9 has been shown to
be highly expressed in pre-hypertrophic chondrocytes, but not in hypertrophic
chondrocytes (Zhao et al. 1997, Hattori et al. 2010). It exerts an inhibitory effect on
RUNX2 function (Zhou et al. 2006) and therefore has been reported to be a negative
regulator of bone marrow formation and endochondral ossification (Hattori et al. 2010).
There is also evidence to suggest that increased expression of RUNX2 combined with
SOX9 downregulation in hypertrophic chondrocytes is a prerequisite to initiation of the
cartilage-bone transition in the growth plate (Hattori et al. 2010), and the RUNX2 : SOX9
ratio has been reported to be an positive indicator of osteogenic potential in MSCs

(Loebel et al. 2014).
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The application of uniaxial CTS was also found to promote re-organization of actin
filaments and reduce overall anisotropy in the actin network (Figure 6-4), consistent with
previously reported studies of MSCs cultured on both 2D (Hamilton et al. 2004, Chen et
al. 2008) and 3D substrates (Altman et al. 2002). Anisotropic cellular and matrix
organisation is a characteristic of many developing biological tissues. For example, it has
been shown that collagen orientation in the perichondrium of long bones align with the
direction of growth, and it has been suggested that this is due to the combination of
mechanical tissue strain and the synthesis of new tissue matrix (Foolen et al. 2008).
Growth plate tissue is also highly anisotropic, with distinct cellular organization;
chondrocytes are arranged into vertical columns which act as functional units of
longitudinal bone growth (Hunziker 1994). Since chondrocyte alignment is a hallmark of
hypertrophy and endochondral ossification in developing limbs, it is likely that novel cell
culture systems that reduce cellular anisotropy and guide structural alignment will be

required when engineering grafts to repair structurally complex tissues.

While it is clear that the application of extrinsic mechanical loading can guide stem
cell fate, a more complete understanding of how they respond to specific mechanical
signals is needed for successful cell based strategies in musculoskeletal medicine. The
data presented here suggest that CTS may be a positive stimulus for the promotion of
both intramembranous and endochondral ossification of MSC depending on the context
in which the stimulus is applied. This should inform the development of novel tissue

engineering strategies for cartilage and bone regeneration.
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Chapter 7 Discussion

7.1 Overview of research findings

The studies presented in this dissertation aimed to investigate how joint-specific in vivo
environmental cues can be replicated and manipulated in vitro to regulate the
differentiation of MSCs, their oxygen consumption rate and ultimately the composition of
the tissue they produce. The articulating joint is a complex, low oxygen environment,
featuring gradients in nutrient availability and extracellular matrix composition and
architecture, and subjected to multiple modes of extrinsic mechanical stimuli. These
studies aim to isolate and decouple these various stimuli with a view to engineering

functional cartilage tissue grafts.

In Chapter 3, it was demonstrated, via a combined experimental and numerical
modelling approach, that oxygen availability throughout cell seeded tissue grafts of a
clinically relevant scale is drastically effected by the culture environment oxygen tension
and cell seeding density of the engineered construct. These gradients were found to
significantly influence both cartilage matrix synthesis and distribution; while both sGAG
and collagen synthesis were enhanced in regions of hypoxia (< 5% PO;), very low oxygen
environments (< 2% PO,) appeared to be detrimental to collagen production.
Furthermore, following growth factor induced chondrogenesis, both bone marrow-
derived MSCs (BMSCs) and infrapatellar fat pad-derived MSCs (FPSCs) were found to
adopt an oxygen consumption rate similar to that of chondrocytes, and it is proposed that
this metabolic switch may be considered a key determinant of the success of stem cell

based cartilage tissue engineering strategies.

Next, the influence of extrinsic mechanical stimuli on MSC seeded, clinically
relevant 3D grafts was examined through the use of various custom designed bioreactors.
In Chapter 4, it was demonstrated that the application of physiological levels of cyclic
hydrostatic pressure (HP) was found to enhance the functional development of
cartilaginous tissues engineered using both BMSCs and FPSCs. In addition, HP was found
to suppress calcification of tissues engineered using BMSCs cultured in chondrogenic

conditions, thereby suppressing endochondral ossification. It also acted to maintain a
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chondrogenic phenotype in cartilaginous grafts engineered using FPSCs after the

withdrawal of chondrogenic growth factors.

While dynamic compressive loading (DC) is known to induce a chondrogenic
phenotype and enhance cartilage matrix synthesis, while suppressing myogenesis of
MSCs, less is known about the influence of cyclic tensile strain (CTS) on MSC lineage
commitment in 3D grafts. In Chapter 5, a novel bioreactor system was developed and
demonstrated to be capable of applying accurate tensile strains to soft 3D hydrogels,
whilst maintaining cell viability within an aseptic, controlled environment. It was then
demonstrated that, in contrast to the pro-chondrogenic/anti-myogenic influence of DC
(Thorpe et al. 2012), CTS can suppress chondrogenic markers and promote a more
myogenic phenotype in BMSC seeded collagen-alginate blended hydrogels. Furthermore,
this response was found to be dependent on both matrix stiffness and MSC morphology,
thus highlighting the complex interplay between tensile stimuli, matrix rigidity and

cellular morphology when guiding MSC fate in 3D engineered grafts.

Finally, in Chapter 6, recognising that bone can form and heal through either an
intramembranous or an endochondral pathway, the influence of CTS on these processes
was examined. Mechanical loading, applied in the absence of soluble differentiation
factors, was found to enhance the expression of osteogenic genetic markers, while
inhibiting adipogenesis of BMSCs encapsulated in fibrin grafts, thus suggesting that CTS
may have act as a positive stimulus for direct intramembranous ossification. Next, the
influence of longer term CTS on hypertrophy of chondrogenically primed MSCs was
investigated. The presence of cartilage extracellular matrix and chondrogenic gene
expression confirmed the onset of chondrogenesis in all groups, while mechanical loading
was found to significantly upregulate the expression of genes associated with
osteogenesis and chondrocyte hypertrophy. This suggests that CTS may also promote
endochondral ossification of MSCs in 3D fibrin grafts. Furthermore, CTS was shown to
reduce anisotropy of the cellular actin network and promote MSC alignment; an outcome

which will likely be of benefit when engineering tissues of complex structures.

Taken together these findings demonstrate a complex interplay of biophysical and
biochemical stimuli, which must be considered when developing next generation tissue

engineering strategies.
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7.2 Significance of research findings

Tissue engineering strategies that attempt to recapitulate native-like tissue architecture
will likely require a measure of both temporal and spatial control of the local biochemical
and biophysical cellular environment, and the findings presented in this dissertation can
be employed to guide these strategies. A major consideration when engineering grafts of
a clinically relevant scale is oxygen and nutrient availability. While gradients in these
factors may be desirable to achieve inhomogeneous and anisotropic (and thus structurally
complex) tissue development, care must be taken to avoid introducing unwanted regions
of oxygen deprivation. Furthermore, as demonstrated here, as MSCs adopt an oxygen
consumption profile similar to that of the target phenotype, this will in turn influence the
local oxygen gradients, therefore perhaps necessitating the option of dynamically
adjusting and managing the local oxygen environment. However, through careful
consideration of initial cell seeding density and construct geometry and knowledge of
temporal changes in MSC metabolism, combined with numerical modelling techniques
such as those presented here, the optimal gradients may be induced and maintained.
Additionally, the minimally invasive spatial oxygen tension measuring techniques
described here may also be employed to provide real-time monitoring, thereby allowing
the tissue engineer to make informed adjustments to overall oxygen availability. Potential
methods of adjusting oxygen availability range from more sophisticated systems, such as
real-time oxygen monitoring feedback-controlled, perfusion bioreactors, to the traditional
use of N, cell culture incubators or, as demonstrated here, simply adjusting the depth of
cell culture medium above the graft. Furthermore, since such monitoring techniques
could also be used in conjunction with analyses of metabolites to confirm that the target
metabolic profile has been achieved. These results can then be paired with genetic

profiling techniques and biochemical analyses to verify successful MSC differentiation.
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The studies presented here also add to the growing body of evidence indicating
that extrinsic mechanical stimuli can be a powerful tool for guiding MSC fate and,
depending on the desired outcome, can be used in combination with, or in place of,
biochemical stimuli such as soluble growth factors. Abnormal endochondral ossification
has been implicated as contributing factor in osteoarthritis, a pathologic condition
characterized by loss of cartilage, abnormal mechanical stresses and alterations in the
subchondral bone architecture (Griffin and Guilak 2005, Cox et al. 2013). Furthermore,
engineering of grafts for the treatment of full-thickness osteochondral defects will require
an understanding of, and an ability to influence, the process of endochondral ossification
(Sheehy et al. 2012, Mesallati et al. 2015, Sheehy et al. 2015). These studies
demonstrated that stiffer substrates, and matrices that impose a more spherical MSC
morphology, were optimal for promoting expression of several of the genetic markers
associated with the onset of the endochondral process. Additionally, it was demonstrated
that the application of physiological levels of HP can suppress the tendency of
chondrogenically primed MSCs to undergo endochondral ossification, whereas cyclic
tensile stimulation was revealed to enhance the expression of several markers associated
with this process. Interestingly, CTS was also found to enhance the expression of genetic
markers associated with direct intramembranous ossification in the absence of soluble
growth factors. These findings have implications for the development of future
regenerative strategies for treatment of osteoarthritis and osteochondral defects.
Furthermore, while the main focus of this dissertation is cartilage and bone tissue
engineering, CTS was also found to promote expression of genes associated with
myogenic differentiation and promoted the development of a smooth muscle phenotype
in MSCs encapsulated in 3D grafts. Therefore, the findings presented here may also have

implications for in vitro engineering of vascular tissue grafts.
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7.3 Limitations and future research directions

Due to limited resources, the studies presented here do not fully account for the intra-
donor variation that is commonly observed when examining cellular responses to
biochemical and biophysical stimuli. Therefore, it is recommended that for future studies
investigating these phenomena, multiple donors be examined to confirm the findings
stated in this dissertation. Furthermore, in the oxygen consumption profile study
presented in Chapter 3, the local oxygen tension was monitored at the centre of each
construct, whereas multiple measurement locations would increase the model validity.
Also, model input values for the Michaelis-Menten constant (K.,) were taken from
previously reported studies of MSC metabolic kinetics, and while the sensitivity of the
simulation outcome to this value is very low, accurate measurements of this parameter,
for each cell type used, would enhance model output accuracy. DNA quantification was
employed to estimate cell density and spatial distribution at final time-points; however
live/dead imaging techniques could be employed for improved accuracy. Finally, when
investigating cellular metabolism, no model that excludes glucose transport and cellular
uptake can present a full picture. Therefore, it is proposed that similar future studies
investigating temporal and spatial changes in MSC metabolism in 3D grafts should

involve:

e quantifying temporal changes in K, for each culture condition,

e using live/dead cell imaging techniques (instead of spatial DNA quantifications) to
more accurately measure cell density gradients in each graft for use as model
inputs,

e monitoring both oxygen and glucose concentrations at multiple locations,

e developing dual-species oxygen/glucose diffusion-reaction numerical models.

Indeed, although not presented here, the author has recently developed a fully
automated and programmable system that employs micro-step actuators to gradually
move the sensor tip through the construct, thereby monitoring oxygen gradients
throughout the tissue depth in real-time. Furthermore, the dual species oxygen-glucose

diffusion-reaction numerical models have also been developed. However, following an
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extensive review and testing program of currently available implantable glucose
biosensors, it appears that, due to the excessive oxygen dependency of current
generation electroenzymatic glucose sensors, it is unlikely that the technology currently
exists for sufficiently accurate, minimally invasive, spatial glucose monitoring in such
tissue constructs. In the meantime, it is suggested that micro-dialysis techniques may

offer a potential, if more invasive, solution.

It is also proposed that future development of bioreactors, should be informed by
the findings presented both in Chapters 4-6 of the current dissertation and in previous
studies, with a view to developing systems that introduce gradients in both the
biochemical and biomechanical environment. For example, bioreactor systems that
induce the mechanical stimuli with a chondro-inductive (e.g. dynamic compression) and
chondro-protective (e.g. intermittent hydrostatic pressure) influence in one region of a
graft, while emphasizing endochondral ossification inductive stimuli (e.g. cyclic tensile
strain) in the remaining section. While current systems are unlikely to facilitate such fine
control, the author would suggest looking to the articulating joint for inspiration for the
development of next generation biomimetic culture systems; an innovative articulating
bioreactor could conceivably induce various modes of loading simultaneously. The
benefits of such systems could then be complemented by employing biomaterials with
graduated features, such as mechanical rigidity, integrin binding site availability, pore size
and permeability. Furthermore, such a system could perhaps feature perfusion systems,
which coupled with variable matrix permeability, may allow a measure of oxygen and
nutrient gradient control, while growth factor eluting degradable matrices could
potentially introduce tuneable, region-specific cytokine release. Such a system could
potentially encourage spatial variants in stem cell phenotype, morphology and
distribution tissue grafts seeded throughout with initially similar progenitor cells, and

ultimately allow development of structurally complex tissue grafts.
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Chapter 8 Conclusion

The objective of the studies presented here was to investigate the influence of joint-
specific environmental factors on MSC differentiation and subsequent tissue formation. It
was demonstrated that the fate of MSCs may be directed by varying oxygen gradients in
tissue grafts and through the application of physiological levels of various modes of

mechanical loading. The main findings of this thesis are as follows:

» Following growth factor induced chondrogenesis, both bone marrow-derived MSCs
(BMSCs) and infrapatellar fat pad-derived MSCs (FPSCs) adopt an oxygen consumption

rate similar to that of chondrocytes.

» Oxygen gradients within cell seeded hydrogels were shown to be dependent on the
culture environment oxygen tension and cell seeding density of the engineered construct,
and these gradients were found to significantly influence both cartilage matrix synthesis
and distribution. While both sGAG and collagen synthesis is enhanced in regions of
hypoxia (< 5% PO,), very low oxygen environments (< 2% PO,) appear to be detrimental to

collagen production.

» The application of physiological levels of cyclic hydrostatic pressure (HP) was found to
enhance the functional development of cartilaginous tissues engineered using both
BMSCs and FPSCs, and suppress calcification of tissues engineered using BMSCs cultured

in chondrogenic conditions, thereby suppressing endochondral ossification.

» A novel bioreactor system was developed and demonstrated to be capable of applying
accurate uniaxial cyclic tensile strains (CTS) to soft 3D hydrogels, whilst maintaining cell

viability within an aseptic, controlled environment.
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» CTS was found to suppress chondrogenesis and promote a more myogenic phenotype in
BMSC seeded collagen-alginate blended hydrogels, and this response was found to be
dependent on both matrix stiffness and MSC morphology. Both stiffer substrates and the
adoption of a round cell morphology were found to promote MSC chondrogenesis and
enhance expression of genetic markers associated with endochondral ossification,
whereas mechanical stimulation was found to synergize with a spread cellular

morphology to enhance myogenic gene expression.

» CTS was found to promote genetic markers associated with both direct intramembranous
and indirect endochondral ossification, enhance expression of tenogenic markers, but
suppress adipogenesis of MSC seeded 3D fibrin grafts. Furthermore, the application of
uniaxial CTS was also found to promote re-organization of actin filaments and reduce

overall anisotropy in the cellular actin network.

Development of next generation tissue engineering strategies will require a deeper
knowledge of how such stimuli influence stem cell lineage commitment in vitro, and a
more complete understanding of stem cell mechanobiology may ultimately allow us to
manipulate the in vivo mechanical environment to ensure such cells terminally
differentiate towards a desired phenotype upon implantation into the body. The insights
provided in this dissertation demonstrate that the biophysical and biochemical
environment in 3D grafts can be tailored to optimize MSC lineage commitment and

subsequent tissue development.
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Appendix A

Technical Drawings of Tension Bioreactor.
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