Effects of inflammatory mediators
on bone marrow mesenchymal

stem cells

Sarah Marsh, BSc (Hons)

A thesis submitted to the University of Nottingham for the degree

of Doctor of Philosophy

October 2018



Acknowledgements

Firstly, I would like to thank my supervisors, Dr Virginie Sottile and Prof
Vicky Chapman for this opportunity and their invaluable support and

guidance throughout my PhD.

I would also like to thank all of the members of the Sottile lab for their help
and friendship over these past 4 years, with a special mention to Nigel De

Melo, Anaid Lugo and Zubair Ahmed Nizamudeen.

Last, but not least, I would like to thank my family for always supporting,
encouraging and believing in me, and to Jen for your unwavering support,

kindness and words of wisdom when I needed it most.



Abstract

Despite osteoarthritis (OA) being the most prevalent form of joint disease,
there is a striking unmet need for treatment strategies, with current treatments
focused on the relief of pain symptoms. The inherent properties of
mesenchymal stem cells (MSCs) make them an attractive candidate for a novel
transplantation strategy, as they have both the potential to differentiate into
chondrocytes for replacement of degraded cartilage, and the potential to exert
immunosuppressive effects for modulation of the inflammatory environment.
However, the inflammatory environment of the joint may affect the ability of
these cells to functionally integrate into the host tissue and exert beneficial
effects, as indicated by a lack of success seen in clinical trials. Identification of
factors and cell signalling pathways that influence MSC function is therefore
critical for ensuring their success in the clinic, and so this in vitro project aimed
to identify the effects of inflammatory mediators on bone marrow MSCs
(BMSCs). To investigate this, BMSCs were cultured in the presence of
inflammatory mediators associated with OA pathology (IL-1§, IL-8, IL-10,
MCP-1, NGF), either individually or in combination. Results showed that
conditions containing IL-1{ significantly affected the differentiation response
of these cells under chondrogenic and osteogenic conditions. Gene expression
analysis revealed changes in MAPK, Wnt and TLR signalling pathways, and
highlighted the increased expression of pro-inflammatory cytokines and
cartilage degrading enzymes. This work provides a basis for further
investigation into factors present in the OA joint that may limit the therapeutic
potential of MSCs, supporting further research into ways to circumvent this

for novel OA treatments.
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Chapter 1 General Introduction

For review of the literature a short general introduction is provided here,

followed by more targeted introductory sections for each results chapter.

1.1 Regenerative medicine

Regenerative medicine has gained significant attention, from both the
scientific community and the public, since the identification of embryonic and
adult stem cells. Although sporadically described in the mid 20th century, it
was not until the latter half of the century that interest was gathered in the
discovery and utilisation of these cells (Martin, 1981; Thomson et al., 1998;
Bajada et al., 2008). Despite continuing efforts to expand knowledge, a
persistent lack of insight into the basic biology and functioning of these cells
is hindering their translation into the clinic, and as of yet their clinical
applications have had limited impact (Forbes and Rosenthal, 2014).
Nevertheless, their potential to target effects of localised disease, injury and
aging on a systemic level is substantial, and provides hope for many

alternative therapies in a host of scientific fields (Daley, 2012).

1.1.1 Stem cells: embryonic and adult

Laying the foundations for all tissues and organs, stem cells possess two
defining characteristics — self-renewal and multipotency. The former means
that these cells are able to divide and maintain their undifferentiated status,
whilst the latter describes their capacity to differentiate into different cell
lineages (Bajada et al., 2008). There are two primary categories of stem cells:
embryonic stem cells (ESCs), derived from the inner cell mass of blastocysts,

and adult stem cells (ASCs), accessible from somatic tissue sources. ESCs are



described as pluripotent, with their ability to differentiate into any mature cell
type. In contrast, ASCs are described as multipotent or unipotent, as they
generally give rise to the specialised cells from the tissue in which they reside.
Other stem cell types that fall outside of these two broad categories exist, and
include engineered or induced pluripotent stem cells and cancer cells
possessing stem-like qualities (Alvarez et al., 2012). Although ESCs hold
important potential for research in stem cell therapy, their current clinical uses
are hindered by ethical and safety concerns, and so for many research

strategies ASCs are the cells of choice (Bellayr and Li, 2009).

1.1.2 ASCs

ASCs contain functional properties that allow them to differentiate and
replenish endogenous mature cell types within the tissue of which they reside.
Co-localised with supporting cells, it is understood that their function is
heavily influenced by bidirectional interactions with the surrounding
specialised microenvironment (Schofield, 1978; Jones and Wagers, 2008). This
means that, as well as being utilised to replenish lost endogenous cells, they
could also be beneficial in exerting localised paracrine effects (Casarosa, Bozzi
and Conti, 2014). Some of the best-characterised ASCs are derived from the
bone marrow, and include haematopoietic stem cells (HSCs), mesenchymal
stem cells (MSCs) and endothelial progenitor cells. Although the majority of
adult mammalian tissue displays a low cell turnover, with exceptions such as
the skin, blood and gut, it was not until relatively recently that organs like the
brain and heart were considered to harbour cells with self-renewal and
regenerative potential. Now cardiac stem cells and neural stem cells are being
demonstrated to have huge potential clinical implications (Mimeault, Hauke

and Batra, 2007).



1.1.2.1 ASC potential

With less ethical considerations and easier accessibility, ASCs are a useful tool
and candidate for stem cell research, and subsequent translation into the clinic
(Bellayr and Li, 2009). A further important benefit of ASC therapy derives
from the ability to harvest the cells directly from the patient requiring
treatment, thereby minimising the risk of rejection through autologous
transplantation. However, it should be noted that many of the diseases
proposed as potential beneficiaries of these therapies are progressive and
found in the aging population (Ahmed et al., 2017). It is established that age
negatively impacts on both ASCs and their niche (Carlson and Conboy, 2007),
meaning that the cells derived from these patients may be less accessible and
of limited therapeutic benefit if screening procedures to isolate cells
expressing functional phenotypes are not developed and implemented

(Dimmeler and Leri, 2008).

1.1.2.2 ASC microenvironment

The environment in which the specific ASC resides, coined the stem cell
‘niche’, is a key regulatory factor in the maintenance, differentiation and
function of the cells, and influences their ability to be functionally integrated
upon transplantation (Schofield, 1978). Within this niche, various factors are
found, namely the extracellular matrix (ECM), cellular components and the
vasculature; as well as constituents and effects of the immune response upon
disease or injury (Rezza, Sennett and Rendl, 2014). The ECM highlights the
bidirectional nature of this cell-environment relationship as the ASCs produce
components of the ECM, which, in turn, is important in regulating their
proliferation and divisional capabilities (Watt and Huck, 2013). Moreover, the

close contact with capillary endothelium allows for delivery of oxygen,



metabolites and immunological signals, which can exert their effects on ASCs

to regulate their function (Gémez-Gaviro et al., 2012).

1.1.3 Challenges for stem cell research

Currently, there are two proposed methods of stem cell exploitation for
therapy — mobilisation of endogenous stem cells and transplantation of
exogenous stem cells. Challenges facing the latter shall be explored.
Transplantation of cells functionally identical to the endogenous cells of the
target tissue provides potential for high specificity and efficacy, but also
brings with it a wide set of challenges (Dimmeler et al., 2014). The challenges
faced by the field from an exogenous transplantation perspective include, but
are not limited to, sourcing of the most appropriate stem cells (embryonic vs.
adult, and donor source), transportation and delivery of the cells into a
patient, targeting of cells to the site of interest and retention there, and

subsequent functional integration of the cells into the host tissue.

1.1.3.1 Challenge: stem cell delivery, targeting and retention strategies

The delivery of stem cell populations at the site of transplantation is a critical
parameter for success, whereby efficient cell survival and targeting directly
relates to success of a positive clinical outcome and minimisation of unspecific
and harmful effects (Dimmeler et al., 2014). ASCs have been shown to be
migratory in nature, which has not only been described as advantageous for
cell targeting at sites of injury, but can also enable their use as a therapeutic
delivery agent to release substances at specific sites of damage (Miiller, Snyder
and Loring, 2006). However, there are hurdles in the targeting and retention
of cells. This is highlighted by the fact that the routinely used HSC
transplantation therapy for treatment of multiple myeloma and leukaemia still

provides limited efficacy due to suboptimal cell survival, targeting and
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retention (Bryder, Rossi and Weissman, 2006). One method to overcome such
targeting and retention issues could lie in the reprogramming of cell gene
expression, and despite safety hurdles, this approach is yielding some
promising results (Dimmeler ef al., 2014). For example, treatment of HSCs with
prostaglandin E2 induces expression of genes involved in targeting and
retention of cells (such as CXCR4), thereby improving their potential efficacy
(Cutler et al., 2013).

A different method recently described for the targeting and retention of cells,
is the use of magnetic micro- and nano-particles; extending the well-
established foundations set by techniques such as magnetic resonance
imaging (Pankhurst et al., 2009). Stem cell studies, based on the theoretical
idea that internalised magnetic particles, and therefore cells, can be
mechanically controlled through magnetic fields, were reported in vitro by
Sura, et al. (2008), whereby stem cells were magnetically trapped during fluid
flow. Since then these results have been supported by in vivo studies, the first
of which showed that magnetically labelled endothelial progenitor cells were
successfully localised at a site of vascular injury (rat carotid artery) (Kyrtatos
et al., 2009). Advancement and optimisation of this technique could provide a
great tool for circumventing the challenges associated with targeting and
retention of cells at a site of injury or disease. It may also be extended to
challenges against the differentiation ability of cells at a site of injury, as
further studies utilising these magnetic particles have also shown the ability
to direct differentiation by mechanical signals alone. An example of this is the
activation of surface receptors by magnetic actuation, in order to promote

gene expression that drives differentiation (Pankhurst et al., 2009).



1.1.3.2 Challenge: stem cell functional integration

One of the most challenging aspects of stem cell therapy research may lie with
the efficient integration of functional cells into the recipient tissue, to promote
homeostatic function and subsequent repair. Investigation into both the
intrinsic molecular pathways that underpin homeostatic stem cell function
and the properties of the stem cell environment is essential for understanding
how to successfully integrate transplanted ASCs (Dimmeler et al., 2014). A
positive approach to study this is to consider the diseased, injured or aged
state, whereby trophic signalling is altered, and site-specific repair
mechanisms are in place. An example of success lies with adult muscle stem
cells (AMSCs) essential for muscle regeneration (Conboy et al., 2003). With
age this regeneration slows, resulting in muscle wasting. In parallel, at the
molecular level, a delayed response of the Notch signalling pathway within
the aged AMSC has been detected. Upon pharmacological stimulation of this
pathway, the delayed response is reversed and symptoms improved, giving
insight into a cell-specific response involved in this tissue regeneration

strategy (Conboy et al., 2003).

A particularly challenging area to functionally integrate transplanted stem
cells is in joints afflicted by osteoarthritis (OA), a debilitating disease which
currently lacks efficacious treatment options (Arthritis Research UK, 2013).
There is, therefore, a huge potential for the advancement of methodologies to
produce functional stem cells for tissue repair in OA, but this requires a
greater understanding of OA pathogenesis and elucidation of key mediators

that may influence the functional integration of stem cells in this disease.



1.2 Osteoarthritis

OA is the most prevalent form of joint disease. With 8.75 million people in the
UK seeking treatment, this disease has a huge impact both economically and
societally, and this is estimated to rise significantly due to an aging population
and increasing levels of obesity — two of the disease’s biggest risk factors
(Arthritis Research UK, 2013). In fact, reports of knee OA, which currently
afflicts 4.71 million people in the UK, are expected to rise to 6.5 and 8.3 million
by 2020 and 2035 respectively (Arthritis Research UK, 2013).

Currently there is no effective treatment to help prevent disease progression
or reverse the damage experienced by affected joints (Tonge, Pearson and
Jones, 2014). Instead, symptoms are managed primarily through the use of
analgesics or anti-inflammatory agents (e.g. non-steroidal anti-inflammatory
drugs, such as ibuprofen, aspirin and naproxen) to relieve the pain frequently
experienced with this condition. However, these themselves create further
side effects and contribute to 4% of total hospital admissions (Arthritis
Research UK, 2013). When symptoms become too difficult to manage joint
replacements are undertaken, and these account for 97% of initial knee and
91% of initial hip replacements, costing an estimated £5 billion to health care
providers each year (National Joint Registry, 2014). Therefore, there is an
urgent need for alternative OA therapies. However, in order to identify
potential ~ therapeutic  targets,  further = information  regarding
pathophysiological induction and progress of the disease needs to be

elucidated.



1.2.1 Pathophysiology

OA is described as a cluster of diseases, as the etiology of disease varies

between patients. However, it can universally be defined as a progressive,

chronic disease which affects the whole joint (Little and Smith, 2008) resulting

in a number of changes including, but not limited to, loss of articular cartilage

integrity, subchondral bone remodelling and osteophyte formation, and

synovial inflammation (synovitis) (Buckwalter and Mankin, 1998; Hunter,

2011) (Figure 1.1). It should be noted that there is debate over whether loss of

articular cartilage or bone remodelling occurs first, however synovitis can be

indicated before either of these structural changes are observed (Ayral et al.,

2005; Krasnokutsky et al., 2011; Roemer et al., 2011).
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Figure 1.1 Osteoarthritis pathophysiology

Pathological changes observed in OA include cartilage breakdown, bone remodelling,

osteophyte formation, synovitis and muscle damage (Adapted from Hunter, 2011).



1.2.1.1 Cartilage

In healthy joints, cartilage envelops the end of the bones, acting as a gliding
structure that provides cushioning between the bones. Subsequently, this acts
to prevent high load damage to the joint as a result of mechanical injury (Fox,
Bedi and Rodeo, 2009). The cartilage itself comprises of chondrocytes (1-2%),
a fluid phase (70-80%) and a solid phase (20-30%), the latter consisting of
collagen (e.g. collagen type II) and proteoglycans (e.g. aggrecan) (Fox, Bedi
and Rodeo, 2009).

In OA, disruption to cartilage homeostasis, and subsequent cartilage
breakdown, is a hallmark of disease (Wieland et al., 2005), an event to which
matrix metalloproteinases (MMPs) have been directly and consistently linked
(Iannone and Lapadula, 2003). In OA, normally inactive chondrocytes become
activated and start to proliferate whilst also producing these MMPs (Goldring
and Marcu, 2009). Some of the most widely studied MMPs implicated in this
process include collagenase-1 (MMP-1) and collagenase-3 (MMP-13), which
are involved in the degradation of native collagen (Freemont ef al., 1997), with
the latter also able to degrade aggrecan (Burrage, Mix and Brinckerhoff, 2006).
Moreover, the degradation of proteoglycans by stromelysins is primarily
driven by stromelysin-1 (MMP-3) (Okada et al., 1992), whilst the enzymatic
destruction of denatured collagen is promoted by gelatinase 92kD (MMP-9)
(Bigg et al., 2007). The process of MMP activation starts with the release of
proMMPs from chondrocytes, which are subsequently activated by cathepsin
B and plasmin. Conversely, activity of MMPs is inhibited by tissue inhibitors
of metalloproteinase (TIMPs), which bind to the active site of both MMPs and
proMMPs (Dean and Woessner, 1984). In OA, the action of cathepsin B is
crucial, as not only does it activate MMPs, but it also inhibits TIMPs. The

subsequent reduction of these inhibitory and anti-angiogenic proteins



primarily ensures that MMP concentration accelerates and also stimulates
angiogenesis (Kostoulas et al., 1999), a process linked to bone changes in OA,

such as osteophyte formation (Dodds et al., 1994).

1.2.1.2 Bone

An imbalance between bone formation and resorption is observed during
early stages of OA (Goldring and Goldring, 2010). Both the subchondral plate
and trabecular bone are affected, with the former sustaining thickening, whilst
the latter withstands irregular structural formation (Buckland-Wright, 2004).
Emergence of vascularised, bony outgrowths called osteophytes also occurs,
which is a hallmark of OA. Controversy surrounding their purpose is present;
with some studies implicating their role in stabilisation of the joint to protect
cartilage from further degradation (Brandt, 1999), whilst others suggest their

role in OA pain (Lanyon et al., 1998).

1.2.1.3 Synovium

Another essential component of the joint is the synovium. Also referred to as
the synovial membrane, this specialised connective tissue lines diarthrodial
joints, sealing the synovial cavity from surrounding tissues (Mathiessen and
Conaghan, 2017). It is composed of two layers, the outer underlying tissue
(subintima) containing a rich vascular and lymphatic supply as well as nerve
tibres, and the inner layer of cells (intima) consisting of synoviocytes (Smith,
2011). In the healthy synovium, these synoviocytes are primarily resident
fibroblasts, but macrophages are also present (Mathiessen and Conaghan,
2017). The synovium plays a crucial role in the maintenance of joint structure
and function though a variety of mechanisms. One is by acting as a source of
synovial fluid (SF) components, such as hyaluronic acid (HA) (Hui et al., 2012),

whose role includes protection of articular cartilage. Another is through
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providing nutrients from the vascular and lymphatic systems, which are not
present in articular cartilage (Smith, 2011). In this way, it is essential in both

the provision and removal of products and metabolites.

During OA, the synovium becomes thickened (Wenham and Conaghan, 2010)
and the intima layer, which is primarily comprised of fibroblasts in healthy
tissue, has an influx of leukocytes from the vascular compartment (Scanzello
and Goldring, 2012). These infiltrating cells are mainly macrophages and T-
cell lymphocytes, though other cells can be observed to a lesser extent,
including B cells, mast cells and plasma cells (de Lange-Brokaar et al., 2012).
Subsequently, pro-inflammatory mediators and enzymes are released into the
synovium and SF, thereby contributing to joint destruction (Kennedy et al.,
2011). It is postulated that much of the innate immune activation observed in
OA is aresult of synovial macrophages (Sokolove and Lepus, 2013). Moreover,
sensory innervation of the synovium is associated with nociception in OA,
and the efferent function of these nerves can allow for release of pro-
inflammatory mediators that drive the inflammatory response (McDougall,

2006; Takeshita et al., 2012).

1.2.2 Role of the immune response

Chronic inflammation is of fundamental importance and detrimental in many
age-related chronic diseases of the body, with OA being no exception.
Originally characterised as a “wear and tear” disease, this concept has been
challenged and redefined in particular as a result of the presence of synovial
inflammation (Sokolove and Lepus, 2013) and the bone marrow lesions
(BMLs) evident on magnetic resonance imaging scans (Felson et al., 2001).
Importantly, both synovial inflammation (Neogi et al., 2016) and BMLs (Felson

et al., 2001) are significantly associated with OA pain. The recent and continual
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expansion of knowledge regarding the role of the immune response and
synovitis in OA is vital in gaining a deeper understanding of OA

pathophysiology.

Nettelbladt and Sundblad (1959) first hinted at the role of the immune
response in OA after discovering elevated levels of inflammatory plasma
proteins in the SF and blood of OA patients. However, follow up of this
finding was largely ignored due to the comparison with the classical
inflammatory disease rheumatoid arthritis (RA) (Farahat et al., 1993; Smith et
al., 1997), in which inflammatory changes were much more marked. As well
as leading to a dismissal of the role of the immune response, it even meant
that OA samples acted as a control to RA experiments. Despite this, it has more
recently been proven that OA tissue and fluids are rich in inflammatory

mediators resulting in synovitis (Sokolove and Lepus, 2013).

The link between synovitis and OA initiation and progression has been
indicated by a number of more recent studies (Ayral et al., 2005; Krasnokutsky
et al., 2011; Roemer et al., 2011) which highlight the initiation of the immune
response before radiographical changes are observed for the classification and
diagnosis of OA. Furthermore, those with minimal radiographic disease also
show notable synovitis (Haywood et al., 2003), contributing to the notion that
inflammation is key during early stages of OA development and progression.
Interestingly, the reported pain symptoms were worse in those patients who
presented with synovial inflammation (Scanzello, 2012), and could also be
used as a predictive tool for faster cartilage breakdown (Scanzello and

Goldring, 2012).

Initiation of the innate immune response is observed in the OA joint. Pattern-

recognition receptors (PRRs) primarily located on synovial macrophages
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(Sokolove and Lepus, 2013), are activated by damage/danger-associated
molecular patterns (DAMPs) as a result of joint damage. Subsequently, this
activation initiates repair processes, which serve to perpetuate the cycle of
activation and breakdown (Sokolove and Lepus, 2013). Many of these DAMPs,
such as HA (Liu-Bryan and Terkeltaub, 2010), arise from the breakdown of the
ECM in the OA joint. This directly has an adverse effect on cartilage integrity,
and initiates the production of pro-inflammatory mediators, such as tumor
necrosis factor-a (TNFa) and interleukin (IL)-1 (Homandberg, Hui and Wen,
1996). A whole host of soluble inflammatory mediators such as these have
been implicated in the pathogenesis of OA (Sohn et al., 2012; Sokolove and
Lepus, 2013; Wojdasiewicz, Poniatowski and Szukiewicz, 2014), including
other cytokines such as IL-6 and IL-15 (Kaneko et al., 2000; Scanzello et al.,
2009), chemokines such as IL-8 and monocyte chemoattractant protein-1
(MCP-1) (Kaneko et al., 2000; Stanokovic et al., 2009), and adipokines such as
leptin and adiponectin (Dumond et al., 2003; Koskinen et al., 2011). Moreover,
plasma proteins such as al-microglobulin and a2-macroglobulin are elevated
as a result of this tissue damage and inflammation, resulting in further
production of pro-inflammatory mediators from toll-like receptor (TLR)-4
mediated macrophages, including IL-6 and vascular endothelial growth factor
(VEGF) (Sohn et al., 2012). TLR-4 is the most widely activated PRR by DAMPs,
which has also been implicated in the pain responses associated with OA

(Miller et al., 2015).

1.2.3 Pain

Despite current OA treatments only targeting pain symptoms most sufferers
continue to experience pain to differing degrees (Sofat, Ejindu and Kiely,
2011). Anecdotal evidence suggests that pain experiences worsen from

episodic to chronic over time (Schaible, 2012), though radiographic evidence
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is unable to provide a positive correlation between pain and structural joint
damage (Kidd, 2012). This could be in part due to the lack of nerve endings in
articular cartilage, and interestingly it has been noted that pain frequency and

severity is increased with higher levels of synovitis (Neogi et al., 2016).

Joint nerves contain Ad- and C-fibres in all structures of the joint, except
normal cartilage, allowing for the induction of signals upon stimulation
(Schaible et al., 2009). However, evidence for the initiation and propagation of
pain in OA is limited, in part due to a lack of information regarding neuronal
organisation of joint pain. This is in stark contrast to the wealth of knowledge
surrounding cutaneous pain (McDougall, 2006, Schaible, Schmelz and

Tegeder, 2006).

Sensitisation of joint nociceptors is increased in OA models, in a damage
dependent manner. This sensitisation occurs as a result of elevated
inflammatory mediators, such as prostaglandins and cytokines (Schaible,
Ebersberger and Natura, 2011). Subsequently, central sensitisation of the
central neurophysiological pathway occurs, with hyperexcitability of
ascending and non-ascending nociceptive spinal cord neurons and expansion
of the receptive pain field, thereby contributing significantly to the mechanical
hyperalgesia experienced (Schaible et al., 2009). These signals are mediated by
the brainstem, specifically in the periaqueductal gray region (Gwilym et al.,
2009). Furthermore, atrophy in the thalamus and gray matter of identified
pain-related cortical areas occurs as a consequence of the chronic pain

experienced by OA patients (Rodriguez-Raecke et al., 2009).

With a focus on the peripheral neuronal mechanisms in the joint, animal
models of OA pain have been undertaken primarily using the monoiodacetate

(MIA) model, in which a MIA injection rapidly induces an OA state due to its
14



toxicity to chondrocytes (Schaible, 2012), however this induction is
remarkably different to the slow, progressive nature of OA. Nevertheless,
animals with MIA-induced OA begin to display mechanical hyperalgesia and
it has been postulated that the initial inflammatory response contributes to
this. TNFa and IL-6 are two pro-inflammatory cytokines that become elevated
in this model (Orita et al., 2011). These cytokines have been proven to act on
nociceptive neurons as injection of them into non-OA joints results in the
sensitisation of Ad and C-fibres, which has even been shown to be partially
reversed once an anti-TNFa mediator (e.g. etanercept) is administered
(Richter et al., 2010). At a later stage of disease, the MIA model highlights the
elevation of nerve growth factor (NGF), a growth factor essential in the
nociceptor development process and subsequent maintenance of the
structural and functional properties (Orita et al., 2011). Human studies have
shown that anti-NGF treatments (e.g. tenazumab) relieve pain symptoms for
an extended period of time, in a dose-dependent manner (Lane et al., 2010).
Therefore, it is possible that neutralisation of these inflammatory factors could

be an effective way to reduce pain levels in OA patients.

1.2.4 Development of novel therapeutic strategies for OA

A lack of therapeutic options for OA highlights the urgent need for the
development of new strategies that can target the described pain,
inflammation and degeneration observed in the osteoarthritic joint. One
potential treatment strategy is the use of stem cells, with MSCs being the
leading candidate. First described by Friedenstein et al, (1966), these
multipotent stem cells demonstrate the ability to primarily differentiate into
cells of the mesoderm lineage, including chondrocytes, osteoblasts and
adipocytes. More recent findings have also highlighted the trophic and

immunomodulatory abilities of these cells (Baraniak and McDevitt, 2010;
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Kong et al., 2017) that allow them to modulate their local environment and
cells within it. Combined, these two biological functions could help to develop
a treatment strategy that targets pain, inflammation and regeneration of the

tissue.

Pre-clinical trials using animal models have successfully highlighted the
potential of MSCs in OA repair (Gupta et al., 2012). Interestingly, they have
supported the role of paracrine effects for repair, as joint regeneration in these
models have occurred primarily through mobilisation of native cells.
However, current clinical trials assessing the effectiveness of MSCs for OA
treatment do not provide unequivocal evidence for cartilage regeneration, and
although significant improvements in pain and physical function of the
treated joint have been reported, a systematic review of these trials suggests
that poor study design, large heterogeneity of results and high-risk of bias
impedes the quality of the results. In fact, utilisation of the Grades of
Recommendation, Assessment, Development and Evaluation (GRADE) rating
system to analyse these clinical trials, revealed that the acquired evidence used
to support the hypothesis that MSC transplantation leads to reduction in pain
and improved physical function is considered very low to low (lijima ef al.,
2018). This indicates that these clinical trials are ineffective at providing
evidence for MSC treatment and are not sufficient to support a clinical
recommendation. However, as MSCs hold promise for future treatment
strategies it is important to determine how these cells can be utilised

effectively during transplantation.

1.2.5 Effect of the OA microenvironment on MSCs

One potential cause for the lack of observed success in clinical trials of MSC

transplantation is the effect of the local inflammatory environment of the
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osteoarthritic joint. As the local environment in which a stem cell resides
conditions its maintenance, differentiation and function, the inflammatory
osteoarthritic environment can affect the ability of transplanted MSCs to
functionally integrate and exert their therapeutic effects, highlighting one of

the biggest challenges facing clinical applications of stem cells.

In the OA joint, endogenous populations of MSCs have been shown to display
an altered phenotype and differentiation potential (Coleman et al., 2010; Wyles
et al., 2015), and properties of a recently described, novel population of MSCs
suggest that they may even be contributing towards the OA phenotype
(Jayasuriya et al., 2018). Therefore, identification of factors and cell signalling
pathways that influence MSC function is critical for ensuring MSCs promote
reparative effects and do not contribute to disease pathology. These findings
will subsequently help to develop targeted MSC-based treatments for OA that
can regenerate joint tissue, modulate the immune response and relieve pain.
Some key inflammatory mediators that are involved in OA pathology are

described below.

1.2.5.1 Interleukin-1p

IL-1B is a pro-inflammatory, catabolic cytokine (Dinarello, 2011) that has been
shown to have a positive correlation between IL-1p levels and OA changes
(Kubota et al., 1997), as the limited amount of IL-1p found in healthy tissue is
markedly increased in chondrocytes, synovial cells and the SF of OA patients.
This cytokine is recognised by chondrocytes through their expression of the
type I receptor (IL-1RI), which is upregulated during OA, explaining the
catabolic effects of IL-1f in this condition (Shlopov, Gumanovskaya and
Hasty, 2000). Subsequently, an autocrine-positive feedback loop is initiated in

which the chondrocytes themselves produce higher levels of IL-1p3, as well as
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another pro-inflammatory marker IL-6 (Fan et al., 2007). Moreover, genetic
studies show that IL-18 antagonists are downregulated during this process

(Fernandes, Martel-Pelletier and Pelletier, 2002).

Recent studies have implicated the use of MSCs as a way to reverse this IL-13
mediated cartilage degradation (Tang et al., 2015). In contrast to its
inflammatory function, IL-13 evokes the immunosuppressive activity of
MSCs, and in a colitis study pre-treatment of transplanted MSCs with IL-13
led to more efficacious results (Fan et al., 2012). Additionally, IL-1(3 has been
shown to induce osteogenic differentiation of MSCs primarily through the
Wnt-5a/receptor tyrosine kinase-like orphan receptor 2 pathway (Sonomoto et

al., 2012).

1.2.5.2 Interleukin-8

The chemokine family are crucial in the inflammatory process through their
induction of chemotaxis in a variety of immune cells, including neutrophils,
lymphocytes and monocytes (Moser and Willimann, 2004). Specifically, with
regards to OA, their ability to contribute to the release of cartilage degrading
enzymes and pro-inflammatory cytokines, such as IL-13, TNFa and IL-6
(Pierzchala, Kusz and Hajduk, 2011), plays a critical role in joint pathology.
One such chemokine is IL-8 (or CXCLS8), which is increased in the SF of OA
patients (Kaneko et al., 2000). Interestingly, IL-8 directly affects MSCs by
increasing their ability to produce VEGF, thereby making the chemokine pro-

angiogenic, and is also endogenously secreted by MSCs (Hou et al., 2014).

1.2.5.3 Interleukin-10

An anti-inflammatory cytokine increased in an osteoarthritic joint is IL-10

(Iannone et al., 2001). Its importance in OA has been identified by the fact that
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genetically engineered MSCs, which overexpress IL-10, have the ability to
inhibit the development and progression of arthritis in a mouse model (Choi
et al., 2008). MSCs express IL-10 endogenously, however upon differentiation
cytokine expression profiles are altered and IL-10 expression is lost. In a rat
cardiac model, restoration of this expression restored the immunological
function of MSCs, indicating that IL-10 is a key mediator in the

immunoprivileged status of MSCs (Dhingra et al., 2015).

1.2.5.4 Monocyte chemoattractant protein-1

Another chemokine increased in the SF of OA patients is MCP-1 (or CCL2)
(Stanokovic et al., 2009). Secreted by a number of cell types involved in the OA
inflammatory process (including fibroblasts, monocytes and T cells), MCP-1
is a key mediator in the initiation of inflammation due to its chemoattractant
properties (Deshmane et al., 2009) as it stimulates monocyte, macrophage and
lymphocyte chemotaxis and transendothelial migration to inflammatory
lesions (Melgarejo et al., 2009). A member of the C-C chemokine family, this
signalling protein directly contributes to chondrocyte catabolism in OA
through promotion of apoptosis and inhibition of proliferation (Xu et al., 2015).
These observations may be due to increased proteinase expression and
inhibition of proteoglycan synthesis, respectively. Nevertheless, although
migration of MSCs is in part promoted by MCP-1 (Xu et al., 2010), the ability
of MSCs to undergo chondrogenic differentiation to replace damaged or lost
chondrocytes is shown to be inhibited by this chemokine (Harris et al., 2013).
Another function of MCP-1 in OA is its role in pain regulation via central
sensitisation, whereby increased protein expression levels mediate excitatory

effects in both the dorsal root ganglia and the spinal cord (Miller et al., 2012).
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1.2.5.5 Nerve growth factor

NGF is elevated at later stages of OA, and as previously described, it is
essential for nociceptor development and maintenance (Orita et al., 2011).
Therapies against this growth factor (e.g. tenazumab) reversed reported OA
pain symptoms and attenuated pain behaviour and aspects of joint pathology
in models of OA (Lane ef al., 2010). Although addition of NGF to MSCs
improved functional recovery of rat spinal cord injury (Huang, Wang and
Chen, 2006), in a more relevant study NGF slowed the rate of chondrogenic

differentiation in murine cells (Huang et al., 2013).

1.3 Aims and hypotheses

1.3.1 Scientific need

Despite MSCs holding promise as a novel treatment for OA, current clinical
trials assessing their effectiveness are unable to provide sufficient evidence
that would support their clinical recommendation (lijima et al., 2018). The
inability of MSCs to regenerate cartilage in these studies could be due to the
inflammatory osteoarthritic environment that they have been transplanted
into. This is particularly important as it is known that the local environment
in which a stem cell resides (it's ‘niche’) regulates many aspects of its biology,
including its ability to differentiate (Schofield, 1978). Furthermore, it is known
that MSCs found within the osteoarthritic joint display an altered phenotype
and differentiation potential, providing further evidence that the
osteoarthritic inflammatory environment affects the function of MSCs

(Coleman et al., 2010; Wyles et al., 2015; Jayasuriya et al., 2018).

If MSCs are to be used for regeneration of cartilage, their ability to differentiate

is a key parameter for success. Therefore, if their reparative capacity is to be
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harnessed for future OA treatment strategies, it is necessary to identify specific
mediators that are found in the osteoarthritic joint and assess their effects on

MSC:s.

1.3.2 Aims and hypotheses

The work within this thesis aimed to explore the effect of the inflammatory
osteoarthritic environment on BMSCs by studying the in vitro effects of a
selection of inflammatory mediators, that are known to be upregulated in the
osteoarthritic joint, on these cells. In this way, changes to proliferation,
viability, chondrogenic and osteogenic differentiation potential, and gene

expression were measured.

The inflammatory mediators chosen in this study are all known to contribute
to the pathogenesis of OA and included both pro-inflammatory mediators (IL-
1B, IL-8, MCP-1), anti-inflammatory mediators (IL-10) and growth factors
involved in OA pain (NGF). These mediators were specifically chosen in order
to identify if changes to MSC function occur due to a mediator’s inflammatory
properties, and to assess whether MSC functional changes could be enhanced
or recovered during combined exposure, which is more representative of the
osteoarthritic joint. This specific set of mediators were also chosen to help
widen the current understanding of these mediators’ roles in MSC

(dys)function.

It was hypothesised that pro-inflammatory mediators (e.g. IL-1p, IL-8, MCP-
1) would stimulate expression of genes involved in catabolism in human
BMSCs, as these mediators are proposed to form a cytokine network that
contributes to the pathogenesis of inflammatory joint disease (Harigai ef al.,

1993). Within this, it was hypothesised that these mediators would increase
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the expression of cartilage degrading enzymes, such as MMPs, thereby
increasing the breakdown of matrix proteins produced during chondrogenic
differentiation and decreasing the rate of chondrogenesis observed in vitro
(Merz et al., 2003; Xu et al., 2015; Liu et al., 2017). Although largely unstudied,
it was hypothesised that NGF could also have a catabolic effect on human
BMSCs, similar to pro-inflammatory mediators. This is due to this growth
factors pivotal role in the propagation of OA pain (Orita et al., 2011) and
previous findings that have shown NGF to slow the rate of chondrogenic

differentiation in murine cells (Huang et al., 2013).

On the other hand, it was hypothesised that anti-inflammatory mediators (e.g.
IL-10) could, to some extent, counteract the catabolic effects of pro-
inflammatory mediators, particularly as IL-10 is a key mediator of
immunosuppression and is known to inhibit OA progression in mice (Choi et
al., 2008; Dhingra et al., 2015). This cytokine has also been shown to stimulate
production of proteoglycans located in articular cartilage (van Roon et al.,

1996).

As bone remodelling is also an important component of OA pathogenesis, the
effects of inflammatory mediators on BMSCs was also studied. In contrast, it
was hypothesised that pro-inflammatory mediators and growth factors (e.g.
IL-13, IL-8, MCP-1, NGF) would increase the rate of osteogenic differentiation
of human BMSCs, as IL-13 has previously been shown to have this effect in
vitro (Sonomoto et al., 2012). On the other hand, it was hypothesised that anti-
inflammatory mediators (e.g. IL-10) would slow the rate of osteogenic
differentiation, as it has previously been seen to inhibit early osteogenesis in

murine BMSCs (Van Vlasselaer et al., 1994).
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However, due to a wealth of conflicting data over the effects of inflammatory

mediators (such as IL-18) on the rate of osteogenesis (Lacey et al., 2009;

Sonomoto et al., 2012) it was hypothesised that cell type and species may

influence any observed effects. Therefore, osteogenic differentiation was

undertaken using an immortalised murine BMSC cell line, an immortalised

human BMSC cell line (ihBMSCs) and human primary BMSCs in order to

investigate this hypothesis.

1.3.3 Objectives

The specific objectives of this study were:

1.

Identification of key inflammatory mediators that alter the biological
functions of BMSCs

Identification of key pathways that inflammatory mediators may use
to alter the function of BMSCs

Assessment of individual and combined inflammatory mediators on
the proliferation and viability of ihBMSCs during in vitro culture
Assessment of individual and combined inflammatory mediators on
the gene expression profile of ihBMSCs during in vitro culture
Assessment of individual and combined inflammatory mediators on
the chondrogenic potential of ihBMSCs, including changes to gene
expression

Assessment of individual and combined inflammatory mediators on
the osteogenic potential of a murine BMSC cell line, ihBMSCs and
human primary BMSCs, including changes to gene expression in

ihBMSCs
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Chapter 2 General Methods

General methods regarding MSC cell culture and molecular biology are
described here, followed by more targeted methods sections for each results
chapter. Materials were purchased from Sigma-Aldrich unless otherwise

stated.

2.1 MSC cell culture

All cell culture was performed in a class II microbiological safety cabinet
(ThermokFisher), providing unidirectional flow of sterile air to prevent external
contamination. All cells were maintained at 37°C with 5% CO: in a Hera Cell

150 incubator (Thermo Electron Corporation).

2.1.1 Bone marrow derived MSCs

Three types of bone marrow derived MSCs (BMSCs) were utilised in this
project. The most commonly used cell type was an immortalised human
BMSC cell line (ihBMSCs) (Okamoto et al., 2002), but both an immortalised
murine BMSC cell line (D1, ATCC CRL-12424) and human primary BMSCs
(Lonza, UK) were also utilised. In this early stage of investigation, readily
available and well documented immortalised human (passage 55-75) and
murine (passage 35-39) BMSC cell lines were utilised for comparison to, and
extension of, the existing literature. The use of two species also allowed for the
identification of species differences, which is particularly important when
considering future in vivo work. Human primary BMSCs (passage 4) were
further utilised as they constitute a clinically relevant cell type and provide an

enhanced reflection of potential human in vivo conditions.
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All of these cell types were cultured in low glucose (1g/L) Dulbecco’s Modified
Eagle Medium (DMEM) (Life Technologies), supplemented with 10% (v/v)
foetal bovine serum, 1% (v/v) non-essential amino acids, 1% (v/v) L-glutamine
and 1% (v/v) penicillin streptomycin, which is referred to as standard medium
(SM) throughout this project. DMEM is a defined media containing
components such as essential amino acids, salts, vitamins and iron that help
to provide a suitable environment that promotes cellular growth and
maintenance. The media is further supplemented by foetal bovine serum,
which contains a variety of growth factors to promote cell proliferation and
prevent apoptosis. The unstable essential amino acid, L-glutamine, is also
added along with non-essential amino acids to reduce the metabolic burden
and allow increased cellular proliferation. The addition of the antibiotic
penicillin streptomycin prevents contamination from both gram-positive and

gram-negative bacteria.

2.1.2 Passaging cells

Once cells had achieved 70-80% confluency, BMSCs were passaged using a
standard trypsinisation protocol. To achieve this, cells were first washed with
phosphate buffered solution (PBS) to remove any trypsin-neutralising serum,
before addition of 0.25% (v/v) trypsin/0.02% (v/v) ethylene diaminetetraacetic
acid (EDTA) at 37°C for 1 minute. Trypsin is a proteolytic enzyme that breaks
down proteins anchoring cells to the culture vessel surface, whilst EDTA
removes calcium required for the function of adhesion molecules at cell-to-cell
junctions. The flask then underwent mechanical stimulation to help detach
any remaining cells from the tissue culture plastic, and fresh SM was added to
halt the actions of trypsin and EDTA. The resulting cell suspension was
transferred to a universal tube and centrifuged for 5 minutes at 200 x g in a

Sigma 3-16 centrifuge. The subsequent pellet formed from centrifugation was
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resuspended in fresh SM and seeded into tissue culture flasks for continuation
of culture, or counted using the Countess II FL (ThermoFisher) automated
system and seeded into plates for experimental purposes. Typically, the cells

were seeded at a ratio between 1:3 and 1:6 for passaging after 2-3 days.

2.1.3 Inflammatory mediator exposure

Recombinant proteins IL-13 (Abnova), IL-8 (R&D systems), IL-10 (Source
Bioscience), MCP-1 (ThermoFisher) and NGF (ThermoFisher) were
reconstituted in PBS containing 0.1% (v/v) bovine serum albumin
(ThermoFisher) and were stored and aliquoted at suitable stock
concentrations at -20°C. These proteins were thawed and added to cell culture
medium at the concentrations displayed in Table 2.1 each time medium was
changed during initial cell proliferation and viability assays, whilst the
concentrations displayed in Table 2.2. were used for gene expression analysis

studies and during chondrogenic and osteogenic differentiation protocols.

Mediator Low dose Medium dose High dose
IL-18 1pg/ml 10pg/ml 100pg/ml
IL-8 0.5ng/ml Ing/ml 2ng/ml
IL-10 10pg/ml 50pg/ml 100pg/ml
MCP-1 0.5ng/ml 2.5ng/ml 12.5ng/ml
NGF Ing/ml 10ng/ml 100ng/ml

Table 2.1 Doses of inflammatory mediators cultured with BMSCs for cell proliferation and
viability assays
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Mediator Dose

IL-1p 100pg/ml
IL-8 2ng/ml
IL-10 100pg/ml
MCP-1 10ng/ml
NGF 10ng/ml

Table 2.2 Doses of inflammatory mediators cultured with BMSCs for gene expression
expression analysis, chondrogenic and osteogenic differentiation

2.2 Molecular biology analysis

2.2.1 RNA extraction

BMSCs in culture were washed twice with PBS and resuspended in Tri-
reagent for subsequent RNA extraction. First, cells were centrifuged in an
Eppendorf 5415R microcentrifuge at 3,000 x g for 5 minutes to pellet any
insoluble material. The supernatant was transferred to a fresh eppendorf tube
and chloroform (Fisher Scientific) was added at a 1:5 ratio. Samples were
vortexed and incubated at room temperature for 10 minutes to allow phase
separation. The samples were then centrifuged at 12,000 x g for 15 minutes and
following this the upper aqueous phase, containing nucleic acids, was
transferred to a new eppendorf tube. A 1:1 volume of 70% ethanol (EtOH) was
added and thoroughly vortexed before being transferred to a RNeasy
MinElute spin column from a RNeasy Micro Kit (Qiagen). RNA was then
extracted using this kit, according to manufacturer’s instructions. This
extraction included a DNase I treatment to remove DNA contamination from
the samples. On the final step, RNA samples were eluted in 14l of sterile
distilled water (SDW) and the RNA concentration and purity was assessed
using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies,

USA).
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2.2.2 cDNA synthesis

cDNA was synthesised from the extracted RNA via reverse transcription
using a High Capacity RNA-to-cDNA Kit (ThermoFisher), according to
manufacturer’s instructions. Briefly, 500ng-2pug of RNA was utilised to
synthesise the equivalent amount of cDNA by preparing a reaction mix
composed of reverse transcriptase (RT) buffer (containing dNTPs, random
octamers and oligo dT-16), RT enzyme (containing MuLV and RNase inhibitor
protein) and the RNA sample. The samples were subsequently mixed
thoroughly and incubated at 37°C for 1 hour in a heat block. After this time
the samples were transferred to a heat block at 95°C for 5 minutes. cDNA
samples were stored at -20°C until used in reverse transcription-PCR (RT-
PCR) for validation of successful cDNA synthesis, or used to analyse gene

expression by TagMan Low Density Arrays.

2.2.3 Reverse transcription PCR

Successful cDNA synthesis was validated using RT-PCR with primers for the
housekeeping gene GAPDH. Upon receipt lyophilised primers were
reconstituted in SDW to 5uM and stored at -20°C. RT-PCR was conducted
using Platinum Taq DNA polymerase (Invitrogen) in a reaction mixture
consisting of 100ng ¢cDNA, 2ul 10x PCR buffer (Invitrogen), 0.6ul MgClL
(Invitrogen), 0.6ul 2.5mM dNTPs (Invitrogen), 0.75ul 5mM forward primer,
0.75ul 5mM reverse primer and 0.15ul Taq polymerase made up to a total of
20l with SDW. The PCR reaction was carried out in a Labnet Multigene
Thermal Cycler (Labnet International Inc., USA) with the following
conditions: 5 minute initial denature step at 90°C, 40x cycles of 94°C for 30
seconds, 60°C for 45 seconds, 72° for 60 seconds, and a final 10 minute 72°C
extension step. Reactions were held at 4°C until removed for analysis using

agarose gel electrophoresis.

28



2.2.4 Agarose gel electrophoresis

RT-PCR products for cDNA validation were visualised using agarose gel
electrophoresis. Here a 2% agarose gel containing 0.0001% ethidium bromide
was made using Tris-acetate-EDTA (TAE) buffer and allowed to set for 20
minutes. The PCR samples were mixed with 6x loading dye (New England
BioLabs) and loaded onto the gel along with a 50bp hyperladder (Bioline) for
determination of product size. The gel was run at 85V, 400mA for 1 hour in
TAE, after which time PCR products were visualised using a FujiFilm LAS
4000 imager (FujiFilm UK Ltd, UK).

2.2.5 TagMan Low Density Arrays

Custom TagMan Low Density Array (TLDA) 384-well microfluidic cards
(ThermoFisher) were designed and used for analysis of gene expression.
Cards with a 96 gene x 4 sample layout were designed using probes from
ThermoFisher, which were then preloaded onto the card. Where possible
probes spanning an exon boundary and that were not in the untranslated

region were chosen. A list of the genes studied can be found in Table 2.3.

To load the microfluidic cards, 200ng of each cDNA sample was diluted in a
total of 50ul RNase free water in a LightSafe microcentrifuge tube, and an
additional 50ul of TagMan Universal Master Mix II with UNG was added. The
samples were vortexed thoroughly and this 100ul mix was added to each
reservoir of the TLDA plate. To disperse the cDNA across the wells, the plate
was centrifuged twice for 1 minute at 200 x g, after which the plate was sealed.
TLDA plates were run in a 7900HT Fast Real Time PCR System using SDS RQ
Manager Software (Applied Biosystems) using the thermal cycler settings in

Table 2.4.
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Relevance Gene Name
IL1B Interleukin 1 beta
IL1R1 Interleukin 1 receptor type 1
CXCL8 C-X-C motif chemokine ligand 8
CXCR1 C-X-C motif chemokine receptor 1
Inflammatory IL10 Interleukin 10
mediators and IL10RB Interleukin 10 receptor subunit beta
receptors CCL2 C-C motif chemokine ligand 2
CCR2 C-C motif chemokine receptor 2
NGF Nerve growth factor
NGFR Nerve growth factor receptor
NTRK1 Neurotrophic receptor tyrosine kinase 1
RUNX2 Runt related transcription factor 2
SP7 Sp7 transcription factor
i ALPL Alkaline phosphatase
Osteogenic ;
markers COL1A1 Collagen type 1 alpha 1 chain
BGLAP Bone gamma-carboxyglutamate protein
SPP1 Secreted phosphoprotein 1
IBSP Integrin binding sialoprotein
50X4 SRY-box 4
50X9 SRY-box 9
P4HA2 Prolyl 4-hydroxylase subunit alpha 2
Chondrogenic sDC2 Syndecan 2
markers SDC3 Syndecan 3
ACAN Aggrecan
COL2A1 Collagen type 2 alpha 1 chain
COL10A1 Collagen type X alpha 1 chain
PTGS2 Prostaglandin-endoperoxide synthase 2
PTGES2 Prostaglandin E synthase 2
HMOX1 Heme oxygenase 1
HLAG Major histocompatibility complex, class I, G
CSF3 Colony stimulating factor 3
IDO1 Indoleamine 2,3-dioxygenase 1
IFNG Interferon gamma
NOS1 Nitric oxide synthase 1
Immuno- NOS2 Nitric oxide synthase 2
modulatory IL1A Interleukin 1 alpha
mediator IL6 Interleukin 6
TNF Tumor necrosis factor
TNFRSF1A TNF receptor superfamily member 1A
NFKB1 Nuclear factor kappa B subunit 1
PPARA Peroxisome proliferator activated receptor alpha
PPARG Peroxisome proliferator activated receptor gamma
MMP1 Matrix metalloproteinase 1
MMP3 Matrix metalloproteinase 3
MMP13 Matrix metalloproteinase 13
Growth EGFR Epidermal growth factor receptor
factors and FGF2 Fibroblast growth factor 2
receptors FGFR1 Fibroblast growth factor receptor 1

30



HGF Hepatocyte growth factor
IGF1 Insulin like growth factor 1
PDGFRB Platelet derived growth factor receptor beta
VEGFA Vascular endothelial growth factor A
TGFB1 Transforming growth factor beta 1
TGFB3 Transforming growth factor beta 3
BMPRI1B Bone morphogenetic protein receptor type 1B
BMP2 Bone morphogenetic protein 2
BMP4 Bone morphogenetic protein 4
TGF-3/BMP BMP6 Bone morphogenetic protein 6
signalling GDEF2 Growth differentiation factor 2
SMADI1 SMAD family member 1
SMAD3 SMAD family member 3
SMAD5 SMAD family member 5
SMAD9 SMAD family member 9
NOG Noggin
MAPK1 Mitogen-activated protein kinase 1
MAPK MAPK3 Mitogen-activated protein kinase 3
signalling MAPK9 Mitogen-activated protein kinase 9
MAPK14 Mitogen-activated protein kinase 14
WNT5A Wnt family member 5A
ROR2 Receptor tyrosine kinase like orphan receptor 2
Wat ITPR3 Inositol 1,4,5-trisphosphate receptor type 3
. . WNT3A Wnt family member 3A
signalling -
WNT7A Wnt family member 7A
LRP5 LDL receptor related protein 5
CTNNBI1 Catenin beta 1
TLR1 Toll like receptor 1
TLR2 Toll like receptor 2
Toll like TLR3 Toll like receptor 3
receptor TLR4 Toll like receptor 4
signalling TLR5 Toll like receptor 5
TLR6 Toll like receptor 6
TLR9 Toll like receptor 9
IHH Indian hedgehog
SHH Sonic hedgehog
NOTCH1 Notch 1
Other HES] Hes family bHLH transcription factor 1
signalling NELL1 Neural EGFL like 1
pathways JAK2 Janus kinase 2
STAT3 Signal transducer and activator of transcription 3
TAZ Tafazzin
YAP1 Yes associated protein 1
RNA18S 18S ribosomal RNA
. ACTB Actin beta
Hou;zl:ze;pmg GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GUSB Glucuronidase beta
TBP TATA-box binding protein

Table 2.3 List of genes analysed using TLDAs
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Stage Temp (°C) Time (mm:ss)
Hold 50 02:00
Hold 94.5 10:00
92 00:15
Cycle (40 cycles) 60 01:00

Table 2.4 Thermal cycling conditions for TagqMan Low Density Arrays

2.3 Statistical analysis

Statistical analyses were carried out using GraphPad Prism 7 (GraphPad

Software, San Diego, CA).

All results were plotted as mean + standard error of the mean (SEM). A

Kruskal-Wallis test was performed for statistical analysis, followed by an

uncorrected Dunn’s test for post hoc multiple comparisons. Results were

considered statistically significant with a p-value of less than 0.05.
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Chapter 3 Analysis of the MSC response after
exposure to inflammatory mediators

3.1 Introduction

3.1.1 Paracrine activity of MSCs

The emergence of knowledge on the critical role that MSC paracrine activity
plays in the establishment of a regenerative microenvironment has broadened
the therapeutic potential of MSCs (Kusuma et al., 2017). This has been shown
by the many pre-clinical and clinical models that utilise MSCs in clinical
conditions that do not require differentiation into phenotypic lineages of these
cells (Caplan and Correa, 2011b). Instead, the trophic activities and
immunomodulatory actions of MSCs have been suggested to mediate up to
80% of the therapeutic effects seen during MSC treatment (Caplan and Dennis,
2006). They achieve this through secretion of a diverse range of bioactive
factors, including cytokines (e.g. IL-103, IL-6), chemokines (e.g. IL-8, MCP-1),
growth factors (e.g. NGF, transforming growth factor-p (TGF-f)) and
angiogenic factors (e.g. VEGF), which can act in both autocrine and paracrine
manners (Hofer and Tuan, 2016). This action allows MSCs to guide the fate of
other cell types in the local environment, including cells of the immune
response and local tissue cells of the cartilage and bone (Kusuma et al., 2017).
Therefore, harnessing MSC paracrine activity is being widely investigated for

consideration of OA repair strategies (Liang et al., 2014).

3.1.2 Effect of the inflammatory environment on MSCs

As the fate of MSCs is influenced by its local microenvironment, the presence
of an inflammatory environment, like that seen in OA, has the capacity to alter
the intrinsic biological functions of these cells (Park et al., 2009). These
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alterations could be beneficial through the promotion of an
immunosuppressive MSC response. Here, identification of specific factors that
interact with MSCs, and the understanding of their subsequent effects on
cellular signalling pathways, would allow for exploitation of MSCs for
improved therapeutic outcomes (Kusuma et al., 2017). Alternatively, these
alterations could be detrimental to the functions of MSCs, and in fact
endogenous MSCs in the OA joint have been shown to present with an altered
phenotype and differentiation capacity, which may allow them to augment
OA progression (Coleman et al., 2010; Wyles et al., 2015). Therefore,
identification of cellular interactions that alter the functions of MSCs,
including their immunomodulatory capacity, may help to prevent these cells

from contributing to the pathogenesis of the disease.

3.1.3 Aims and hypotheses

The general aims of the study presented in this chapter was to identify the
effect of inflammatory mediators, known to contribute to OA pathology, on
the proliferation, viability and gene expression profile of ihnBMSCs during in
vitro culture. An immortalised human cell line was chosen as this cell type has
been widely used in the literature, and would therefore allow for both direct
comparison to and expansion of the current knowledge and understanding in

this cell type.

To achieve these aims, ihBMSCs were cultured in standard medium (SM)
supplemented with inflammatory mediators, and the proliferative capacity,
viability and gene expression profile of these cells was assessed, the latter by
the use of TagMan Low Density Arrays. Based on the existing literature, it was
hypothesised that pro-inflammatory mediators and growth factors (IL-1f3, IL-

8, MCP-1, NGF) would stimulate the expression of immunomodulatory genes
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(Redondo-Castro et al., 2017) as well as genes involved in catabolic processes
(Harigai et al., 1993). On the other hand, it was hypothesised that anti-
inflammatory mediators (IL-10) could counteract the altered expression

profile caused by pro-inflammatory mediators (Choi et al., 2008; Dhingra et al.,

2015).
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3.2 Methods

For more detailed methods describing MSC culture and mediator exposure
please see Chapter 2 Materials and Methods. Figure 3.1 provides a schematic

of the experimental design.

Immortalised human BMSC cell line (ihBMSCs)

.

Seed cells at required density

sM SM+IL-16 SM+IL-8 SM+IL-10 SM+MCP-1 SM+ NGF SM + mediators
. )
\f
\ J
Y Split every 2 days and
‘ ‘ reseed at 0.8x10%/cm?
Cell count (D2) ; Presto Blue assay (D2) ‘ Tri-reagent suspension (D21)
Reseed at 2.8x10¢ Reseed at 0.8x10* : 2
cel?se/ew\':lf (12fvp) ‘ cg]ls/we]l (24wp) ‘
Cell count (D4) Presto Blue assay (D4) RNA extraction
Reseed ‘ N Reseed ‘
Cell count (D6) ; Presto Blue assay (D6) ‘ cDNA synthesis
Reseed ‘ N Reseed ‘
Cell count (D8) 1 Presto Blue assay (DS8) ‘ RT-PCR & gel electrophoresis
J L L
Reseed ‘ \ Reseed ‘
Cell count (D10) \ Presto Blue assay (D10) ‘ TagMan Low Density Array

Figure 3.1 Schematic of the exposure experimental design

3.2.1 Cell proliferation

ihBMSCs were seeded onto 12-well plates (Grenier Bio-One) at a density of
2.8x10* cells/well and incubated at 37°C with 5% CO.. After 48 hours, the cells
were viewed using an Eclipse TS100 inverted microscope (Nikon) in order to
assess morphology, and the cells were passaged and counted using the
Countess II FL (ThermoFisher) automated system in order to assess
proliferation. Cells were re-seeded at 2.8x10* cells/well and incubated again

for 48 hours, whereby the process was repeated until day 10.
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3.2.2 Cell viability

To determine the viability of ihBMSCs, the resazurin based reagent
PrestoBlue, was utilised. In this assay, the reducing potential of metabolically
active cells causes the PrestoBlue reagent to be modified into a fluorescent
form, thereby allowing for the quantification of viable cells (Xu, McCanna and
Sivak, 2015). ihBMSCs were seeded into 24-well plates (ThermoFisher) at a
density of 0.8x10* cells/well and incubated at 37°C with 5% CO.. After 48
hours, the cells were washed 3x with PBS and incubated with 500ul 10% (v/v)
PrestoBlue (Invitrogen) diluted in SM for 30 minutes at 37°C, 5% CO.. After
this time 100pl media was transferred to a 96-well plate (ThermoFisher) in
triplicate and read using an Infinite 200 Pro plate reader and i-control software
(Tecan), with an excitation wavelength of 560nm and emission wavelength of
590nm. Cells were re-seeded from the concurrent cell proliferation assay at
0.8x10* cells/well and incubated again for 48 hours, whereby the process was

repeated until day 10.

3.3.3 TagMan Low Density Arrays

TLDAs (ThermoFisher) were used to measure changes in gene expression of
ihBMSCs during in vitro culture. For more detailed methods on cDNA
preparation and validation, and TLDAs please see Chapter 2 Materials and
Methods.

Briefly, ihBMSCs were cultured in SM, SM + IL-13, SM +IL-8, SM + IL-10, SM
+ MCP-1, SM + NGF, SM + all mediators for 21 days, after which time cells
were washed twice with PBS and resuspended in Tri-reagent (Sigma Aldrich).
RNA was subsequently extracted from the cells using a RNeasy Micro Kit
(Qiagen), according to manufacturer’s instructions. The RNA concentration

and purity were then assessed using a Nanodrop ND-1000 spectrophotometer
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(Nanodrop Technologies, USA) and, following this, cONA was synthesised
from 2ug total RNA wusing a High-Capacity RNA-to-cDNA Kit
(ThermokFisher), according to manufacturer’s instructions. Successful cDNA
synthesis was confirmed by RT-PCR and gel electrophoresis, upon which 384-
well microfluid TagMan array cards were loaded with cDNA and run on the
7900HT Fast-Real Time PCR System using SDS RQ Manager Software
(Applied Biosystems). The generated cycle threshold (Ct) values were
normalised to the geometric mean of beta-actin (ACTB) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), which were identified as the most stable
reference genes. The data was then corrected for baseline and the log: fold
change from SM plotted using GraphPad Prism 7 (GraphPad Software, San
Diego, CA). A Kruskal-Wallis test was performed for statistical analysis,

followed by an uncorrected Dunn’s test for post hoc multiple comparisons.
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3.3 Results

3.3.1 Effects of inflammatory mediators on ihBMSC proliferation

Initial studies investigated the effects of inflammatory mediators (IL-1f3, IL-8,
IL-10, MCP-1, NGF) on the proliferative capacity of ihBMSCs during in vitro
culture. Each of these mediators were added to SM at 3 different
concentrations (See Table 2.1) to allow for any dose response effects. Effects of
these treatments were assessed through cell counts every 2 days, for a total of

10 days (Figure 3.2).
None of the tested inflammatory mediators affected the proliferative capacity

of the cells compared to SM. This lack of effect was apparent in all of the doses

used over a 10 day culture protocol.
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Figure 3.2 Cell proliferation of ihBMSCs in response to inflammatory mediators

Cell proliferation of ihBMSCs was measured through cell counts every 2 days, for a total of 10
days. A Kruskal-Wallis test was performed for statistical analysis, followed by an uncorrected
Dunn’s post hoc test for multiple comparisons. The presence of inflammatory mediators
caused no significant effect on the proliferative capacity of the cells over a 10 day period, at

any dose used. n=4 technical replicates, * p<0.05. Error bars represent SEM.
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3.3.2 Effects of inflammatory mediators on ihBMSC viability

To investigate the effects of inflammatory mediators on the viability of
ihBMSCs during in vitro culture, cells were exposed to 3 doses of each of the
mediators (IL-1(3, IL-8, IL-10, MCP-1, NGF) (See Table 2.1). Effects of these
treatments were assessed through a Presto Blue viability assay every 2 days,

for a total of 10 days (Figure 3.3).
None of the tested inflammatory mediators affected the proliferative capacity

of the cells compared to SM. This lack of effect was apparent in all of the doses

used over a 10 day culture protocol.
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Figure 3.3 Viability of ihBMSCs in response to inflammatory mediators

ihBMSC viability was measured using a Presto Blue Assay every 2 days, for a total of 10 days.

A Kruskal-Wallis test was performed for statistical analysis, followed by an uncorrected

Dunn’s post hoc test for multiple comparisons. The presence of inflammatory mediators

caused no significant effect on the viability of the cells over a 10 day period, at any dose used.

n=4 technical replicates, * p<0.05. Error bars represent SEM.
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3.3.3 Effects of inflammatory mediators on ihBMSC gene expression

As no effect of inflammatory mediators could be observed on the proliferative
capacity of ihBMSCs, nor their viability, the highest dose mediator was taken
forward for further experiments (See Table 2.2). To identify the effects of
inflammatory mediators on ihBMSCs, the gene expression profile of these cells
was analysed after 21 days exposure. The genes analysed in this study are

described in Table 2.3.

3.3.3.1 Inflammatory mediators and their receptors

Expression of genes encoding for inflammatory mediators used in this study
were analysed, along with their receptors, to assess the autocrine effects of

these mediators on ihBMSCs (Figure 3.4 and Figure 3.5).
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Figure 3.4 Heatmap of inflammatory mediator and receptor gene expression levels
following ihBMSC inflammatory mediator exposure

Gene expression levels of inflammatory mediators and their receptors following ihBMSC
inflammatory mediator exposure were calculated and displayed as log: fold change relative
to SM. Expression of genes encoding for pro-inflammatory mediators (IL1B, CXCL8, CCL2)
were significantly increased by the presence of combined inflammatory mediators and IL-1

alone.

Expression of genes encoding for inflammatory mediators used in this study
were primarily affected by the presence of combined inflammatory mediators
and IL-1(3 alone. Here, these two treatment groups increased expression of
each of the pro-inflammatory mediators measured: IL1B, CXCL8 and CCL2.
CXCL8 saw the biggest change, as combined inflammatory mediators caused
a log: fold change of 7.96 in ihBMSCs, whilst IL-13 alone caused a larger log:

fold change of 9.02 compared to SM. Next, ILIB expression was increased
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following exposure to combined inflammatory mediators by a 6.72 log: fold
change, and treatment with IL-1(3 alone caused a 6.50 log: fold change from
SM. Expression of CCL2 was also significantly increased by these treatment
conditions, as seen by a log: fold change of 3.97 in medium containing
combined mediators and a log: fold change of 4.46 in medium containing IL-
1B alone. In contrast expression of NGF was significantly decreased by the

presence of IL-1(3 alone, though this was measured as a 0.56 log: fold change.

Changes in the gene expression levels of receptors of the studied
inflammatory mediators went largely unchanged, as seen in IL10RB and
NTRK1. However, the presence of IL-1f3 prevented a significant decrease in
both IL1R1 and NGFR expression when compared to NGF treatment. None of
the other individually added mediators appeared to significantly alter levels
of gene expression compared to SM, and expression of CXCRI and CCR2

could not be detected in this array.
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Figure 3.5 Gene expression of inflammatory mediators and their receptors following
ihBMSC inflammatory mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression
of genes encoding for inflammatory mediators and their receptors were analysed by TLDAs
following 21 days exposure. Results were reported as logz fold change relative to SM and a
Kruskal-Wallis test was performed for statistical analysis, followed by an uncorrected Dunn’s
post hoc test for multiple comparisons. Expression of IL1B was significantly increased in
ihBMSCs by the presence of combined inflammatory mediators (p=0.026) and IL-1p alone
(p=0.013). Furthermore, expression of CXCLS (p=0.013) and CCL2 (p=0.049) were also
significantly increased in response to IL-1p treatment, and this increased trend was also
observed in ihBMSCs treated with combined inflammatory mediators. n=3 (all mediators, IL-

1B), n=2 (IL-8, IL-10, MCP-1, NGF) biological replicates, * p<0.05. Error bars represent SEM.
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3.3.3.2 Osteogenic differentiation markers

Expression of genes encoding for osteogenic differentiation markers were
analysed to assess the effects of inflammatory mediators on ihBMSCs during

in vitro culture (Figure 3.6 and Figure 3.7).
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Figure 3.6 Heatmap of osteogenic marker gene expression levels following ihBMSC
inflammatory mediator exposure

Gene expression levels of osteogenic markers following ihBMSC inflammatory mediator
exposure were calculated and displayed as log: fold change relative to SM. Expression of
RUNX2 and ALPL was increased following IL-1f3 treatment, whilst BGLAP and SPP1

expression was increased by combined inflammatory mediators as well as IL-1f3 alone.
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The treatment of ihBMSCs with IL-1{ increased gene expression of a number
of osteogenic markers. This included RUNX2, which showed a log: fold
change of 0.96 compared to SM, and ALPL, which showed a log: fold change
of 1.02. A larger increase was observed in both BGLAP and SPP1 expression
following IL-1f3 treatment, with a 1.90 and 4.30 log: fold change respectively.
The presence of combined inflammatory mediators also increased expression
of BGLAP (2.22 log: fold change) and SPP1 (2.14 log: fold change) compared
to SM, though the latter did not display such a marked effect compared to IL-
1p alone. ihBMSC expression of SP7 and COL1A1 was unchanged by the

presence of inflammatory mediators.

None of the other individually added mediators appeared to significantly alter
levels of gene expression compared to SM, though it was noted that NGF
treatment caused a small decreased trend in many of the analysed genes
(RUNX2, SP7, ALPL and COL1A1). Expression of IBSP could not be detected

in this array.
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Figure 3.7 Gene expression of osteogenic markers following ihBMSC inflammatory
mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression
of genes encoding for osteogenic markers were analysed by TLDAs following 21 days
exposure. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Expression of RUNX2 was significantly increased by ihBMSC
treatment with IL-1B (p=0.021) n=3 (all mediators, IL-1), n=2 (IL-8, IL-10, MCP-1, NGF)

biological replicates, * p<0.05, ** p<0.005. Error bars represent SEM.
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3.3.3.3 Chondrogenic differentiation markers

Expression of genes encoding for chondrogenic differentiation markers were
analysed to assess the effects of inflammatory mediators on ihBMSCs during

in vitro culture (Figure 3.8 and Figure 3.9).
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Figure 3.8 Heatmap of chondrogenic marker gene expression levels following ihBMSC
inflammatory mediator exposure

Gene expression levels of chondrogenic markers following ihBMSC inflammatory mediator
exposure were calculated and displayed as logz fold change relative to SM. Treatment of IL-
1P resulted in an increased expression of SOX9, P4HA2 and COL10A1 by ihBMSCs. Combined
inflammatory mediator treatment also increased SOX9 expression, whilst treatment with IL-

8 increased levels of COL10A1.
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Expression of SOX9 was significantly increased in ihBMSCs following
treatment with combined inflammatory mediators (1.28 log: fold change) and
IL-1$ alone (1.39 log: fold change). IL-1p also caused a significant increase in
expression of P4HA2 compared to SM alone (0.76 log: fold change), and
increased expression of COL10A1 by 1.47 log: fold change. COL10A1 was

increased further by the presence of IL-8 alone (2.57 log: fold change).

In contrast, expression of SDC2 and ACAN was decreased in the presence of
combined inflammatory mediators and IL-1{3 alone. SDC2 saw a log: fold
change of -1.73 compared to SM following exposure to combined
inflammatory mediators, and IL-13 caused a log: fold change of -1.48.
Similarly, ACAN expression was decreased by -4.36 log: fold change in the
presence of combined inflammatory mediators and -3.29 log: fold change in
the presence of IL-13 alone. Although not significant, NGF showed a

decreased trend in expression of these genes.

The expression of SDC3 and SOX4 was not significantly affected by the
presence of inflammatory mediators. Moreover, none of the other individually
added mediators appeared to significantly alter levels of gene expression

compared to SM, and COL2A1 could not be detected by this array.
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Figure 3.9 Gene expression of chondrogenic markers following ihBMSCs inflammatory
mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression
of genes encoding for chondrogenic markers were analysed by TLDAs following 21 days
exposure. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Expression of SOX9 was significantly increased upon exposure to
combined inflammatory mediators (p=0.035) and IL-1p alone (p=0.013). IL-1f also
significantly increased the expression of P4HA2, and along with IL-8 treatment increased
expression of COL10A1 though this was not significant. Expression of SDC2 was decreased
following exposure to combined inflammatory mediators (p=0.035) and IL-1{3 (p=0.040), in a
similar way to expression of ACAN (all mediators p=0.031; IL-13 p=0.094). n=3 (all mediators,
IL-1B), n=2 (IL-8, IL-10, MCP-1, NGF) biological replicates, * p<0.05, ** p<0.005. Error bars

represent SEM.
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3.3.3.4 MSC immunomodulatory mediators

Expression of genes encoding for MSC immunomodulatory mediators were

analysed to assess the effects of inflammatory mediators on ihBMSCs during

in vitro culture (Figure 3.10 and Figure 3.11).
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Figure 3.10 Heatmap of immunomodulatory mediator gene expression levels following
ihBMSC inflammatory mediator exposure

Gene expression levels of immunomodulatory mediators following ihBMSC inflammatory
mediator exposure were calculated and displayed as log: fold change relative to SM.
Treatment of ihBMSCs with combined inflammatory mediators and IL-13 increased
expression of many immunomodulatory genes, including PTGS2, PTGES2, IDO1, IL6, PPARG
and MMP13

Treatment of ihBMSCs with IL-1p increased the expression of all of the
analysed immunomodulatory genes, except HMOXI1 which showed

unchanged expression following treatment with any inflammatory mediators.
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This was observed by a 4.30 log: fold increase in PTGS2, 5.18 log: fold increase
in IDO1, 4.42 log: fold increase in IL6, 0.96 log: fold increase in TNFRSF1A,
0.82 log: fold increase in NFKB1, 1.10 log: fold increase in PPARA, and 2.69
log: fold increase in both PPARG and MMP13. In a similar way, combined
inflammatory mediators increased many of the genes studied including
PTGS2 (4.2 log: fold increase), IDO1 (5.79 log: fold increase), IL6 (4.58 log: fold
increase), PPARG (2.05 log: fold increase) and MMP13 (2.76 log: fold increase),
though unlike IL-13 alone expression of TNFRSF1A, NFKB1 and PPARA was
not observed. None of the other inflammatory mediators appeared to

significantly affect expression of these genes compared to SM.
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Figure 3.11 Gene expression of immunomodulatory mediators following ihBMSCs
inflammatory mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression
of genes encoding for immunomodulatory mediators were analysed by TLDAs following 21
days exposure. Results were reported as log: fold change relative to SM and a Kruskal-Wallis
test was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test
for multiple comparisons. Expression of all immunomodulatory markers were increased
during exposure to IL-1p alone, except HMOXI1. The same trend was observed during

exposure to combined inflammatory mediators, though they did not increase expression of
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TNFRSF1A, NFKB1 or PPARA. n=3 (all mediators, IL-1§3), n=2 (IL-8, IL-10, MCP-1, NGF)

biological replicates, * p<0.05, ** p<0.005. Error bars represent SEM.

3.3.3.5 Growth factors and receptors

Expression of genes encoding for growth factors and their receptors were

analysed to assess the effects of inflammatory mediators on ihBMSCs during

in vitro culture (Figure 3.12 and Figure 3.13).
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Figure 3.12 Heatmap of growth factor and receptor gene expression levels following
ihBMSC inflammatory mediator exposure

Gene expression levels of growth factors and their receptors following ihBMSC inflammatory
mediator exposure were calculated and displayed as log: fold change relative to SM.
Treatment of ihBMSCs with IL-1f3 primarily increased expression of FGF2 and HGF after 21
days, but slight increases in EGFR and IGF1 were seen. Combined inflammatory mediators

also resulted in an increased trend of growth factor expression.
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Expression of FGF2 (1.76 log: fold change) and HGF (2.96 log: fold change)
was significantly increased in ihBMSCs following 21 days exposure to IL-1f.
This cytokine also caused an observed increased trend in EGFR and IGFI,
though this was not significant. An increased trend could also be observed in
combined inflammatory mediator treatments when measuring HGF and IGF1,

but was not significant compared to SM.

The expression of FGFR1, PDGFRB and VEGFA was not significantly affected
by the presence of inflammatory mediators. Moreover, none of the other
individually added mediators appeared to significantly alter levels of gene
expression compared to SM. However, interestingly, treatment with NGF
caused decreased expression in each of the genes analysed compared to SM,

although significance could not be detected.

57



EGFR FGF2 FGFR1

0.5

0.5

Gene expression
(log, fold change relative to SM)
\g|
_‘
Gene expression

-0.5

T
N

_‘
Gene expression
(log, fold change relative to SM)
(log, fold change relative to SM)
o

KN

® 0
NN
v Y V&

HGF IGF1 PDGFRB

-0.54

Gene expression
(log, fold change relative to SM)

Yy s e e se
K N
% \
%
o
% 4
'_
Gene expression
(log, fold change relative to SM)
-
N\
H
'_
Gene expression

(log, fold change relative to SM)

05: %T—T

-0.54

Gene expression
(log, fold change relative to SM)
°

N
& €

NI I
Yo

Figure 3.13 Gene expression of growth factors and their receptors following ihBMSCs
inflammatory mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression
of genes encoding for growth factors and their receptors were analysed by TLDAs following
21 days exposure. Results were reported as log: fold change relative to SM and a Kruskal-
Wallis test was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc
test for multiple comparisons. ihBMSC expression of FGF2 (p=0.026) and HGF (p=0.032) was
significantly increased following treatment with IL-1(3. n=3 (all mediators, IL-1p), n=2 (IL-8,

IL-10, MCP-1, NGF) biological replicates, * p<0.05, ** p<0.005. Error bars represent SEM.
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3.3.3.6 TGF-p/BMP signalling

Expression of genes encoding for members of the TGF-/bone morphogenetic
protein (BMP) signalling pathways were analysed to assess the effects of
inflammatory mediators on ihBMSCs during in vitro culture (Figure 3.14 and

Figure 3.15).
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Figure 3.14 Heatmap of TGF-B/BMP signalling gene expression levels following ihBMSC
inflammatory mediator exposure

Gene expression levels of TGF-3/BMP signalling molecules following ihBMSC inflammatory
mediator exposure were calculated and displayed as log: fold change relative to SM.
Expression of BMP2, BMP6, SMAD3 was increased in the presence of IL-1f3 and combined
inflammatory mediators, whilst TGFB1 and SMAD9 were increased in the presence of IL-1

alone.
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Expression of BMP2 was increased in the presence of IL-13 and combined
inflammatory mediators following 21 days exposure with a 5.30 log: fold
change and 4.62 log: fold change respectively. In a similar way expression of
BMP6 was increased by both IL-1f3 and combined inflammatory mediators by
a log: fold change of 1.89, whilst expression of SMAD3 was increased by both
of these conditions (1.32 and 1.15 log: fold change respectively). However, the
presence of IL-1B alone further significantly increased expression of TGFB1
with a log: fold change of 0.81 from SM, as well as caused an increased trend
in expression of SMAD1, SMAD5 and SMADY. NGF significantly decreased
expression of NOG, but none of the other inflammatory mediators appeared

to cause a significant change in expression of these genes.

60



TGFB1 TGFB3 BMPR1B

s s s
" 15 2] 14 » 24
] ] ] oz
3 3 * (] *
§2 82 o5 §2 " T
a8 4 ] ‘|' ]
gs g2 T 828 04Ty
Qo Qo 0 Qo
xX O x O xX O
o £ - J_ o< 4] [
£50° £5 £5 L
o} @ ° 05 <
L] oz 1 03 2
£ K] ] =
S 0 g -+ -] —_—
2 2 2 0 N & 2 ¢ O N &
=~ =~ N O =~ N 2 d O
5 V¢ &N P v Y &S
0&0 N4 N ‘& 0&0 v N ‘&
N N
BMP2 BMP4 _
s e H ]
» 74 * (2] "
2 g —mm = 2 ]
3 3 3
52 52 52
B8 4 S S
o2 ] [ g e
oo Qo a9
X 5] X O X O
ﬂl% ﬂ)% UE
3 4 3 3
55 ! 55 55
o3z o3z oz
o 14 [ o
S 1 < S
g"‘ T T T T T T T g’ g"
S P I N I PO 2 <
T SN S EE
W WV ¥ @
Qb é
&
. SMAD1 . . SMAD5
= = =
n 19 il " 0 1.5 *
L x ) e h
52 s$ s 14 *
52 52 52
28 ol = iJ- 38 8
o2 ) oL ° 2 059
i i 1 i i
ﬁg 1 ﬁg 55 o4
g5 g5 g5 7 -
8o L] O3z 05 ’ .
& & &
4 4 4
g" T T T T T T T g-1 T T T T T T T g -1 T T T T T T T
= & > N N £ = & 2 S N 3 = S @ & 2 S N £
N N 4 N N 4 N N
S Y IIEE S Y IEE TESIVIEE
Qb @ &06 é &06 é
» 3 3
® ® ®
_ SMAD9 . NOG
s s
* 24 . ]
8 - r ]
58 = o 52
ﬁip ﬁi
s | 7
%
g ? T g
28 o= 22
o © g o
oz oz
g ~ g
= 2D N & =
A€ V¢ &S
R A
Ob é
&

Figure 3.15 Gene expression of TGF-B/BMP signalling molecules following ihBMSCs
inflammatory mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression
of genes encoding for TGF-/BMP signalling molecules were analysed by TLDAs following
21 days exposure. Results were reported as log: fold change relative to SM and a Kruskal-
Wallis test was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc
test for multiple comparisons. Expression of combined inflammatory mediators and IL-1f3
alone caused an increase in expression of BMP2, BMP6 and SMAD3, however only IL-1(3 alone

caused an increase in expression of TGFB1, SMAD1, SMADS5 and SMADY. n=3 (all medjiators,

61



IL-1B), n=2 (IL-8, IL-10, MCP-1, NGF) biological replicates, * p<0.05, ** p<0.005. Error bars

represent SEM.

3.3.3.7 MAPK signalling

Expression of genes encoding for members of the mitogen-activated protein
kinase (MAPK) signalling pathways were analysed to assess the effects of

inflammatory mediators on ihBMSCs during in vitro culture (Figure 3.16 and

Figure 3.17).
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Figure 3.16 Heatmap of MAPK signalling gene expression levels following ihBMSC
inflammatory mediator exposure

Gene expression levels of MAPK signalling molecules following ihBMSC inflammatory
mediator exposure were calculated and displayed as log: fold change relative to SM. Exposure
of ihBMSCs to IL-1p and IL-10 caused a slight increase in MAPK1 expression, whilst IL-10,

MCP-1 and NGF caused a noticeable decrease in MAPK9 expression.
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Expression of genes encoding for MAPK molecules were largely unaffected
by the presence of inflammatory mediators, although IL-1p and IL-10 caused
a slight increase in MAPK1 expression with a logz fold change of 0.44 and 0.52
from SM respectively. Expression of MAPK9 was slightly decreased (-0.67 log:
fold change) in the presence of IL-10, MCP-1 and NGEF. Expression of MAPK3
and MAPK14 were not significantly affected by the presence of inflammatory

mediators.
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Figure 3.17 Gene expression of MAPK signalling molecules following ihBMSCs
inflammatory mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression
of genes encoding for MAPK signalling molecules were analysed by TLDAs following 21 days
exposure. Results were reported as logz fold change relative to SM and a Kruskal Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. The presence of IL-1f3 and IL-10 caused a slight increase in expression
of MAPKI compared to SM, though this was not significant. Moreover, IL-10, MCP-1 and
NGF caused a decrease in expression of MAPKY, with IL-10 being significant compared to SM
(p=0.042). n=3 (all mediators, IL-1p), n=2 (IL-8, IL-10, MCP-1, NGF) biological replicates,

* p<0.05, ** p<0.005. Error bars represent SEM.
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3.3.3.8 Wnt signalling

Expression of genes encoding for members of the Wnt signalling pathways

were analysed to assess the effects of inflammatory mediators on ihBMSCs

during in vitro culture (Figure 3.18 and Figure 3.19).
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Figure 3.18 Heatmap of Wnt signalling gene expression levels following ihBMSC
inflammatory mediator exposure

Gene expression levels of Wnt signalling molecules following ihBMSC inflammatory
mediator exposure were calculated and displayed as log: fold change relative to SM.
Expression of WNT5A, ROR2, LRP5 and CTNNB1 was increased by the presence of IL-1j3,

whilst combined inflammatory mediators increased expression of WNT5A and LRP5.

The presence of IL-1B alone increased expression of a number of Wnt
signalling molecules compared to SM, including WNT5A (1.11 log: fold
change), ROR2 (0.53 log> fold change), LRP5 (1.08 log: fold change) and
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CTNNBI1 (0.37 log: fold change). However, its presence with other combined
inflammatory mediators reduced this effect and increases could mainly be
observed in WNT5A (0.91 log: fold change) and LRP5 (0.86 log: fold change).
Expression of ITPR3 showed a decreased trend in expression that was
significant in the presence of combined inflammatory mediators (-0.84 log>
fold change) and NGF (-1.17 log: fold change). None of the other inflammatory
mediators appeared to significantly affect expression of these genes compared

to SM.
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Figure 3.19 Gene expression of Wnt signalling molecules following ihBMSCs
inflammatory mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression
of genes encoding for Wnt signalling molecules were analysed by TLDAs following 21 days
exposure. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Expression of WNT5A, ROR2, LRP5 and CTNNBI1 were all increased in
the presence of IL-13 compared to SM, but these were not significant. n=3 (all mediators, IL-
1), n=2 (IL-8, IL-10, MCP-1, NGF) biological replicates, * p<0.05, ** p<0.005. Error bars

represent SEM.
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3.3.3.9 Toll like receptor signalling

Expression of genes encoding for TLRs were analysed to assess the effects of
inflammatory mediators on ihBMSCs during in vitro culture (Figure 3.20 and

Figure 3.21).
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Figure 3.20 Heatmap of TLR signalling gene expression levels following ihBMSC
inflammatory mediator exposure

Gene expression levels of TLR signalling molecules following ihBMSC inflammatory
mediator exposure were calculated and displayed as log: fold change relative to SM.
Expression of TLR1, TLR4, TLR4 and TLR6 were all increased following ihBMSC exposure to

IL-1B. However, combined inflammatory mediators only saw an increase in TLR1 expression.

Expression if TLRs was significantly increased in ihBMSCs following 21 days
culture with IL-1f3 alone. This effect of IL-13 was most prominent in TLRI and
TLR3 in which gene expression levels were increased with a 5.35 log> fold

change and 3.59 log: fold change from SM respectively. IL-1(3 also increased
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expression of TLR4 with a log: fold change of 1.76 from SM, and TLR6 with a
1.39 log: fold change. In contrast, combined inflammatory mediators only
significantly increased the expression of TLR1, as seen by a log: fold change of
3.64 from SM. Expression of TLR5 was significantly decreased in the presence
of combined inflammatory mediators and individual exposure to IL-1f3 and
NGF. None of the other inflammatory mediators appeared to significantly

affect expression of these genes compared to SM.
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Figure 3.21 Gene expression of TLR signalling molecules following ihBMSCs
inflammatory mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression
of genes encoding for TLR signalling molecules were analysed by TLDAs following 21 days
exposure. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. The expression of TLR1, TLR3, TLR4 and TLR6 were all increased in
the presence of IL-1f3, however combined inflammatory mediators only saw the significant
increase in TLR1 expression. n=3 (all mediators, IL-1p), n=2 (IL-8, IL-10, MCP-1, NGF)

biological replicates, * p<0.05, ** p<0.005. Error bars represent SEM.
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3.3.3.10 Other signalling pathways

Expression of genes encoding for members of other signalling pathways of
interest were analysed to assess the effects of inflammatory mediators on

ihBMSCs during in vitro culture (Figure 3.22 and Figure 3.23).

R
(o]
5
B =
E S o 2 8 5
T =2 2 2 = =
3
IHH
NOTCH1 2
HES1
1
JAK2
0
STAT3
TAZ -1
YAP1
2

Figure 3.22 Heatmap of other signalling gene expression levels following ihBMSC
inflammatory mediator exposure

Gene expression levels of other signalling molecules of interest following ihBMSC
inflammatory mediator exposure were calculated and displayed as log: fold change relative

to SM. Expression of JAK2 and YAP1 were increased in the presence of IL-1(3 alone.
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Expression of JAK2 was significantly increased (2.16 log: fold change) in
ihBMSCs following 21 days exposure to IL-1(3, whilst the presence of
combined inflammatory mediators did not cause this effect. Moreover,
expression of YAP1 was slightly increased by the presence of IL-1f3 (log: fold
change 0.62). Expression of NOTCH1 was not significantly affected by any of
the inflammatory mediators though it did show an increased trend in
expression. Expression of IHH, HES1, STAT3, TAZ and YAP1 was not
significantly affected by the presence of inflammatory mediators. None of the
other inflammatory mediators appeared to significantly affect expression of

these genes compared to SM.
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Figure 3.23 Gene expression of other signalling molecules following ihBMSCs

inflammatory mediator exposure

To assess the effects of inflammatory mediators on the ihBMSC gene profile, the expression

of genes encoding for other signalling molecules of interest were analysed by TLDAs

following 21 days exposure. Results were reported as log: fold change relative to SM and a

Kruskal Wallis test was performed for statistical analysis, followed by an uncorrected Dunn’s

post hoc test for multiple comparisons. Expression of JAK2 was significantly increased in the

presence of IL-1p, whilst YAP1 expression showed an increased trend during IL-1f3 exposure.

n=3 (all mediators, IL-1f3), n=2 (IL-8, IL-10, MCP-1, NGF) biological replicates, * p<0.05,

** p<0.005. Error bars represent SEM.
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3.4 Discussion

As the fate of MSCs is influenced by its local microenvironment, the presence
of an inflammatory environment, like that seen in OA, has the capacity to alter
the intrinsic biological functions of these cells (Park et al., 2009). Identification
of cellular interactions that alter the functions of MSCs, including their
immunomodulatory capacity, may help to promote the use of MSCs for OA

therapy and reduce the likelihood that they could contribute to disease.

To contribute to the expanse of knowledge in the field of MSC paracrine
activity, this study aimed to identify the effects of specific inflammatory
mediators on MSCs during standard in vitro culture. The mediators assessed
in this study are each found to be upregulated in the osteoarthritic joint and
contribute to OA pathology. Importantly, this research aimed to extend
findings in the literature by analysing the effects of a combined range of pro-
and anti-inflammatory mediators, to better represent conditions found in the
osteoarthritic joint. To measure this, the effects on cell proliferation and
viability were ascertained to identify if these mediators resulted in apoptosis
that would prevent transplanted MSCs from exerting their effects. Moreover,
a more specific look at the effects of these mediators on the transcriptional
regulation of ihBMSCs was undertaken via gene expression analysis, to
identify changes to cell signalling pathways and the potential shifts in the

secretion profile of these cells.

3.4.1 Effects of inflammatory mediators on ihBMSC proliferation and

viability

Initial studies assessed the effects of osteoarthritic inflammatory mediators on

the proliferative capacity and viability of ihBMSCs in vitro. The data presented

71



here showed that neither ihBMSC proliferation nor viability was affected by
the presence of IL-1§3, IL-8, IL-10, MCP-1 or NGF, and therefore suggests that
these particular mediators might not trigger apoptosis of the cells upon
transplantation into an inflammatory environment. However, these results are
limited by a short time course of 10 days, and would be strengthened by

analysis over a longer time period.

3.4.2 Effects of inflammatory mediators on gene expression of ihBMSCs

during in vitro culture

Results presented in this chapter primarily illustrated the role of IL-13 in
modulation of the ihBMSC gene expression profile. Interestingly, this pro-
inflammatory cytokine was the only tested mediator that not only affected
gene expression across a range of inflammatory and immunomodulatory
factors, but also stimulated its autocrine activity, as indicated by increased
expression of IL1B. Importantly, results from this study highlighted a lack of
observable effects of IL-8, IL-10, MCP-1 and NGF on the gene expression
profile of ihBMSCs.

3.4.2.1 Inflammatory mediators

Inflammatory cytokines are considered central mediators of OA pathogenesis,
as they can exert their effects on a wide range of cells in the joint, influencing
cellular signalling pathways that result in autocrine production of the
mediators themselves and secretion of destructive enzymes. MSCs naturally
secrete inflammatory mediators such as IL-1f3, IL-6, IL-8 and MCP-1 (Park et
al., 2009), and it has been hypothesised that these mediators form a cytokine
network that contributes to the pathogenesis of inflammatory joint diseases
(Harigai et al., 1993). Results from this study substantiate this hypothesis for
an OA model, as IL-1p induction of ihBMSCs resulted in the significant
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increase in expression of each of these mediators. This was observed in
treatment conditions that included IL-13 alone, or in combination with other

inflammatory mediators.

Along with TNF-a, IFN-y and IL-la, IL-18 is a key mediator of OA
pathogenesis, stimulating catabolic events and contributing towards the
observed inflammatory response of OA (Wojdasiewicz, Poniatowski and
Szukiewicz, 2014). The primary effects of this cytokine have been reported in
cartilage catabolism, a process in which it contributes two-fold. Firstly, it
enhances production of MMPs and aggrecanases that stimulate the
breakdown of cartilage (Koshy et al., 2002), and secondly it prevents recovery
of this degradation through interference of both type II collagen and aggrecan
synthesis (Stove et al., 2000; Shakibaei et al., 2005). Both of these effects could
be observed in the treated ihBMSCs of this experiment, as MMP13 expression
was increased, whilst ACAN expression was decreased. Moreover, this
cytokine is reported to act in an autocrine manner to stimulate its own
synthesis, whilst also promoting production of other pro-inflammatory factors
such as IL-6 and IL-8 (Wojdasiewicz, Poniatowski and Szukiewicz, 2014).
Again, results presented here corroborated these findings as expression of
IL1B, IL6 and CXCLS were all significantly increased in the treatment
conditions containing IL-1p3, thereby suggesting that these MSCs may be able
to participate in the destructive processes of OA following exposure to IL-1f3.
This is particularly important considering this cytokines widespread presence
in the osteoarthritic joint, as it has been detected in the cartilage, subchondral
bone, SF and synovial membrane (Farahat et al., 1993; Melchiorri et al., 1998;
Massicotte et al., 2002).

In a similar way to the increased expression of IL1B, the increased expression

of IL6 by IL-1f3 treatment further signified that these MSCs have the potential
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to exert destructive OA functions. IL-6 is considered a predictive marker for
disease development as its concentration in SF and serum has been correlated
with intensity of OA lesions (Livshits et al., 2009; Stannus et al., 2010). Along
with its ability to stimulate production of cartilage degrading enzymes and
reduce synthesis of ECM proteins (Rowan et al., 2001; Porée et al., 2008; Sui et
al., 2009), it is important in stem cell proliferation and protection against
apoptosis (Pricola et al., 2009), and thus may help to promote survival of these
cells in the inflammatory environment. It has also been observed to have
detrimental effects on the subchondral bone through formation of bone
resorbing osteoclasts, suggesting that these MSCs may have an enhanced
potential to alter bone remodelling in the osteoarthritic joint (Huh and Lee,

2013).

Moreover, IL-8 functions as a mitogenic and angiogenic factor (Xie, 2001), and
its pro-angiogenic nature has been investigated by Hou et al., (2014) who
showed that this chemokine enhances the angiogenic potential of human
BMSCs through the increased production of VEGF; in part via the
MAPK/extracellular signal-regulated kinases (ERK) pathway. Although data
presented here showed an increased trend in expression of MAPKI and
VEGFA following IL-1p treatment, it was not significant, indicating that
increased production of IL-8 did not enhance the pro-angiogenic nature of
ihBMSCs directly. However, this may be a limitation of the assay as culture
medium was continually replaced throughout the 21-day treatment, thereby
causing removal of any secreted mediators and limiting their actions on the
cells. Moreover, the increased change in VEGFA expression observed by Hou
et al., (2014) was seen with 100ng/ml IL-8 treatment, which is considerably
higher than both the concentration used in this study and of that found in the
OA joint, indicating that physiological levels of IL-8 may not promote such a

response in vivo. Although IL-8 did not appear to directly enhance the
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angiogenic potential of these ihBMSCs, it could be contributing to the

increased expression of MMP13 detected in these cells (Borzi et al., 2014).

Finally, the other inflammatory mediator involved in this hypothesised MSC
cytokine network is MCP-1, and gene expression of this chemoattractant
protein was also increased in response to IL-1p3 and combined inflammatory
mediator exposure. Like the other described mediators this chemokine may
be contributing to the increased expression of MMP13, as it has been linked to

both increased MMP3 and MMP13 expression (Xu et al., 2015).

3.4.2.2 MSC immunomodulatory mediators

Although the increased expression of pro-inflammatory cytokines is linked to
initiation of catabolic effects, these mediators can also be involved in
supporting the immunomodulatory function of MSCs. For example, IL-6 is
involved in the generation of anti-inflammatory M2 macrophages (Najar et al.,
2016). This result is highlighted by the increased gene expression of
immunomodulatory genes in response to treatment with IL-18 and combined
inflammatory mediators, corroborating findings by Redondo-Castrol et al.,
(2017) who showed that pre-treatment of MSCs with IL-1f increased
expression of trophic factors, thereby allowing for the induction of an
immunosuppressive environment. It is hypothesised that MSCs have to be
primed by specific inflammatory mediators in order to exert their
immunomodulatory effects (DelaRosa, Dalemans and Lombardo, 2012),
therefore it is interesting to note that the only mediator that was able to
stimulate gene expression in ihBMSCs was IL-1p3. This suggests that other
studied inflammatory mediators might not be involved in the induction of
MSC immunosuppressive effects, and individual exploitation of these

mediators may not improve these cells” immunomodulatory functions.
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Prostaglandin E2 (PGE:) is one of the primary factors in MSC-mediated
immunomodulation, as its effects have been linked to many cells involved in
the immune response. This includes its action on NK cell suppression, DC
maturation inhibition, B cell proliferation and development of T regulatory
cells, which all culminate into the establishment of an immunosuppressive
environment (Zhao, Ren and Han, 2016). Although expression of PGE2 was
not assessed in this study, this prostaglandin is generated by cyclooxygenase
(COX) enzymes, and in the stress environment the COX-2 isoform is linked to
high levels of PGE: generation (Zhang et al., 2002). Data presented here
showed that the gene encoding for COX-2, PGTS2, was increased in the
presence of IL-18 and combined inflammatory mediators, substantiating
findings that COX-2 can be induced by inflammatory cytokines (Arikawa,
Omura and Morita, 2004). The upregulation of a number of genes in this study
are postulated to engage in a synergistic relationship in order to promote their
continued expression. For example, PGE: is known to upregulate production
of cytokines such as IL-6, which positively regulates COX-2 production and
thereby PGE: in a positive feedback loop (Arikawa, Omura and Morita, 2004;
Najar et al., 2016). In contrast to the catabolic effects of IL-6 previously
described, this cytokine has also been linked to regulation of the immune
response as it is involved in the generation of anti-inflammatory M2
macrophages (Najar et al., 2016), which subsequently contribute to the
inhibition of T cells. However, both COX-2 and IL-6 are linked to pain in OA
(Laine et al., 2008; Lin et al., 2017). Importantly, this indicates that ihBMSCs
exposed to IL-1 may enhance pain through release of these factors, thereby

contributing to the prevailing symptom of OA.

Another key mediator of MSC driven immunomodulation is indoleamine 2,3-
dioxygenase (IDO). Expression of this mediator by MSCs can be induced by

inflammatory mediators such as IFN-y, TNF-a and IL-1{. Results presented
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here validated findings that IL-1f3 stimulates expression of this gene. In a
similar way to PGEz2 and COX-2 this enzyme exerts its immunosuppressive
effects in a number of ways, including T-cell suppression through direct
actions or indirectly through generation of anti-inflammatory M2
macrophages (Frangois et al., 2012; Kyurkchiev, 2014). Another mediator of T
cell suppression is hepatocyte growth factor (HGF), which can exert its effects
with TGF-B (Nauta and Fibbe, 2007). Results presented here show that genes
encoding for both of these growth factors are upregulated in response to IL-
1P treatment, highlighting the generation of a number of immunomodulatory

factors that form complex interactions to modulate the immune response.

3.4.2.3 Toll like receptor signalling

Expression of TLRs by ihBMSCs following culture with inflammatory
mediators showed that individual exposure of IL-1f3 increased expression of
these genes. Part of the innate immune system, TLRs have paradoxically been
identified to contribute to both immune suppression (Opitz et al., 2009) and
inflammation-induced catabolism (Gémez et al., 2014). This is evidenced by
studies that show that TLRs are important for the induction of IDO1 (Opitz et
al., 2009), but in contrast, the generation of signalling cascades that result in
the induction of inflammatory mediators, such as pro-inflammatory cytokines
and chemokines (DelaRosa, Dalemans and Lombardo, 2012). In particular, IL-
6 and IL-8 have been identified as two mediators increased in response to TLR
activation. Interestingly, both IL6 and IL8 expression was significantly
increased in response to IL-1[3 treatments, suggesting that TLR activation may

in part account for the generation of these inflammatory mediators.

These seemingly counterintuitive mechanisms of immune regulation have

been explained by MSC priming studies that identify that the type of TLR
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depends on the response (Waterman et al., 2010). TLR-4 results in induction of
pro-inflammatory cytokines that can activate T cells, whilst TLR-3 activation
results in the well-known immunosuppression properties of MSCs as genes
for anti-inflammatory mediators such as IDO, PGE:;, TGF-$ and HGF are
expressed, and these can inhibit T cell proliferation (Waterman et al., 2010).
Part of this anti-inflammatory effect of TLR-3 stimulation is reported to be
mediated through the JAK2/STAT1 pathway as Tomchuck et al., (2012)
reported this to be involved in expression of suppressor of cytokine signalling
proteins. Interestingly, the array presented in this chapter revealed that JAK2
expression was increased in ihBMSCs in response to IL-1p only, in a similar
way to TLR3. This suggests that the IL-1 mediated induction of TLR3 could

result in subsequent signalling through the JAK/STAT pathway.

Interestingly, ihBMSCs cultured with combined inflammatory mediators
showed altered gene expression of TLRs as they either dampened the response
(TLR1) or the effect appeared to be lost (TLR3, TLR4, TLR6). This suggests that
other mediators are able to counteract the effects of IL-1B and so further

exploration would be necessary to identify these mechanisms of action.

3.4.3 Conclusions

In conclusion, this work identifies opposing effects of IL-1p on a population
of ihBMSCs. On the one hand it stimulates production of inflammatory
mediators known to contribute to the pathogenesis of OA. However, on the
other it increases expression of key immunomodulatory mediators of
ihBMSCs that contribute towards an immunosuppressive environment.
Interestingly, IL-1f3 also preferentially increased expression of genes involved
in bone remodelling and thus it could be hypothesised that IL-1 might be

priming these ihBMSCs towards differentiation into the osteoblast lineage.
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Work by Sonomoto et al., (2012) has shown that IL-1 can induce osteogenesis,
and this hypothesis would fit with the knowledge that MSCs from the
osteoarthritic joint have an altered capacity to differentiate that favours
osteogenesis (Murphy et al., 2002). If MSCs are transplanted into the
osteoarthritic joint with a view to regenerate cartilage, this effect may hinder

effective outcomes.

Furthermore, the expression profile of ihBMSCs treated individually with IL-
1B differs from the profile of ihBMSCs treated with a combination of
inflammatory mediators. In particular, this was seen for expression of genes
encoding for TLRs. This provides new evidence that although individual
exposure of IL-1B in wvitro might produce significant effects on the gene
expression of ihBMSCs, an environment in which combined inflammatory
mediators can work synergistically and antagonistically allows for differential
gene expression. Further investigation into the mediators counteracting these
effects should be undertaken as it may begin to identify therapeutic targets for
the prevention of IL-1B mediated catabolic events. A summary of the key
changes in ihBMSC gene expression during exposure to combined

inflammatory mediators and IL-1(3 alone can be observed in Table 3.1.
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SM + mediators SM +1L-18

Gene Fold change Fold change
(log) (log)
Pro-inflammatory mediators
IL1B 6.72 6.50
CXCL8 7.96 9.02
CCL2 3.97 4.46
IL6 4.58 4.42
MMP13 2.76 2.69
Immunomodulatory mediators
PTGS2 4.20 4.30
IDO1 5.79 5.18
HGF 0.88 2.96
TGFB1 0.23 0.81
MSC differentiation markers
ACAN -4.36 -3.29
RUNX2 0.24 0.96
ALPL 0.23 1.02
BGLAP 2.22 1.90
SPP1 2.14 4.30
Toll like receptor signalling
TLR1 3.64 5.35
TLR3 1.69 3.59
TLR4 -0.01 1.76
TLR6 0.62 1.39

Table 3.1 Key changes in ihBMSC gene expression during exposure to inflammatory
mediators

Exposure of ihBMSCs to combined inflammatory mediators and IL-1p alone resulted in
significant changes to ihBMSC gene expression. Shown as the logz fold change from SM, genes
encoding for pro-inflammatory mediators, immunomodulatory mediators, TLRs and MSC
differentiation markers associated with bone remodelling were significantly increased
following exposure to these conditions. In contrast, the expression of ACAN was significantly
decreased compared to SM. Furthermore, the gene expression profile of ihBMSCs treated
individually with IL-1(3 was seen to differ to the expression profile of ihnBMSCs treated with
combined inflammatory mediators. This phenomenon was observed through changes in gene

expression for specific TLR signalling molecules, such as TLR4 and TLRé.
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Chapter 4 Analysis of the MSC chondrogenic
response after exposure to inflammatory
mediators

4.1 Introduction

4.1.1 Cartilage in health and disease

4.1.1.1 Articular cartilage homeostasis

Hyaline cartilage, found covering the articular surface of bones (articular
cartilage), is a highly specialised tissue that functions to provide a low-friction
gliding surface with high compressive strength, thereby preventing high load
damage to the joint (Buckwalter and Mankin, 1998; Bhosale and Richardson,
2008). Aneural and avascular in nature, maintenance of articular cartilage is
controlled by one resident cell type, chondrocytes (Palfrey and Davies, 1966;
Chen, Frenkel and Di Cesare, 1999; Goldring and Marcu, 2009). Derived from
mesenchymal progenitor cells and found in low abundance (1-2% total
volume) (Fox, Bedi and Rodeo, 2009), these cells exist in a stable, quiescent
phase in order to preserve the structural integrity of cartilage (Mariani,
Pulsatelli and Facchini, 2014). They achieve this through the synthesis of
matrix proteins that form the extracellular matrix (ECM), giving the cartilage

its tensile and compressive strength (Bhosale and Richardson, 2008).

The two major components of the ECM produced and secreted by
chondrocytes, are collagens and proteoglycans (Fox, Bedi and Rodeo, 2009).
Type II collagen is principally found in articular cartilage, comprising 90-95%
of the total collagen, however presence of types VI, IX, X and XI can also be
detected. The collagen itself provides tensile strength and forms a fibrillar

network that entraps proteoglycans. In articular cartilage, the most prevalent
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proteoglycan is aggrecan, which is composed of glycosaminoglycan (GAG)
subunits bound to a protein core (Bhosale and Richardson, 2008). The
turnover of these ECM components by chondrocytes is regulated by a
complex network of signalling molecules, and identifying these pathways is
particularly important when understanding disruption of cartilage
homeostasis in the aged or diseased joint (Mariani, Pulsatelli and Facchini,

2014).

4.1.1.2 Cartilage in the osteoarthritic joint

Once seen as inert, chondrocytes within the cartilage are now known to
respond to external factors, such as mechanical injury and presence of
inflammatory mediators, thereby altering the cellular mechanisms that
regulate their function. In joint disease, such as OA, this chondrocyte response
results in an imbalance between the catabolic and anabolic mechanisms that
govern the turnover of ECM proteins (Goldring and Marcu, 2009). The net
result of this, is breakdown of cartilage, which is fundamentally mediated by

the actions of MMPs and aggrecanases (Iannone and Lapadula, 2003).

During OA pathogenesis, the once stable chondrocytes begin to exhibit a
transient phenotype, in which cells mature and progress towards terminal
differentiation (Singh et al., 2018). This shift is characterised by chondrocyte
hypertrophy and subsequent ossification, whereby chondrocytes undergo cell
death, allowing for angiogenic invasion and infiltration of cells required for
the deposition of bone on the cartilage matrix (Mackie et al., 2008) (Figure 4.1).
During skeletal development and growth, endochondral ossification is
essential for the formation of bone, however in the adult joint this process
leads to abnormalities such as osteophyte development (van der Kraan and

van den Berg, 2007; Van der Kraan and Van den Berg, 2012).
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Figure 4.1 Cartilage changes observed in the osteoarthritic joint

In the healthy joint hyaline cartilage covers the articular surface of bones (A). Chondrocytes
within this specialised tissue help to maintain its structure and function by existing in a stable
phase that allows for the synthesis of matrix proteins. However, in response to external factors
(such as inflammatory mediators) in the osteoarthritic joint, chondrocytes begin to undergo
terminal differentiation, as observed by cell hypertrophy and apoptosis, and begin to release
cartilage degrading enzymes such as aggrecanases and MMPs (B). This subsequently leads to
dysregulation of matrix protein turnover and results in the breakdown of cartilage,
characterised by erosion and fissural lesions. These changes also allow for the invasion of
blood vessels and the infiltration of cells required for deposition of bone on the cartilage
matrix, a process considered to contribute to osteophyte formation (Adapted from Kuyinu et

al., 2016).

4.1.1.3 Signalling pathways in cartilage homeostasis and disease

Cartilage homeostasis in healthy adult bone relies on precise regulatory
mechanisms that maintains chondrocyte ECM turnover, and prevents
chondrocyte hypertrophy and endochondral ossification (Bhosale and
Richardson, 2008). Although a lot of research into the individual signalling

pathways governing this process has been undertaken, the exact mechanisms
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and relationships between them remain unclear, thereby limiting the progress
of targeted therapies. To gain a better understanding of these results some of

the most widely studied pathways will be explored.

Growth factors in the joint provide one important means of signalling in
homeostatic cartilage. For example, the growth factor TGF-31 is crucial for the
development of chondrocytes, and prevention of chondrocyte hypertrophy
(Mariani, Pulsatelli and Facchini, 2014). It achieves this via Smad 2-3
signalling, by which TGF-B1 engagement with the ALK5 receptor results in
phosphorylation of these Smad proteins for subsequent transcriptional
regulation. Animal models have shown that deletion of Smad3 results in an
OA phenotype, characterised by progressive articular cartilage degradation.
This occurs in conjunction with increased levels of hypertrophic chondrocytes,
highlighting the role of this TGF-B signalling pathway in chondrocyte
maintenance (Yang et al., 2001). Moreover, patients with SMAD3 single
nucleotide polymorphisms show an increased frequency of hip and knee OA
development (Valdes et al., 2010). In the osteoarthritic joint, however, a shift
in TGF-$ signalling is observed. Instead, TGF-31 engagement of the ALK1
receptor initiates activation of the Smad 1-5-8 pathway (Blaney Davidson et
al., 2009). This pathway coordinates its effects with the help of the
transcription factor runt-related transcription factor 2 (RUNX2), stimulating
the hypertrophic differentiation of chondrocytes and production of factors
such as Collagen type X, MMP-13, alkaline phosphatase (ALP), osteopontin,
osteocalcin and VEGF (van der Kraan, Blaney Davidson and van den Berg,
2010; Hellingman et al., 2011; Mariani, Pulsatelli and Facchini, 2014). One
potential cause of this change in signalling is seen to be a switch in TGF-31
interaction with ALKS5 to ALK1, as the former is significantly reduced in both

human and mouse OA conditions (Blaney Davidson et al., 2009).
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Insulin-like growth factor 1 (IGF-1) has also been linked to maintenance of
cartilage integrity. This growth factors presence stimulates chondrocyte
proteoglycan synthesis and retains chondrocytes in their quiescent state
(Bohme et al., 1992), whilst its absence results in the development of articular
cartilage lesions (Ekenstedt et al., 2006). Although it can exert these effects
alone, it has been shown to have a functional relationship with TGF-31,
whereby their combined action enhances cartilage production (Fukumoto et
al., 2003). Nevertheless, its effects are limited in the osteoarthritic joint, as
chondrocytes derived from this environment display a dampened response to
IGF-1 (Loeser et al., 2002). In contrast, the roles of fibroblast growth factors
(FGFs) remain controversial. Some studies have suggested that FGF2 has a
positive regenerative effect through stimulation of ECM protein synthesis
(Hiraide et al., 2005; Kaul et al., 2006; Somoza et al., 2014), whilst others have
linked it to the acceleration of chondrocyte hypertrophy and subsequent
upregulation of cartilage degrading enzymes, such as MMP-13 and
aggrecanases (Im et al., 2007, Muddasani et al., 2007). Work by Li et al., has
identified that these opposing effects are dependent on species, with FGF2
exerting catabolic effects in human articular cartilage. This highlights the

importance of considering species differences when extrapolating findings.

Another important signalling pathway in chondrocyte function is the MAPK
signalling cascade, whereby existence of an inverse relationship between p38
and ERK1/2 allows this signalling family to exert its control over chondrocyte
homeostasis (Oh et al., 2000). For matrix synthesis, activation of p38 is
essential, but a switch to ERK1/2 signalling results in development of a
hypertrophic phenotype (Prasadam et al., 2010). This has been succinctly
proven by studies that show delayed development of hypertrophy and

endochondral ossification upon inhibition of ERK1/2. Importantly, this
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inhibition also decreases expression of MMPs that are key mediators of

cartilage destruction (Wang et al., 2011).

Roles of other signalling pathways in chondrocyte regulation are continually
being uncovered. This includes, but is not limited to, Hedgehog signalling,
whereby ligands such as Indian hedgehog (IHH) are expressed by
chondrocytes in response to stress, subsequently inducing activation of
downstream transcription factors that drive terminal differentiation (Lin et al.,
2009). Moreover, TLR expression is increased in OA cartilage and has a
positive correlation with severity of the disease. Specifically, TLR-2 and TLR-
4 have been identified in areas closest to cartilage lesions (Houard, Goldring
and Berenbaum, 2013), and their expression activates nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB)-dependent MMP release
(Liu-Bryan and Terkeltaub, 2010). As well as regulating expression of MMPs,
NF-«B has also been shown to exert its effects on downstream regulators of
terminal chondrocyte differentiation, including RUNX2 and (-catenin, an
important member of the Wnt signalling family (Mariani, Pulsatelli and
Facchini, 2014). This brief overview begins to reveal the multitude of
signalling pathways, and their intricate interactions, that govern the complex
system of cartilage homeostasis and dysregulation. With this in mind, it is
unsurprising to learn that significant shifts in the microenvironment, as seen

in diseased states, alters the process and role of chondrocytes.

4.1.2 Cartilage repair therapies

The intrinsic regenerative capacity of cartilage is limited by the low density of
local chondrocytes, whilst a lack of vascularisation and innervation in
cartilaginous tissue restricts recruitment of progenitor cells to a site of injury

(Heng, Cao and Lee, 2004). Therefore, to promote cartilage repair in
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degenerative diseases such as OA, it is imperative to explore and utilise cell-
based strategies that can circumvent these limitations and provide a
population of reparative cells. Tissue engineering has primarily investigated

two key approaches: the use of chondrocytes and the use of MSCs.

Autologous chondrocyte implantation is an approved therapeutic option for
the treatment of cartilage defects, and is proven to be clinically effective in the
short term through reduction of clinical symptoms (NICE, 2017). However,
therapies exploiting the use of expanded chondrocytes are problematic two-
fold. Firstly, these therapies produce disappointing results due to an inability
of these cells to maintain a stable chondrocyte phenotype (Clar et al., 2005).
Secondly, isolating chondrocytes requires a tissue biopsy. This results in
damage to the healthy cartilage, and is therefore counterintuitive to the aim of
treatment (Solchaga, Penick and Welter, 2011). Consequently, an alternative
cell-based therapy utilising MSCs has become an attractive candidate for

repair.

4.1.2.1 MSCs for cartilage repair

MSCs are an exciting prospect for cartilage repair therapy, as not only can they
exert immunomodulatory effects, but they can differentiate into chondrocytes
(chondrogenesis) given the right local environment (Kolf, Cho and Tuan,
2007). Current therapeutic options exploiting MSCs for repair includes the
stimulation of endogenous MSCs through microfracture techniques
(Murawski, Foo and Kennedy, 2010). As articular cartilage does not classically
have direct access to a significant source of reparative progenitor cells, this
bone marrow stimulation technique creates a passage between the bone
marrow and articular space to allow and encourage migration of MSCs to the

site of injury. Despite providing direct access to endogenous cells, this
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technique results in fibrocartilage formation instead of a hyaline cartilage
phenotype (Kreuz et al., 2006). This finding is supported by animal models
that have successfully demonstrated differentiation of implanted MSCs in
vivo, but noted that these cells display -calcification, fibrogenesis and

hypertrophy, rather than features of hyaline cartilage (Chen et al., 2009).

Together, these findings indicate that the signalling pathways governing
chondrogenesis are altered to produce an alternative phenotype. The process
of MSC chondrogenic differentiation itself is defined by a series of consecutive
stages: MSC proliferation and condensation, chondroprogenitor
differentiation, chondrogenesis, hypertrophy and terminal differentiation,
and ossification (Chen et al., 2009). In the healthy joint, MSC derived
chondrocytes do not progress to the hypertrophy and terminal differentiation
stage unless undergoing endochondral ossification; a process only observed
in pathogenic conditions following skeletal maturity (Van der Kraan and Van
den Berg, 2012). Therefore, the development of a hypertrophic phenotype in
reparative therapies would be detrimental to the regeneration of cartilage. For
this reason, it is crucial to determine why these cells are terminally

differentiating, and how external factors might influence this.

When considering the osteoarthritic joint, there is inappropriate mechanical
stimulation and presence of inflammatory mediators, which can both
influence the differentiation capacity of MSCs. As the induction and
mediation of MSC differentiation is tightly controlled by growth factors and
cytokines found in the local environment (Yoo et al., 2011), the investigation

into the effect of inflammatory mediators is paramount.

Ultimately, a clearer understanding on the action of ligands and respective

cellular signalling will help to overcome the detrimental effects of external
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stimuli that result in chondrocyte hypertrophy, as it will allow for
development of targeted treatment strategies. Identification of suitable
candidates could allow for treatments that increase the reparative potential of
MSCs via pre-conditioning, for example through the addition or removal of
growth factors. Priming the cells in this way would alter the cell receptor
profile and allow for exploitation of intracellular signalling pathways

involved in the desired route of chondrogenesis (Somoza et al., 2014).

4.1.3 Chondrogenic differentiation of MSCs in vitro

To initiate and assess the differentiation capacity of MSCs in vitro, inclusion of
lineage specific growth factors such as TGF-31, dexamethasone, ascorbic acid,
sodium pyruvate and insulin-transferrin-selenium (ITS) in serum free culture
medium can be adopted (Johnstone et al., 1998; Yoo et al., 1998). 3D culture
systems allow for successful chondrogenic differentiation of MSCs, in part due
to the provision of cell-to-cell interactions. The use of pellet culture was
introduced by Johnstone et al., (1998) and has since become a standard method
to study chondrogenic differentiation of MSCs and the signalling pathways
that govern this. However, it does not come without its limitations. In
particular, the chondrocytes that develop display a fibrocartilage phenotype
and hypertrophy is observed (Chen et al., 2015). This indicates that MSCs
might have an intrinsic, functional drive towards endochondral ossification,
and it is in fact specific environmental conditions that retain the chondrocyte
phenotype in the healthy joint. Although efforts have been made to avoid
hypertrophy of chondrocytes in vitro progress is still ongoing (Zhang et al.,
2010; Chen et al., 2015).

Identification of successful MSC chondrogenic differentiation is primarily

obtained through the measurement of proteoglycans. This can either be
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through histological evaluation techniques, such as Safranin O or Toluidine
Blue staining (Schmitz et al., 2010), or through spectrophotometric assays such
as the 1,9-dimethylmethylene blue (DMMB) assay (Stone et al., 1994).
Allowing for quantification, DMMB is a cationic dye that specifically binds to
sulphated GAGs (sGAGs) and is frequently used during assessment of
chondrogenic differentiation. Furthermore, gene and protein expression
analysis techniques can also be utilised to assess differentiation, as specific
markers such as SOX9, aggrecan and collagen type II are increased during this
process. This method is also useful for identifying hypertrophy as a different
expression profile can be observed, in which collagen type X, MMP-13 and
RUNX2 constitute key markers (Van der Kraan and Van den Berg, 2012).

4.1.4 Aims and hypotheses

The general aim of the in vitro study presented in this chapter was to identify
the effect of inflammatory mediators, found to be upregulated in osteoarthritic
tissue, on the chondrogenic differentiation capacity of ihBMSCs. An
immortalised human cell line was chosen as this cell type has been widely
used in the literature to study chondrogenic differentiation in vitro.
Furthermore, this cell line was also chosen to reduce variation of results due

to species differences.

To achieve this aim, pellets of ihBMSCs were cultured in chondrogenic
medium supplemented with inflammatory mediators, and the level of sGAGs
were measured to establish any effects on the chondrogenic process.
Following this, expression of candidate genes in ihBMSCs was evaluated by
TagMan Low Density Arrays (TLDAs) in order to identify any changes to

signalling pathways governing differentiation.
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Based on the existing literature, it was hypothesised that the inclusion of pro-
inflammatory mediators and growth factors (IL-1(, IL-8, MCP-1, NGF) in
chondrogenic medium would decrease the rate of chondrogenesis in
ihBMSCs, with decreased levels of aggrecan and increased levels of
hypertrophic markers and proteases that contribute to cartilage breakdown
(Merz et al., 2003; Huang et al., 2013; Xu et al., 2015; Liu et al., 2017). On the
other hand, it was hypothesised that the anti-inflammatory mediator IL-10

would increase the rate of chondrogenesis (van Roon et al., 1996).
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4.2 Methods

For more detailed methods describing MSC culture and mediator exposure

please see Chapter 2 Materials and Methods.

4.2.1 Chondrogenic Differentiation

Chondrogenic differentiation was induced in ihBMSC pellets cultured in
chondrogenic medium (CM) over a period of 21 days. CM consisted of high
glucose (4.5g/L) DMEM supplemented with 1% (v/v) non-essential amino
acids, 1% (v/v) L-glutamine, 1% (v/v) penicillin streptomycin, 110mg/L (w/v)
sodium pyruvate, 0.1uM dexamethasone, 50uM L-ascorbic acid-2-phosphate,
40ug/ml (w/v) L-proline, 1% (v/v) ITS supplement and 10ng/ml TGF-{1.
ihBMSCs were seeded in standard medium (SM) at 1x10° cells per 1.5ml
eppendorf and centrifuged at 500 x g for 5 min in a Sigma 1-14 microfuge.
Pellets were incubated and allowed to attach for 24 hours at 37°C before
replacement of medium with CM with or without inflammatory mediators.
The medium was replaced three times a week for 21 days, and the
differentiation status assessed by a glycosaminoglycan assay, and gene
expression levels gained through TLDAs. Figure 4.2 provides a schematic of

the experimental design.
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Figure 4.2 Schematic of the chondrogenic experimental design

4.2.2 Quantification of glycosaminoglycans

To measure the GAG content of chondrogenic pellets, sGAGs were extracted
using a papain extraction reagent consisting of 0.2M sodium phosphate buffer
with 8mg/ml (w/v) sodium acetate (Sigma-Aldrich), 4mg/ml (w/v) EDTA
(Acros Organics), 0.8mg/ml (w/v) cysteine hydrochloride (Sigma-Aldrich) and
100ug/ml papain (Sigma-Aldrich), at pH 6.4. Pellets were incubated in 1ml
papain extraction reagent at 65°C for 18 hours to aid digestion of protein.
Following this, the samples were centrifuged at 10,000 x g for 10 minutes
(Eppendorf centrifuge 5415 R) and the supernatant decanted for use with the
Blyscan Sulfated Glycosaminoglycan Assay kit (Biocolor Life Science Assays,
UK) according to manufacturer’s instructions. This assay utilises the DMMB

cationic dye that specifically binds to sGAGs.
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Briefly, 100ul of papain digested sample was transferred to a fresh eppendorf
and 1ml of Blyscan dye reagent, containing DMMB in an inorganic buffer, was
added. Samples were mixed by inversion every 5 minutes, for a total of 30
minutes, to allow for the formation of an sGAG-dye complex. Samples were
then centrifuged at 13,000 x g for 10 minutes to pellet the bound sGAGs. The
supernatant was carefully drained and 500ul of dissociation reagent,
containing sodium salt of an anionic surfactant, was added to dissociate the
sGAG-dye complex and enhance the spectrophotometric absorption profile of
the unbound dye. Samples were vortexed thoroughly until the bound dye had
been released and dissolved, after which samples were centrifuged at 13,000
x g for 5 minutes to remove foam. To quantify sGAG content, 200ul of each
sample was immediately transferred to a 96 well plate and absorbance was
read using an Infinite 200 Pro plate reader and i-control software (Tecan) at
656nm. Samples were measured alongside a reagent blank and GAG
standards, containing 1-5pg of bovine tracheal chondroitin 4-sulfate, that

provided a standard curve to calculate the sGAG concentration of the samples.

4.2.3 PicoGreen Assay

To normalise the sGAG concentration to nucleic acid concentration the Quant-
iT™  PicoGreen® dsDNA kit (Invitrogen) was used according to
manufacturer’s instructions. Briefly, a five-point standard curve using
bacteriophage lambda DNA was ascertained with concentrations between
Ing/ml to 1pg/ml. For this, the DNA stock solution was diluted in TE buffer
(10mM Tris-HCl, ImM EDTA, pH 7.5) to a known concentration and 100ul
was incubated in a 96 well plate with 100ul of Quant-iT™ PicoGreen® Reagent
for 5 minutes at room temperature, protected from light. The sample
fluorescence was measured using an Infinite 200 Pro plate reader and i-control

software (Tecan), with an excitation wavelength of 480nm and an emission
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wavelength of 520nm. This data was used to generate a standard curve of
fluorescence vs DNA concentration to determine the DNA concentration of

unknown samples.

The nucleic acid concentration of papain digested samples was then calculated
using the standard curve, whereby 100ul of sample was incubated with 100ul
of Quant-iT™ PicoGreen® Reagent for 5 minutes at RT, protected from light.
The sample fluorescence was measured and plotted onto the standard curve

to ascertain DN A concentration.

The measurement of dsDNA was used to normalise GAG concentration levels
and the data plotted using GraphPad Prism 7 (GraphPad Software, San Diego,
CA). A Kruskal-Wallis test was performed for statistical analysis, followed by

an uncorrected Dunn’s test for post hoc multiple comparisons.

4.2.4 TaqMan Low Density Arrays

TLDAs (ThermoFisher) were used to measure changes in gene expression of
ihBMSCs during chondrogenic differentiation. For more detailed methods on
cDNA preparation and validation, and TLDAs please see Chapter 2 Materials
and Methods.

Briefly, ihBMSCs were cultured in SM, CM, CM + mediators or CM + IL-1§ for
21 days, after which time cells were washed twice with PBS and resuspended
in Tri-reagent (Sigma Aldrich). RNA was subsequently extracted from the
cells using a RNeasy Micro Kit (Qiagen), according to manufacturer’s
instructions. The RNA concentration and purity were then assessed using a
Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, USA) and,
following this, cDNA was synthesised from 500ng total RNA using a High-

Capacity RNA-to-cDNA Kit (ThermoFisher), according to manufacturer’s
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instructions. Successful cDNA synthesis was confirmed by RT-PCR and gel
electrophoresis, upon which 384-well microfluid TagMan array cards were
loaded with cDNA and run on the 7900HT Fast-Real Time PCR System using
SDS RQ Manager Software (Applied Biosystems). The generated Ct values
were normalised to the geometric mean of beta-actin (ACTB) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which were identified
as the most stable reference genes. The data was then corrected for baseline
and the log: fold change from SM plotted using GraphPad Prism 7 (GraphPad
Software, San Diego, CA). A Kruskal-Wallis test was performed for statistical
analysis, followed by an uncorrected Dunn’s test for post hoc multiple

comparisons.
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4.3 Results

4.3.1 Response of ihBMSCs to inflammatory mediators during

chondrogenic differentiation

Initial studies investigated the effects of inflammatory mediators (IL-1f3, IL-8,
IL-10, MCP-1, NGF) on ihBMSCs during chondrogenic differentiation. Each of
these mediators were added to CM either individually or in combination, the
latter of which was chosen to better replicate the osteoarthritic
microenvironment, where a range of both pro- and anti-inflammatory
mediators are present. Effects of these treatments were assessed through the

measurement of sSGAGs after 21 days (Figure 4.3).

The concentration of sGAGs produced by CM-treated chondrogenic pellets
was significantly increased compared to pellets cultured in SM (p=0.002),
confirming successful differentiation of the cells. Interestingly, exposure to
CM + IL-1pB significantly decreased the concentration of sGAGs (p=0.016),
whilst exposure to CM + mediators caused a decreased trend (p=0.097). This
same effect could be observed when measuring the concentration of dsDNA,
as CM + IL-1B significantly decreased nucleic acid levels (p=0.022).
Normalisation of sGAG concentration to nucleic acid content confirmed that
the CM + IL-1B (p=0.011) and CM + mediators (p=0.077) treatment groups
decreased detection of sGAGs during the chondrogenic protocol, though the
latter was not significant. None of the other inflammatory mediators

individually altered sGAG concentration compared to CM alone.
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Figure 4.3 sGAG concentration of chondrogenic pellets after exposure to inflammatory
mediators

sGAG concentration (Lig) was quantitatively measured in chondrogenic pellets after exposure
to inflammatory mediators for 21 days. A Kruskal-Wallis test was performed for statistical
analysis, followed by an uncorrected Dunn’s post hoc test for multiple comparisons. The
presence of IL-18 during chondrogenic differentiation, significantly decreased the
concentration of sGAGs (p=0.016) (A) and dsDNA (p=0.022) (B) compared to CM alone. The
presence of combined inflammatory mediators also decreased the concentration of sGAGs
(p=0.077) (A) and dsDNA (B) compared to CM alone, though it was not significant. The same
results could be observed when sGAG concentration was normalised to dsSDNA concentration

(C). n=3 biological replicates, * p<0.05, ** p<0.005, *** p<0.001. Error bars represent SEM.

98



4.3.2 Effects of inflammatory mediators on ihBMSC gene expression during

chondrogenic differentiation

Results from ihBMSC chondrogenic differentiation experiments (in section
4.3.1) showed that the addition of IL-1p to CM significantly reduced the
chondrogenic potential of the cells, as evidenced by decreased levels of sGAGs
after 21 days. This reduction was observed in CM treatment groups containing
IL-18 alone, or in combination with other inflammatory mediators (IL-1(3, IL-
8, IL-10, MCP-1, NGF). To gain insight into the mechanisms governing this
phenomenon, the gene expression profile of these cells was analysed at day 21
of the differentiation protocol. The genes analysed in this study are described
in Table 2.3.

4.3.2.1 Inflammatory mediators and their receptors

Expression of genes encoding for the inflammatory mediators used in this
study were analysed, along with their receptors, to assess the autocrine effects
of these mediators on ihBMSCs, as well as the effect of chondrogenesis itself

(Figure 4.4 and Figure 4.5).
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Figure 4.4 Heatmap of inflammatory mediator and receptor gene expression levels during
ihBMSC chondrogenic differentiation

Gene expression levels of inflammatory mediators and their receptors during ihBMSC
chondrogenic differentiation were calculated and displayed as log fold change relative to SM.

Expression of IL10 was increased in CM + IL-13 compared to CM.

Expression of genes encoding for the inflammatory mediators used in this
study were largely unaffected by the process of chondrogenesis, including
during exposure to inflammatory mediators. IL1B, CXCL8 and CCL2 all
displayed decreased expression in ihBMSCs undergoing chondrogenesis,
though the presence of IL-18 did prevent the significant decrease in IL10
expression, instead causing a 1.64 log: fold increase from SM. Although the
presence of combined inflammatory mediators did prevent a significant
decrease in IL10 expression it did not show the same effect as IL-1f3 alone, as
expression was still decreased with a -0.68 log: fold decrease from SM.

Moreover, expression of NGF was unaffected by the chondrogenic treatment.

100



When analysing the expression of receptors, ILIR1 was seen to be increased
in all ihBMSCs cultured in CM, in a similar way to ILI0RB. On the other
hand, NTRK1 expression was decreased, whilst NGFR expression was
unaffected by chondrogenic differentiation. Expression of CXCR1 and CCR2

could not be detected by this array.
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Figure 4.5 Gene expression of inflammatory mediators and their receptors during ihBMSC
chondrogenic differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,
the expression of genes encoding for inflammatory mediators and their receptors were
analysed at day 21 by TLDAs. Results were reported as log: fold change relative to SM and a
Kruskal-Wallis test was performed for statistical analysis, followed by an uncorrected Dunn’s
post hoc test for multiple comparisons. The presence of IL-18 in CM prevented a significant
decrease in expression of IL10 during chondrogenic differentiation of ihBMSCs. n=3 biological

replicates, * p<0.05, ** p<0.005. Error bars represent SEM.
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4.3.2.2 Chondrogenic differentiation markers

Expression of genes encoding for classical chondrogenic differentiation
markers were analysed to assess the effects of inflammatory mediators on

ihBMSCs during differentiation (Figure 4.6 and Figure 4.7).
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Figure 4.6 Heatmap of chondrogenic marker gene expression levels during ihBMSC
chondrogenic differentiation

Gene expression levels of chondrogenic markers during ihBMSC chondrogenic differentiation
were calculated and displayed as logz fold change relative to SM. Expression of ACAN was

reduced in CM treatment groups containing IL-1{3 or combined inflammatory medjiators.

Expression of ACAN was significantly increased in ihBMSCs cultured in CM
(4.50 log: fold change) compared to SM. However, the presence of IL-1{3 alone,
or in combination with other inflammatory mediators, resulted in a decreased
level of expression compared to CM, with a 3.19 and 2.26 log fold change from

SM respectively. None of the other chondrogenic markers were seen to be
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affected by the presence of inflammatory mediators as SOX4 and SOX9 were
decreased in all CM conditions, whilst SDC2, P4HA2, COL10A1 were all
increased in CM conditions. The expression of SDC3 in ihBMSCs was not seen
to be affected by chondrogenic differentiation, and expression of COL2A1

could not be detected by this array.
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Figure 4.7 Gene expression of chondrogenic markers during ihBMSC chondrogenic
differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,
the expression of genes encoding for chondrogenic markers were analysed at day 21 by
TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Expression of ACAN was reduced in CM treatment conditions
containing IL-1p or combined inflammatory mediators. n=3 biological replicates, * p<0.05.
Error bars represent SEM.
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4.3.2.3 Osteogenic differentiation markers

Expression of genes encoding for classical osteogenic differentiation markers
were analysed to assess the effects of inflammatory mediators on ihBMSCs
during their chondrogenic treatment (Figure 4.8 and Figure 4.9). Although
these genes are primarily associated with osteogenic differentiation, the
interplay between a variety of genes is crucial for control and differentiation
of MSCs towards both osteogenic and chondrogenic lineages, and thus they

were included in the analysis during chondrogenic differentiation.
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Figure 4.8 Heatmap of osteogenic marker gene expression levels during ihBMSC
chondrogenic differentiation

Gene expression levels of osteogenic markers during ihBMSC chondrogenic differentiation
were calculated and displayed as log: fold change relative to SM. Expression of ALPL, RUNX2,
SP7 and IBSP was increased by the presence of IL-1p.
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Although expression of ALPL was increased in ihBMSCs cultured in CM (4.18
log: fold change), this expression was further significantly increased in the
presence of IL-1p alone (7.17 log: fold change) and in combination with other
inflammatory mediators (5.94 log: fold change), when compared to SM.
Inflammatory mediators did not significantly affect expression of other
osteogenic genes; however, trends could be observed. Expression of RUNX2
was increased in response to IL-1p (0.94 log: fold change) and combined
inflammatory mediators (0.54 log: fold change). Moreover, IL-13 alone
increased expression of SP7 (0.96 log: fold change) and IBSP (3.21 log: fold
change), and prevented the significant decrease of SPP1 observed in cells
cultured in CM alone. Expression of COL1A1 and BGLAP were unaffected by
the presence of inflammatory mediators, with the former being increased

compared to SM and the latter being decreased.
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Figure 4.9 Gene expression of osteogenic markers during ihBMSC chondrogenic
differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,
the expression of genes encoding for osteogenic markers were analysed at day 21 by TLDAs.
Results were reported as log: fold change relative to SM and a Kruskal-Wallis test was
performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. The presence of IL-1p (p=0.017) and combined inflammatory mediators
(p=0.024) caused a significant increase in ALPL expression compared to SM. Although not
significant, IL-1p also caused an increase in expression of RUNX2, SP7, SPP1 and IBSP when

compared to CM. n=3 biological replicates, * p<0.05. Error bars represent SEM.
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4.3.2.4 MSC immunomodulatory mediators

Expression of genes encoding for MSC immunomodulatory mediators were
analysed to assess the effects of inflammatory mediators on ihBMSCs during

differentiation (Figure 4.10 and Figure 4.11).
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Figure 410 Heatmap of immunomodulatory mediator gene expression levels during
ihBMSC chondrogenic differentiation

Gene expression levels of immunomodulatory mediators during ihBMSC chondrogenic
differentiation were calculated and displayed as log fold change relative to SM. Addition of

IL-1p or combined inflammatory mediators to CM increased expression of MMPs.

A number of genes involved in the immunomodulatory capacity of MSCs
showed a reduction in expression levels during chondrogenic differentiation.
This included HMOX1, IDO1, IL1A and IL6, and the presence of an
inflammatory environment did not affect this expression pattern. In contrast,

expression of genes encoding for MMPs were increased with treatment of
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inflammatory mediators. Both MMP1 and MMP3 expression was affected by
the presence of IL-1f3, as observed by a 1.07 log: fold change from SM in the
former and a 2.58 log: fold change in the latter. A similar profile was seen
during culture with combined inflammatory mediators as this treatment
increased expression of MMP1 (1.15 log: fold change) and MMP3 (2.25 log:
fold change). Although MMP13 was detected at high levels during
chondrogenic differentiation (2.76 log: fold change), there was a small
increased trend during exposure to IL-1f3 alone (3.20 log: fold change) and

combined inflammatory mediators (2.99 log: fold change).

Expression of other immunomodulatory genes were not significantly affected
by the process of chondrogenesis, including PTGS2, PTGES2, CSF3, TNF,
TNFRSF1A, HLAG, PPARA, PPARG and NFKBI. Expression of NOS1, NOS2

and IFNG could not be detected in this array.
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Figure 4.11 Gene expression of immunomodulatory mediators during ihBMSC
chondrogenic differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,
the expression of genes encoding for immunomodulatory mediators were analysed at day 21
by TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Treatment of ihBMSCs with inflammatory mediators increased the
expression of MMP1 and MMP3, although this is not statistically significant. n=3 biological

replicates, * p<0.05, ** p<0.005. Error bars represent SEM.
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4.3.2.5 Growth factors and receptors

Expression of genes encoding for growth factors and their receptors were
analysed to assess the effects of inflammatory mediators on ihBMSCs during

differentiation (Figure 4.12 and Figure 4.13).
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Figure 4.12 Heatmap of growth factor and receptor gene expression levels during ihBMSC
chondrogenic differentiation

Gene expression levels of growth factors and their receptors during ihBMSC chondrogenic
differentiation were calculated and displayed as log: fold change relative to SM. Expression
of FGFR1, HGF and IGF1 was seen to be decreased in chondrogenic conditions containing
inflammatory mediators, whilst FGF2 expression was increased in these conditions compared

to CM alone.
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At day 21 of ihBMSC chondrogenic differentiation, expression of EGFR and
VEGFA was decreased, regardless of the presence of inflammatory mediators.
The chondrogenic environment also resulted in the decreased expression of
other growth factors, including HGF and IGFI1, but their reduction was
exacerbated by both the CM + IL-1 and CM + mediators conditions. In
contrast, expression of PDGFRB was significantly increased during
chondrogenic treatment, along with FGFRI. However, the presence of
inflammatory mediators prevented stimulation of FGFR1 at day 21.
Furthermore, the presence of inflammatory mediators, particularly IL-1p

alone, recovered the expression of FGF2 at this timepoint.
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Figure 4.13 Gene expression of growth factors and receptors during ihBMSC chondrogenic
differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,
the expression of genes encoding for growth factors and their receptors were analysed at day
21 by TLDAs. Results were reported as logz fold change relative to SM and a Kruskal-Wallis
test was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test
for multiple comparisons. The presence of inflammatory mediators exacerbated decreased
expression of the growth factors HGF and IGF1, whilst simultaneously preventing FGFR1
expression and recovering expression of FGF2. n=3 biological replicates, * p<0.05. Error bars

represent SEM.
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4.3.2.6 TGF-p/BMP signalling

Expression of genes encoding for members of the TGF-B/BMP signalling
pathways were analysed to assess the effects of inflammatory mediators on

ihBMSCs during differentiation (Figure 4.14 and Figure 4.15).
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Figure 4.14 Heatmap of TGF-B/BMP signalling gene expression levels during ihBMSC
chondrogenic differentiation

Gene expression levels of TGF-/BMP signalling molecules during ihBMSC chondrogenic
differentiation were calculated and displayed as log: fold change relative to SM. The presence
of inflammatory mediators decreased expression of TGFB3, BMPR1B and NOG compared to
CM.

At day 21 chondrogenic differentiation of ihBMSCs, the expression of Smad
proteins was significantly decreased. This included all the Smad genes
assessed, including SMAD1, SMAD3, SMAD5 and SMADS. In a similar way,

expression of BMP2 and BMP4 expression was decreased under chondrogenic
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conditions, whilst BMP6 expression was unchanged compared to cells
cultured in SM. The presence of inflammatory mediators, in the form of IL-1(3
alone or combined, did not affect the gene expression profile of the cells
regarding both Smad and BMP genes. Furthermore, TGFB1 expression was
also unaffected at this stage of chondrogenic differentiation, but the presence

of inflammatory mediators significantly reduced expression of TGFB3.

Another gene affected by the presence of inflammatory mediators was
BMPR1B. In CM conditions, expression of this gene was increased with a 3.76
log> fold change from SM, but the presence of IL-1p only allowed for a 1.54
log: fold increase, whilst combined inflammatory mediators saw a 2.39 log:
fold increase from SM. The increased expression of NOG in CM conditions
(3.75 log: fold change) was also dampened by the presence of inflammatory
mediators, whereby expression was observed as a 2.64 log: fold change from
SM. This reduction in high expression levels was not observed in CM + IL-13
alone, which displayed a 3.64 log: fold increase from SM. Expression of GDF2
(BMP9) could not be detected in this array.
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Figure 4.15 Gene expression of TGF-B/BMP signalling molecules during ihBMSC
chondrogenic differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,
the expression of genes encoding for TGF-3/BMP signalling molecules were analysed at day
21 by TLDAs. Results were reported as logz fold change relative to SM and a Kruskal-Wallis
test was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test
for multiple comparisons. Expression of TGFB3 and BMPR1B was reduced by both the CM +
IL-1B and CM + mediators treatment groups. n=3 biological replicates, * p<0.05, ** p<0.005.
Error bars represent SEM.
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4.3.2.7 MAPK signalling

Expression of genes encoding for members of the MAPK signalling pathways
were analysed to assess the effects of inflammatory mediators on ihBMSCs

during differentiation (Figure 4.16 and Figure 4.17).
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Figure 4.16 Heatmap of MAPK signalling gene expression levels during ihBMSC
chondrogenic differentiation

Gene expression levels of MAPK signalling molecules during ihBMSC chondrogenic
differentiation were calculated and displayed as log: fold change relative to SM. The presence
of IL-1f3 alone prevented a decrease in expression of MAPK1, whilst also increasing expression

of MAPKO.

Exposure of ihBMSCs to IL-18 during chondrogenic differentiation
significantly increased expression of MAPK1, which encodes for ERK2, when
compared to CM or CM + mediators. Moreover, expression of MAPK9, which

encodes for c-Jun N-terminal kinase (JNK)-2, was also significantly increased
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in cells cultured in CM + mediators (0.77 log: fold change) or CM +IL-1f3 (1.12
log: fold change) compared to CM. Expression of MAPK3 and MAPK14 was

not significantly affected by the chondrogenic differentiation of ihBMSCs.
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Figure 4.17 Gene expression of MAPK signalling molecules during ihBMSC chondrogenic
differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,
the expression of genes encoding for MAPK signalling molecules were analysed at day 21 by
TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Expression of MAPK1 was significantly increased in cells cultured with
IL-1p alone, compared to CM (p=0.004) and CM + mediators (p=0.032) IL-1p also significantly
increased expression of MAPK9 compared to SM, when alone (p=0.003) or in combination
with other mediators (p=0.042). n=3 biological replicates, * p<0.05, ** p<0.005. Error bars
represent SEM.
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4.3.2.8 Wnt signalling

Expression of genes encoding for members of the Wnt signalling pathways
were analysed to assess the effects of inflammatory mediators on ihBMSCs

during differentiation (Figure 4.18 and Figure 4.19).
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Figure 4.18 Heatmap of Wnt signalling gene expression levels during ihBMSC
chondrogenic differentiation

Gene expression levels of Wnt signalling molecules during ihBMSC chondrogenic
differentiation were calculated and displayed as log: fold change relative to SM. Expression
of ROR2 was decreased in cells undergoing chondrogenic differentiation in the presence of

inflammatory mediators.

Expression of Wnt signalling molecules during chondrogenesis was
unaffected by the presence of inflammatory mediators, except for the non-
canonical molecule ROR2. Expression of this gene was decreased in cells

exposed to combined inflammatory mediators (0.18 log: fold change)
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compared to those in CM alone (1.36 log: fold change). Expression of WNT5A
and LRP5 showed a decreased trend in expression in all CM conditions, whilst
CTNNBI1 showed an increased trend. Expression of ITPR3 was unaffected by
chondrogenic conditions, and WNT3A and WNT7A could not be detected in

this array.
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Figure 4.19 Gene expression of Wnt signalling molecules during ihBMSC chondrogenic
differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,
the expression of genes encoding for Wnt signalling molecules were analysed at day 21 by
TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Expression of ROR2 was decreased in cells undergoing chondrogenic
differentiation in the presence of inflammatory mediators. n=3 biological replicates, * p<0.05.

Error bars represent SEM.
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4.3.2.9 Toll like receptor signalling

Expression of genes encoding for TLRs were analysed to assess the effects of
inflammatory mediators on ihBMSCs during differentiation (Figure 4.20 and

Figure 4.21).
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Figure 4.20 Heatmap of TLR signalling gene expression levels during ihBMSC
chondrogenic differentiation

Gene expression levels of TLR signalling molecules during ihBMSC chondrogenic
differentiation were calculated and displayed as log: fold change relative to SM. Expression

of TLR2 was significantly increased in cells cultured in CM + mediators or CM + IL-18.
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Expression of TLR1 was significantly decreased in ihBMSCs cultured in CM
with a-1.33 log: fold change from SM. However, the presence of inflammatory
mediators or IL-1f3 alone prevented this significant decrease compared to SM.
Most strikingly, the expression of TLR2 was significantly increased in cells
exposed to inflammatory mediators (4.95 log: fold change) or IL-1(3 alone (4.82
log: fold change). Expression of other TLRs did not show any significant
differences between CM conditions, though CM + IL-13 prevented the
significant decrease in expression of TLR3, TLR4 and TLR6. Expression of
TLR9 and TLR5 was increased in all CM conditions, though no significance

could be observed in the latter.
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Figure 4.21 Gene expression of TLR signalling molecules during ihBMSC chondrogenic

differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,

the expression of genes encoding for TLR signalling molecules were analysed at day 21 by

TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test

was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for

multiple comparisons. Expression of TLR2 was significantly increased in cells cultured in CM

+ mediators (p=0.009) or CM + IL-1§3 (p=0.013). n=3 biological replicates, * p<0.05, ** p<0.005.

Error bars represent SEM.
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4.3.2.10 Other signalling pathways

Expression of genes encoding for members of other signalling pathways of
interest were analysed to assess the effects of inflammatory mediators on

ihBMSCs during differentiation (Figure 4.22 and Figure 4.23).
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Figure 4.22 Heatmap of other signalling gene expression levels during ihBMSC
chondrogenic differentiation

Gene expression levels of other signalling molecules during ihBMSC chondrogenic
differentiation were calculated and displayed as log> fold change relative to SM. Expression

of NOTCH1 signalling was increased in cells cultured with inflammatory mediators.
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Gene expression of other cell signalling molecules showed that I[HH signalling
was significantly increased in ihBMSCs after 21 days of chondrogenic
differentiation. This was unaffected by the presence of inflammatory
mediators, though these conditions did show an increased trend in the
expression of NOTCH1. Here, combined inflammatory mediators and IL-1(3
alone increased expression (0.62 and 1.15 log: fold change respectively).
Moreover, a trend in the expression levels of HES1 could also be observed,
whereby IL-1f did not significantly decrease expression of this gene. Other
genes measured were not significantly changed at this timepoint of
differentiation, including JAK2, STAT3, TAZ and YAP. Expression of SHH and

NELL could not be detected in this array.
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Figure 4.23 Gene expression of other signalling molecules during ihBMSC chondrogenic
differentiation

To assess the effects of inflammatory mediators on chondrogenic differentiation of ihBMSCs,
the expression of genes encoding for other signalling molecules were analysed at day 21 by
TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Inclusion of inflammatory mediators in CM saw an increased trend in
NOTCH1 expression, whilst IL-13 alone prevented decreased expression of HESI. n=3

biological replicates, * p<0.05. Error bars represent SEM.
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4.4 Discussion

Loss of articular cartilage is a hallmark of OA pathogenesis, as resident
chondrocytes fail to maintain the homeostatic balance between synthesis and
degradation of ECM components (Goldring and Marcu, 2009). This imbalance
is exacerbated by the inherent lack of regenerative potential of cartilage due
to its avascular and aneural nature (Van Osch et al.,, 2009), and although
endogenous MSCs in the joint have the capacity to undergo chondrogenic
differentiation, cartilage is unable to readily recruit these reparative cells
(Grogan et al., 2009; Koelling et al., 2009). Therefore, a lot of work has focused
on harnessing MSCs for cartilage repair in degenerative diseases such as OA.
However, current research does not yield highly successful results, as MSC
transplantation reveals limited to no regeneration of articular cartilage (lijima

et al., 2018).

A potential reason for this lack of regeneration is transplantation of cells into
an inflammatory environment, as observed in the osteoarthritic joint. Awash
with growth factors, cytokines and proteases, MSCs in the osteoarthritic joint
can interact with these inflammatory mediators via cell surface receptors,
thereby altering the signalling pathways that govern gene transcription.
Current research suggests that these interactions result in the activation of
signalling cascades driving chondrocyte hypertrophy, a state that promotes
endochondral ossification and development of painful osteophytes (Van der

Kraan and Van den Berg, 2012).

The mechanisms regulating chondrogenesis in the osteoarthritic joint are not
fully elucidated, so this study aimed to address this issue by determining the
effects of inflammatory mediators on the chondrogenic differentiation

capacity of ihBMSCs in vitro. Each of the mediators presented in this study are
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found to be upregulated in the osteoarthritic joint at concentrations similar to
those tested, allowing for closer in vivo representation. Thus far, various
experiments in the literature have cultured BMSCs with individual mediators.
Although this helps to discriminate between the actions of mediators, any
synergistic relationships that might be present in the osteoarthritic joint are
lost. Therefore, to gain a clearer picture of MSC chondrogenesis in the
osteoarthritic joint, I chose to further these findings through the combination
of inflammatory mediators. To measure the effects on chondrogenic
differentiation, production of the proteoglycan subunit GAGs was measured,
whilst insight into the mechanisms of observed effects was gained through

gene expression analysis.

4.4.1 Effects of inflammatory mediators on ihBMSCs during chondrogenic

differentiation

The presence of IL-13 or combined inflammatory mediators in CM
significantly altered the presence of GAGs in an ihBMSC cell line. Importantly,
this data corroborates findings in the literature that show that the pro-
inflammatory cytokine IL-1P3 impedes chondrogenic differentiation of BMSCs
(Wehling et al., 2009; Liu et al., 2017). Data presented here extends these
findings by showing that the presence of combined inflammatory mediators
also reduced the production of GAGs by chondrocytes, though the reduction
is less pronounced. To determine whether this is an effect of opposing
inflammatory mediators or biological variability of cells, further experimental
repeats should be undertaken. Furthermore, inflammatory conditions also
decreased the level of nucleic acid detected in the samples. Although the levels
of GAGs remained decreased upon normalisation to nucleic acid, the
reduction in nucleic acid itself indicated that these inflammatory mediators

also affected the number of cells in these conditions. One potential reason for
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this is apoptosis of cells, a process that is required for subsequent
endochondral ossification in vivo. To explore this theory, it would be beneficial
to measure GAG and nucleic acid content at multiple timepoints during the
chondrogenic differentiation protocol. This would help to gain a better
understanding on whether inflammatory mediators reduce proliferation or

cause cell death upon advancement of hypertrophy.

Individually, the other tested inflammatory mediators did not significantly
affect chondrogenic differentiation of ihBMSCs. This data, therefore, does not

corroborate findings presented in the literature.

Produced by OA chondrocytes, the pro-inflammatory chemokine IL-8 is
found at elevated levels in the SF of OA patients (Borzi et al., 1999; Pierzchala,
Kusz and Hajduk, 2011; Goldring, 2012). This mediator is highly responsive
to the mechanical, inflammatory and metabolic stresses that drive OA
pathogenesis (Chauffier et al.,, 2012), and subsequently has been shown to
induce hypertrophic differentiation of chondrocytes, combined with
increased production of MMP-13 (Merz et al., 2003), chondrocyte apoptosis
(Borzi et al., 2002) and loss of proteoglycans (Matsukawa et al., 1995). It has
been postulated that IL-8 may exert some of its catabolic effects through
increased production of the potent pro-inflammatory cytokine IL-1P
(Matsukawa et al., 1995), which directly contributes to cartilage degradation
as previously described. It was therefore hypothesised that IL-8 would
decrease observed GAG levels in in vitro differentiation of ihBMSCs.
However, no change in GAG concentration could be detected in cells cultured
with IL-8. One reason for this may be a limitation of the in vitro assay itself, as
cells by day 21 are naturally expressing hypertrophic markers. As this does
not represent the quiescent chondrocytes found in healthy cartilage, it may

hide the catabolic effects of IL-8. In a similar way, another pro-inflammatory
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chemokine that has been shown to promote chondrocyte apoptosis and
increased expression of MMP-3 and MMP-13, is MCP-1 (Xu et al., 2015). This
chemokine is of particular interest as it functions to recruit MSCs to a site of
injury, but inhibits them from undergoing chondrogenesis in vitro (Harris et
al., 2013). Like IL-8, culture of ihBMSCs with MCP-1 in this experiment did not
affect the levels of GAGs detected at day 21, contradicting findings that this

chemokine inhibits chondrogenesis.

The cytokine IL-10 exerts some of its anti-inflammatory effects through
inhibition of pro-inflammatory cytokine production and stimulation of B cells.
In OA conditions the presence of IL-10 has been shown to not only prevent IL-
1B mediated cartilage degradation, but also to stimulate proteoglycan
synthesis (van Roon ef al., 1996), highlighting important anabolic effects that
could be exploited in OA therapy. However, the addition of IL-10 to ihBMSCs
undergoing chondrogenic differentiation did not affect the levels of GAGs in
this study, nor did it counteract the effects of IL-13 when combined with this
mediator. The expression of the IL-10 receptor, ILIORB, that allows IL-10 to
interact with cells is known to be expressed in human chondrocytes and was
detected in through these arrays. However, IL-10 did not appear to alter the
expression of genes associated with chondrocyte hypertrophy in these
experiments. Interestingly, Henrotin et al., (2000) showed that IL-10 expression
was undetectable in the absence of IL-1§3, indicating that a synergistic
relationship is essential for its anabolic effects, and may explain why no effect

was observed during individual exposure.

Finally, the role of NGF in OA pathophysiology has been well established in
the mediation of pain, and is found to be elevated in osteoarthritic SF (Miller,
Miller and Malfait, 2014). However, the effect of NGF on chondrogenesis has

been relatively unstudied. Recent work by Lu et al., (2017) showed that NGF
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upregulates expression of cartilage-specific markers during differentiation of
rabbit BMSCs, without promoting chondrocyte hypertrophy. Data in this
project did not confirm these findings in ihBMSCs that were cultured with
NGF, as no change in GAG production could be detected compared to

standard chondrogenic differentiation.

As suggested, limitations of the in vitro differentiation system may be masking
more subtle effects of inflammatory mediators during chondrogenesis.
Although it successfully recapitulates the sequence of events leading to
chondrogenic differentiation in vivo, this process harnesses the intrinsic nature
of MSCs to progress towards endochondral ossification rather than remaining
in the stable phase seen in healthy cartilage (Chen et al., 2015). Although no in
vitro protocols are currently able to completely prevent initiation of a
hypertrophic phenotype, adoption of a micromass culture system may help to
minimise the impact of this, and thus may be useful for future work (Zhang et

al., 2010).

4.4.2 Effects of inflammatory mediators on gene expression of ihBMSCs

during chondrogenic differentiation

To gain insight into the mechanisms underpinning IL-18 mediated
chondrogenic differentiation during ihBMSC chondrogenic differentiation,
gene expression analysis was undertaken. This allowed for investigation into
a variety of signalling pathways involved in normal cartilage homeostasis,
and highlighted that growth factors, proteases and members of TLR and
MAPK signalling were affected by the presence of inflammatory mediators.
Importantly, the expression of hypertrophic markers, such COL10A1, MMP13,
IHH and RUNX2 (Van der Kraan and Van den Berg, 2012), were also

increased. Furthermore, although the gene expression of IL1B itself was not
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seen to be increased in these cells, the gene expression of the IL-1f3 receptor,
IL1IR1, was significantly increased in all conditions cultured with
chondrogenic medium. Despite the presence of inflammatory mediators not
affecting the expression levels of this receptor it is important to note that the
general increase during chondrogenesis means that these newly formed
chondrocytes will be more sensitive to the presence of IL-1f in the medium,

in a similar way to that seen in the osteoarthritic microenvironment.

Importantly, gene analysis experiments were normalised for cDNA input,
therefore gene expression results were not influenced by the decreased level

of nucleic acid observed in the DMMB assay.

4.4.2.1 Differentiation markers

Measurement of differentiation markers at day 21 of ihBMSC chondrogenesis
revealed that expression of ACAN was decreased in cells exposed to
inflammatory mediators, supporting findings that IL-18 reduces ACAN
expression (Pfander et al., 2004). Interestingly, although the levels of GAGs
(measured in the DMMB assay) were not as significantly reduced in the
presence of combined inflammatory mediators compared to IL-1f3 alone, the
decreased expression of ACAN was more pronounced when inflammatory
mediators were combined. This inconsistency may be due to the assays
measuring different outputs (gene vs. protein), but may also result from
biological variability of ihBMSCs in vitro, so further replicates would
strengthen this dataset. Moreover, results from the DMMB assay suggested
that a decreased number of cells in inflammatory conditions was partially
contributing to the decreased levels of GAGs, however this measure of gene
expression demonstrates that a reduction of GAG synthesis is also associated

with lower proteoglycan gene expression.

132



Expression of other differentiation markers in this study are indicative of a
hypertrophic phenotype. This is one of the greatest challenges when
considering MSCs for cartilage repair, as chondrocytes derived from healthy
hyaline articular cartilage represent a stable phenotype that does not undergo
terminal differentiation (Mariani, Pulsatelli and Facchini, 2014). As described,
many in vitro protocols induce features characteristic of fibrocartilage and
chondrocyte hypertrophy (Zhang et al., 2010; Chen et al., 2015), as may be the
case here. For example, expression of both COL1A1 and COL10A1, features of
fibrocartilage and hypertrophy respectively, were increased in all ihBMSCs
undergoing chondrogenic differentiation at day 21. However, the addition of
inflammatory mediators further increased the expression of other

hypertrophy markers, such as RUNX2, ALPL and IBSP.

The role of RUNX2 in endochondral ossification is well established, as deletion
of Runx2 in mouse chondrocytes results in failure of endochondral ossification
and lethality at birth (Chen et al., 2014). Unlike SOX9 which is important in
early chondrogenesis (Akiyama et al., 2002), this transcription factor is
considered an important player in promotion of chondrocyte hypertrophy
and subsequent endochondral ossification (Chen et al., 2014). The fact that the
IL-18 condition in this experiment showed increased levels of RUNX2
expression indicates that IL-13 may be activating signalling pathways that
converge at this transcription factor, thereby initiating the process of
ossification. Moreover, expression of ALPL, which is also involved in
ossification, was increased in the presence of inflammatory mediators. Finally,
IBSP, which encodes for bone sialoprotein (BSP), is another known marker of
hypertrophic chondrocytes and is seen to be involved in mineralisation and
neovascularistion of cartilage tissue (Pesesse et al., 2014). Unlike the work by
Pesesse et al., (2014), the present work was able to show that IL-1f3 can

upregulate expression of this gene.
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Each of these described hypertrophy markers were increased in the presence
of IL-1(3 alone, but their expression was seen to be dampened or lost by the
presence of other inflammatory mediators. This indicates that other
inflammatory mediators in the medium might be limiting the effects of IL-1f.
It would therefore be useful to identify if this is the result of one particular
mediator, which could be further investigated as a therapeutic strategy. This
data also fits with the observation that levels of GAGs were more significantly
reduced in IL-1 alone, and suggests that IL-1f3 in the osteoarthritic joint might

not produce as potent effects as those seen in in vitro studies.

4.4.2.2 Mediators of cartilage degradation

Importantly, exposure of ihBMSCs to inflammatory mediators during
chondrogenic differentiation significantly increased the expression of
proteases that are known to contribute to OA cartilage destruction. MMP-13
is selectively secreted by hypertrophic chondrocytes as it is required for
breakdown of ECM, which allows vascular and cellular invasion during
endochondral ossification. As it is a marker of hypertrophy, it suggests that
the differentiated ihBMSCs at 21 days of chondrogenic differentiation
displayed high expression levels of MMP13. The presence of inflammatory
mediators did not alter these levels. However, they did stimulate expression
of other genes encoding for MMPs that were not increased during standard
chondrogenic differentiation. The enhanced expression of both MMP1 and
MMP3 suggests that ihBMSC-derived chondrocytes were directed by an
inflammatory environment to produce factors that contribute to the
progression of OA pathophysiology. This corroborates previous findings in
the literature, and provides further evidence that the presence of other
inflammatory mediators might not avert IL-1§3 driven expression of cartilage

degrading enzymes; this includes the anti-inflammatory cytokine IL-10.
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4.4.2.3 Signalling pathways

Despite the possible limitation of this in vitro protocol, it was important to
identify that IL-18 and a combination of inflammatory mediators drives the
process of terminal differentiation beyond that seen in CM alone. To identify
how the described differentiation markers and mediators of cartilage
degradation are induced, it is crucial to identify which signalling pathways

are up- or down-regulated in the presence of an inflammatory environment.

Research into chondrocyte signalling frequently highlights the role of TGF-
B/BMP signalling in both cartilage homeostasis and dysregulation (Mariani,
Pulsatelli and Facchini, 2014). However, gene expression of ihBMSCs
undergoing chondrogenic differentiation does not implicate canonical TGEF-
B/BMP signalling pathways (Smad-dependent) in the observed changes to
chondrocyte hypertrophy and GAG production in this study. Instead, the
Smad and BMP genes tested were either significantly decreased or unchanged
during chondrogenic treatment, with or without inflammatory mediators.
Interestingly, expression of the BMP receptor, BMPRIB was significantly
increased in ihBMSCs cultured in CM, but this change was lost following
exposure to inflammatory mediators, particularly IL-13 alone. Contradictory
findings have been presented in the literature, whereby BMPs such as BMP-2
have been implicated in both induction of chondrocyte hypertrophy and
cartilage protection; the latter being through a simultaneous increase of ECM
protein synthesis and decrease of protease expression (van der Kraan, Blaney
Davidson and van den Berg, 2010). The results presented here suggest that the
postulated hypertrophic effects of BMPs are not observed during in vitro
ihBMSC chondrogenic differentiation. Instead, the increased hypertrophic
markers in chondrogenic cultures exposed to inflammatory mediators was

observed in conjunction with lower expression levels of BMPR1B, suggesting

135



that these cells might be less receptive to the presence of BMPs, and therefore
giving more credence to the hypothesis that BMPs act to preserve cartilage
integrity. Although this information cannot be directly ascertained from this
data, as cells expressing high levels of BMPR1B were still displaying features
of hypertrophy, it does suggest that the therapeutic use of protective BMPs,
such as the anabolic BMP-7 (Badlani et al., 2009), could be limited if MSC-
derived chondrocytes have been driven towards hypertrophy by an

inflammatory environment.

Although no changes to Smad gene expression could be observed in this
study, alterations to members of the non-canonical TGF-3/BMP signalling
(Smad-independent) pathway were detected. Here the presence of IL-1f3
during ihBMSC chondrogenesis increased the expression of MAPK1, which
encodes for ERK2, compared to CM alone. This work corroborates findings by
Wang et al., (2011) who showed that IL-1f3 activates the MAPK/ERK pathway
in human chondrocytes, which directly contributes to increased expression of
MMP3 and MMP13 and decreased expression of ACAN. This work extended
these findings by showing that a physiologically relevant concentration of IL-
13 causes the same increased effect on MAPKI expression as a
supraphysiological concentration, however this was counteracted by the
presence of other inflammatory mediators. This may begin to highlight
pathway activation differences between variable inflammatory environments,
although the narrow differences between expression changes indicate that it
may constitute a false positive result. To investigate this further it would be
useful to assess protein expression levels. Another gene affected by the
presence of IL-13 was MAPK9, which encodes for JNK2. In a similar way,
activation of JNK is associated with increased expression of MMPs in
chondrocytes and may denote a mechanism for regulation of MMP expression

in this study (Mariani, Pulsatelli and Facchini, 2014).
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Other genes affected by the presence of inflammatory mediators during
chondrogenesis include those for the growth factors TGFB3, IGF1 and FGF?2.
TGF-f3 is involved in the anabolic actions of chondrocytes, contributing to
increased synthesis of ECM proteins (Tang et al., 2009). Moreover, IGF-1 has
been linked to both the stabilisation of chondrocytes in their permanent,
quiescent state and stimulation of proteoglycan synthesis (Bohme ef al., 1992).
In this study, expression of both TGFB3 and IGF1 was decreased in ihBMSCs
that had undergone chondrogenic differentiation for 21 days. However, this
expression was decreased further in ihBMSCs cultured with inflammatory
mediators, suggesting that a lack of TGF-B3 and IGF-1 is conducive to
increased hypertrophy. In contrast, FGF2 expression has been linked to many
catabolic events in human chondrocytes, including upregulation of MMPs,
stimulation of pro-inflammatory cytokines and antagonism of anabolic
factors, such as BMP-7 (Li ef al., 2012; Mariani, Pulsatelli and Facchini, 2014).
In this study a decrease in FGF2 expression under chondrogenic conditions
was prevented by the presence of inflammatory mediators, whilst MMP and
pro-inflammatory cytokine expression was increased, thereby substantiating
the findings that this growth factor may be involved in each of these catabolic

processes.

Finally, expression of TLR2 was increased by the presence of inflammatory
mediators in this study, simultaneously affirming findings in the literature
that IL-1B upregulates TLR2 expression (Su et al., 2005), and proving that this
effect is not altered by the actions of other inflammatory mediators.
Chondrocytes derived from OA cartilage have been shown to express elevated
levels of TLRs, which increase further in conjunction with the severity of
disease. A crucial component of the innate immune response, TLRs generate

signalling cascades that result in the increased secretion of inflammatory
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mediators and proteases. Therefore, it could be postulated that the increased

TLR2 expression observed in this study augmented expression of MMPs.

4.4.3 Conclusions

In the osteoarthritic joint, chondrocytes progress from their stable phenotype
into a state of hypertrophy, which leads to increased secretion of cartilage
degrading proteases, and stimulation of endochondral ossification processes
that have been linked to development of painful osteophytes (Van der Kraan
and Van den Berg, 2012). As the development of chondrocyte hypertrophy has
been consistently linked to the inflammatory environment, it is therefore
crucial to consider the effects of this when developing MSC therapeutic
options. This will help to prevent transplanted cells from contributing to
disease progression, and instead allow them to exert therapeutic effects that

delay, prevent, or even reverse joint damage.

Data presented here shows that the exposure of ihBMSCs to IL-1f3, a pro-
inflammatory cytokine increased in the osteoarthritic joint, significantly
altered the process of chondrogenic differentiation in vitro, as measured by
decreased levels of GAGs. These effects were observed in the presence of IL-
1P alone, or in combination with other inflammatory mediators (IL-8, IL-10,

MCP-1 and NGF), though the effect was reduced in the latter.

Gene expression analysis revealed that this decreased quantification of GAGs
is linked to increased chondrocyte hypertrophy markers, as shown by the
increased expression of genes encoding for RUNX2, ALP and BSP in
inflammatory chondrogenic conditions. In parallel to this was decreased
expression of aggrecan and increased expression of proteases (MMPs),

representing two of the key features driving OA cartilage breakdown. To
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assess how IL-13 caused this change in chondrocyte phenotype, analysis of
cell signalling pathways revealed the possible role of TLR and MAPK
signalling in these cells. In contrast, the negative role of growth factors, that
normally contribute to cartilage maintenance in the healthy joint, was

illustrated through decreased expression in the inflammatory environment.

Although these in vitro conditions do not represent the complete complexity
of the osteoarthritic joint, and the protocol is limited by inherent progression
into the hypertrophic stage, it does begin to give insight into the effects of
inflammatory mediators on MSCs during OA. The identification of pathways
affected by these inflammatory mediators is important not only to gain a
clearer insight into the pathogenesis of OA, but also to determine how MSCs
could be used for successful targeted therapy. A summary of the key changes
in ihBMSC gene expression during chondrogenic differentiation can be

observed in Table 4.1.
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CM CM + CM +1L-1p

mediators

Gene Fold change  Fold change  Fold change

(log2) (log2) (log2)
Chondrogenic
differentiation
and hypertrophy markers
ACAN 4.50 2.26 3.19
RUNX2 0.09 0.54 0.94
ALPL 4.18 5.94 7.17
IBSP -0.71 -0.05 3.21
IHH 7.57 7.51 7.19
Cartilage degradation
mediators
MMP13 2.76 2.99 3.20
MMP1 -1.20 1.15 1.07
MMP3 0.38 2.25 2.58
TGFB/BMP signalling
BMPR1B 3.76 2.39 1.54
MAPK1 -0.29 -0.19 0.27
MAPK9 0.49 0.77 1.12
Growth factors
TGFB3 -0.29 -1.90 -2.00
IGF1 -0.92 -3.60 -3.39
FGF2 -0.79 -0.03 0.28
Toll like receptor
signalling
TLR2 1.98 4.95 4.82

Table 4.1 Key changes in ihBMSC gene expression during chondrogenic differentiation

Exposure of ihBMSCs to combined inflammatory mediators and IL-1p alone during
chondrogenic differentiation resulted in significant changes to gene expression. Shown as the
log> fold change from SM, genes encoding for chondrocyte hypertrophy markers, cartilage
degrading enzymes, MAPKs and TLR-2 were significantly increased following exposure to
these conditions. In contrast, the expression of ACAN and genes encoding for anabolic growth

factors was significantly decreased.
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Chapter 5 Analysis of the MSC osteogenic response
after exposure to inflammatory mediators

5.1 Introduction

5.1.1 Bone remodelling in the healthy joint

5.1.1.1 Bone remodelling process

Bone is a metabolically active organ that constitutes the skeleton and, besides
its role in locomotion, also functions as the structural support for soft tissues
and internal organs, a storage site for minerals such as calcium and phosphate,
and a reservoir for HSCs and MSCs in the bone marrow (Florencio-Silva et al.,
2015). In order to maintain skeletal integrity and function, a tightly controlled
mechanism of bone remodelling is employed, whereby bone resorption and
formation are finely balanced (Hadjidakis and Androulakis, 2006). In healthy
adult bone, this coupling of resorption and formation allows adaptation to
mechanical load and stress, repairing damage such as microfractures, as well
as maintenance of bone volume and calcium homeostasis (Yamashita,

Takahashi and Udagawa, 2012).

Bone remodelling can be defined by a series of highly coordinated,
consecutive phases: activation, resorption, reversal, formation and
termination (Raggatt and Partridge, 2010). For successful remodelling, and
hence preservation of bone mass, this process of events is reliant on the precise
spatio-temporal activation of multiple cells and signalling pathways in
response to the microenvironment. Thus, an imbalance in this system can
result in diseases such as osteoporosis and osteoarthritis (Neve, Corrado and

Cantatore, 2011; Burr and Gallant, 2012). Two of the key cells responsible in
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bone remodelling are osteoclasts and osteoblasts, for bone resorption and

formation respectively (Hadjidakis and Androulakis, 2006).

Derived from the macrophage/monocyte lineage, pre-osteoclasts react to
changes in the bone microenvironment, signalling the requirement and
initiation of bone turnover. Following this activation, pre-osteoclasts fuse at
required sites and differentiate towards multinucleated osteoclasts, in a
process called osteoclastogenesis (Neve, Corrado and Cantatore, 2011; Crane
and Cao, 2014). This allows them to adhere to and dissolve bone through
acidification pathways during the resorption phase (Rousselle and Heymann,
2002). In order to avoid excessive resorption, osteoclasts undergo apoptosis,
and reversal cells, of unknown phenotype, clean up the organic matrix that
has been released (Abdelgawad et al., 2016). It is postulated that these reversal
cells, combined with the release of growth factors, cytokines and other
proteins from the degraded bone matrix, are critical for the coupling of bone
resorption and formation, as the functions of these released factors include
MSC recruitment and differentiation, for the replacement of resorbed bone
(Mohan and Baylink, 1991). Initially MSCs committed to the osteogenic
lineage differentiate into proliferating pre-osteoblasts, before their full
maturation into osteoblasts (a process termed osteogenesis). These cells are
responsible for the synthesis of new bone matrix, as well as subsequent
promotion of its mineralisation (Caplan, 1991; Pittenger, 1999). Both of these
steps are regulated through the expression of proteins, including alkaline
phosphatase (ALP) and type I collagen for matrix synthesis, and osteocalcin,
osteopontin and osteonectin for matrix mineralisation (Eriksen, 2010). Upon
mineralisation, termination of the bone formation phase is observed by
apoptosis or transformation of osteoblasts into bone lining cells or osteocytes,

the latter of which constitutes 90% to 95% of adult bone tissue (Schaffler and
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Kennedy, 2012). An overview of this bone remodelling process can be seen in

Figure 5.1.
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Figure 5.1 Process of bone remodelling in the healthy joint

Bone remodelling in the healthy joint relies on the tight regulation of both bone resorption by
osteoclasts and subsequent bone formation by osteoblasts. Release of growth factors and other
proteins from the bone matrix stimulates the differentiation of MSCs into osteoblasts in order
to replace the resorbed bone and regulate the process of osteoclastogenesis (Weilbaecher,

Guise and McCauley, 2011).

Although the main functions of MSC derived osteoblasts lay in the synthesis
and mineralisation of bone, as described, their role also extends to the
regulation of osteoclastogenesis (Neve, Corrado and Cantatore, 2011). This
occurs through various mechanisms, with the most widely studied being the
OPG/RANKL/RANK pathway, in which RANKL (receptor activator of
nuclear factor kappa-B ligand) expressed on the surface of pre-osteoblasts
binds to pre-osteoclasts via RANK (receptor activator of nuclear factor kappa-
B), stimulating their maturation into osteoclasts (Simonet et al., 1997; Khosla,

2001). This process is overseen by OPG (osteoprotegerin), which can block the
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activity of RANKL, and has led to the hypothesis that the ratio of these two
mediators controls osteoclastogenesis (Hadjidakis and Androulakis, 2006).
Other mechanisms independent to this includes the production of WNT5A by
osteoblasts, which upregulates RANK expression to enhance osteoclast
differentiation (Yamashita, Takahashi and Udagawa, 2012). Moreover, other
local factors can modulate this system, including cytokines such as TNF-a and
IL-10 that can directly increase RANKL expression (Hadjidakis and
Androulakis, 2006). Taken together, this information displays the important
and complex interactions that govern bone remodelling, and starts to uncover
some of the signalling pathways involved in this process. Some of the most

widely studied pathways will now be discussed in further detail.

5.1.1.2 Signalling pathways in bone remodelling

As previously described, bone homeostasis relies on precise regulatory
mechanisms between osteoclast and osteoblast activity, including the
termination of osteoclast bone resorption and recruitment of MSCs for
osteogenic differentiation into osteoblasts (osteogenesis). As MSCs can
differentiate into other mesenchymal cell lineages, a range of growth factors,
cytokines and other proteins in the microenvironment are essential for
determining their commitment into the osteoblast lineage (James, 2013). These
factors may be stored and secreted from the bone matrix or produced locally
in the joint in response to osteoclast bone resorption. Alternatively, they may
be systemic and arrive through the vasculature via angiogenesis, as blood
vessels are in close proximity to bone remodelling sites (Florencio-Silva et al.,

2015).

As growth factors and cytokines are hydrophilic molecules unable to

penetrate the cell membrane, they exert their effects by binding to receptors
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on the surface of target cells. This interaction activates specific intracellular
signalling cascades, that ultimately target and stimulate transcription factors
involved in the regulation of osteogenesis (Hayrapetyan, Jansen and van den
Beucken, 2015). The targeted transcription factors include those belonging to
the runt-domain gene family, such as RUNX2 (also called Core-binding factor
alpha, CBFA1) (Yamaguchi, Komori and Suda, 2009) that is often described as
the master transcription factor of osteogenesis. In fact, Runx2”- mice exhibit a
complete lack of bone formation due to the arrest of osteoblast maturation at
an early stage of differentiation (Komori ef al., 1997). Another transcription
factor that runs downstream of RUNX2 is Osterix (Osx). Important in
osteoblast commitment, knockdown of this gene in mice results in defective
bone formation (Huang and Olsen, 2015), though its effects are reliant on the
presence of other mediators, such as BMP-6 (Zhu et al., 2012). Many of these
signalling pathways governing transcription, including TGF-3/BMP and Wnt,
are well defined for a variety of cellular processes, and their specific roles in
the process of bone remodelling are coming to light (Hayrapetyan, Jansen and
van den Beucken, 2015). For example, it is well regarded that the systemic
factor parathyroid hormone, is a key orchestrator of the signalling pathways

driving MSC migration and differentiation (Crane and Cao, 2014).

TGF-B/BMP signalling pathways are imperative across a broad range of
cellular processes, including bone remodelling. Members of the TGF-$
superfamily (e.g. TGF-f, BMPs) are found in abundance in the bone matrix
and are released and activated by osteoclasts to induce migration of MSCs to
resorption pits (Crane and Cao, 2014). Moreover, they also stimulate the
production of other growth factors, like FGF2, that positively influence
osteoblast differentiation (Sobue ef al., 2002). Signal transduction of the TGF-
[3/BMP pathway can be either canonical (Smad dependent) or non-canonical

(Smad independent), the latter of which is through the p38 MAPK pathway.
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The MAPK signalling cascade has a distinct role in regulating osteogenesis, as
it is involved in both ALP and osteocalcin expression in osteoblasts
(Hayrapetyan, Jansen and van den Beucken, 2015). The MAPK pathway also
transduces signals from FGF2 in order to phosphorylate and activate RUNX2,
and this growth factors importance has been highlighted by Fgf2”- mice that
are shown to have decreased bone mass (Hayrapetyan, Jansen and van den
Beucken, 2015). However, it should be noted that the temporal activity of these
signalling pathways may be the crucial element for successful osteogenesis, as
although both TGF-B and FGF2 have been shown to induce osteoblast
proliferation, they also seem to inhibit both ALP activity and osteoblast

mineralisation (Bosetti et al., 2007).

Other growth factors found in the bone remodelling microenvironment
include IGF-1 and platelet derived growth factor (PDGF) (Neve, Corrado and
Cantatore, 2011). IGF-1 is known to activate MSC differentiation into the
osteoblast lineage (Xian et al., 2012), and is also a potent chemotactic factor that
may contribute to osteogenesis through the recruitment of osteoblasts to
resorption sites (Nakasaki et al., 2008). Similarly, PDGF also functions at sites
of resorption to mobilise MSCs (Caplan and Correa, 2011a). Receptors for each
of the described growth factors have been identified on osteoblasts
themselves, indicating that these cells regulate activity in an autocrine
manner, as well as exerting paracrine effects (Hadjidakis and Androulakis,

2006).

Another important signalling pathway involved in bone remodelling is the
Wnt signalling pathway, which exhibits both pro-osteogenic and anti-
adipogenic activity (James, 2013). Activated in MSCs and osteoblasts, it has
been found to be important in differentiation and proliferation respectively,

exerting its effects through canonical ([3-catenin dependent) or non-canonical
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(B-catenin independent) routes (Kim et al., 2015). The role of Wnt signalling in
bone formation was first highlighted by low density lipoprotein receptor-
related protein (LRP)-5 gene mutational studies showing that reduced bone
mass is a consequence of loss of function mutations (Gong et al., 2001). In
contrast, LRP5 gain of function mutations leads to a high bone mass
phenotype (Boyden et al., 2002; Little et al., 2002). As LRP5 is a key component
of the transmembrane complex (Frizzled/LRP5/LRP6) that binds Wnt ligands
for stimulation of the canonical Wnt signalling cascade, research into the (3-
catenin dependent pathway took precedence. Subsequently, confirmation of
its role in bone formation has been repeatedly presented in the literature, as {3-
catenin associates with transcription factors, such as RUNX2 and Osx, that
determine MSC commitment towards the osteoblast lineage (Kobayashi et al.,
2016). Its role in bone remodelling is not limited to osteoblast differentiation,
however, as it has been shown to indirectly repress osteoclast differentiation,
and thus bone resorption, by the secretion of OPG (Baron and Kneissel, 2013).
More recently, evidence for the role of non-canonical Wnt signalling in bone
remodelling is emerging and, although less well studied, the [-catenin
independent pathways have an important function in promotion of both bone
formation and resorption. In particular, WNT5A has been shown to activate
non-canonical Wnt/Ca? and Wnt/planar cell polarity pathways to promote
osteoblast differentiation (Kobayashi et al., 2016). Furthermore, WNT5A
knockdown results in suppression of osteoblast markers (Sonomoto et al.,
2012). Unlike ligands that stimulate the canonical Wnt signalling pathway,
WNTS5A has also been shown to increase the expression of RANK on pre-
osteoclasts, thereby inducing osteoclastogenesis (Maeda et al., 2012; Kobayashi

et al., 2016).

Roles of other signalling pathways in bone remodelling are continuously

being uncovered. This includes, but is not limited to, Hedgehog signalling,

147



whereby IHH has an essential function in promoting osteoblast differentiation
(Yang et al.,, 2015), and Notch signalling, which conversely is important in
suppression of osteoblast differentiation (Regan and Long, 2014). Moreover,
expression of toll like receptors (TLRs) has been linked to enhanced osteogenic
differentiation (Shirjang et al., 2017). This brief overview begins to reveal the
multitude of signalling pathways that govern the complex system of
homeostatic bone remodelling. With this in mind, it is unsurprising to learn
that significant shifts in the microenvironment, as seen in diseased states,

alters the process and role of bone remodelling.

5.1.2 Bone remodelling in the osteoarthritic joint

5.1.2.1 Evidence of altered bone remodelling in OA

Early analysis of osteoarthritic bone provided the first indications of abnormal
bone remodelling in OA, highlighting the fact matrix deposition exceeds
mineralisation (Batra and Charnley, 1969; Reimann, Mankin and Trahan,
1977). However, due to the initial focus of OA pathogenesis on cartilage
degradation, the role of subchondral bone in OA was largely overlooked.
Since then, these findings have been replicated in femoral heads to show that
bone located in the subchondral zone of osteoarthritic joints simultaneously
exhibit increased bone collagen metabolism and decreased collagen
mineralisation, compared to healthy joints (Grynpas et al., 1991). Therefore,
despite the bone sclerosis and thickening observed in OA, a decrease in bone
density through hypomineralisation means that the quality of bone is reduced
(Li and Aspden, 1997). Moreover, this combined increase in bone volume and
hypomineralisation is primarily observed at high load bearing sites. As the
mechanical load properties on articular cartilage are therefore altered, this
aberrant bone remodelling is postulated to contribute to cartilage degradation

(Zhen et al., 2013). One mechanism that this may occur through is an increased
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incidence of microfractures initiating reparative bone remodelling events by
decreasing the OPG:RANKL ratio, as observed in animal models (Burr and
Gallant, 2012).

Evidence has now revealed that the rate of altered bone remodelling in OA
changes over the course of the disease. Early OA is characterised by an
increase in bone remodelling and vascularity, whereas late OA displays the
characteristic phenotypes described in the above studies due to an imbalance
between bone resorption and formation; the former being reduced whilst the
latter is increased (Findlay and Atkins, 2014). This drive towards bone
formation in late OA could be linked to the functional capacity of MSCs at this
stage of disease, as they possess substantially reduced chondrogenic and
adipogenic differentiation potential, but increased ability to undergo
osteogenesis (Murphy et al., 2002). With this in mind, it is interesting to note
that a clinical feature of OA is the formation of vascularised, bony outgrowths
called osteophytes, which are thought to result from the inappropriate
recruitment and activation of MSCs (van der Kraan and van den Berg, 2007)
(Figure 5.2). Controversy surrounding their purpose is present, with some
studies implicating their role in stabilisation of the joint to protect cartilage
from further degradation (Brandt, 1999), whilst others illustrate their role in
OA pain (Lanyon et al., 1998), in part due to the positive correlation between

cartilage destruction and osteophyte formation (Van Osch et al., 1996).
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Figure 5.2 Location of osteophytes in the knee OA joint

Bony outgrowths, called osteophytes, are a radiographic feature of advanced OA, along with
joint space narrowing and bone attrition. They are located at the margin of the joint and are
thought to result from inappropriate recruitment and activation of MSCs (Adapted from

Goldring and Goldring, 2016).

As well as a change in phenotype, osteoblasts derived from OA bone also
display differential gene expression compared to osteoblasts from
osteoporotic or healthy bone. For example, expression of the osteogenic
differentiation markers ALP and osteocalcin are both found to be increased in
OA osteoblasts (Couchourel et al., 2009). Furthermore, the ratio of calcium:
phosphate in osteoblast mineralisation exhibits much greater variability in OA
bone (Kumarasinghe et al., 2012). These changes in gene expression can help
to understand phenotypic alterations, but a clearer understanding into the
ligands and signalling pathways directing this shift in gene expression is

required to understand the process of altered bone remodelling in OA.

5.1.2.2 Process of altered bone remodelling in OA

Ectopic bone formation can be observed in diseases with high inflammatory
cytokines (Collison, 2018), and reduced by anti-inflammatory drugs (Fransen
and Neal, 2004), illustrating the importance of the microenvironment for the

success of homeostatic bone remodelling. As the OA joint is characterised by
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infiltration of cells and mediators of inflammation, the concentration changes
of growth factors and cytokines that promote balanced bone remodelling in
the healthy joint are now implicated in aberrant bone remodelling. They
subsequently interact with osteoclasts, osteoblasts and MSCs in the joint,
controlling their activity through induction of signalling pathways. One way
is through altered expression of OPG and RANKL, however the specific roles
of both signalling pathways and their ligands in this process remains unclear

(Maruotti, Corrado and Cantatore, 2017).

It is known that one group of ligands linked to altered bone remodelling in
OA are members of the TGF-f3 superfamily, which in the healthy joint are
essential for the migration of MSCs to bone resorption sites, and for indirect
stimulation of factors involved in MSC differentiation (Crane and Cao, 2014).
Therefore, it is unsurprising that alterations in their local concentrations have
been linked to aberrant bone remodelling. In OA, osteoblasts display
increased production and activation of TGF-p, contributing to synovial
thickening and formation of osteophytes (Scharstuhl et al., 2002, 2003), whilst
targeted inhibition of TGF- in mouse and rat models attenuates OA
development (Zhen et al., 2013). To promote an OA phenotype, increased
levels of TGF-f is likely to primarily exert its effects through increased
recruitment of MSCs. In clinical and animal models of OA, an increase in TGF-
f levels, and thus increased accumulation of MSCs, can be observed in the
joint. In the healthy joint tissue these MSCs are found at resorption sites, but
the altered microenvironment of OA leads to osteoblast commitment of MSCs
in bone marrow cavities, resulting in the formation of bone marrow lesions
(Zhen et al., 2013). These lesions are characterised by poorly mineralised bone,

and are associated with increased pain and cartilage damage (Dore et al., 2010).
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Other pro-inflammatory cytokines found in the osteoarthritic joint include IL-
1B, which increases human MSC osteogenesis in vitro via the Wnt-5a/receptor
tyrosine kinase-like orphan receptor 2 pathway (Sonomoto et al., 2012), MAPK
pathway (Ferreira et al., 2013), NF-xB pathway and BMP-2 pathway (Mao et
al., 2016). In addition, this mediator has also been proven to promote bone loss

through activation of osteoclastogenesis (Kim et al., 2009).

Although these findings validate the importance of the microenvironment on
bone remodelling, poor understanding of the signalling pathways governing
these effects prevents development of targeted treatments for OA. Therefore,
to gain a better understanding of deregulated bone remodelling, a closer look
at the spatio-temporal activation of signalling pathways by ligands present in

the osteoarthritic joint needs to be undertaken.

5.1.3 Osteogenic differentiation of MSCs in vitro

To initiate and assess the differentiation capacity of MSCs in vitro, inclusion of
lineage specific growth factors and chemicals such as ascorbic acid, (-
glycerophosphate and dexamethasone in serum rich culture medium can be
adopted (Pittenger et al., 1999). The differentiation response can subsequently
be measured through a number of techniques, including quantitative
assessment of alkaline phosphatase activity (Sabokar et al., 1994) and semi-
quantitative assessment of mineral deposition via Alizarin Red S staining
(Gregory et al., 2004). Moreover, the genetic and proteomic profile of the MSCs
can be analysed to highlight the expression of genes and proteins associated

with the osteoblast phenotype as opposed to the MSC phenotype.

Following proliferation of MSCs, the early stages of in vitro differentiation are

characterised by the expression of transcription factors RUNX2 and Osx as
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they drive MSC commitment towards the osteoblast lineage (Birmingham et
al., 2012). Proliferation of the cells declines as they begin to differentiate, and
expression of ALP activity is induced up until around day 14 (Aubin, 2001),
along with expression of collagen type 1 (COL1A1) that provides the matrix
for mineral deposition (Quarles et al., 1992). Following this, expression of late
markers such as osteocalcin and osteopontin can be observed in conjunction

with the deposition of calcium and phosphate (Huang et al., 2007) (Figure 5.3).
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Figure 5.3 Key differentiation markers in osteogenesis

Osteogenic differentiation of MSCs can be characterised by a number of key markers. During
early differentiation, committed osteoprogenitors proliferate before differentiating into pre-
osteoblasts. Expression of transcription factors RUNX2 and Osx can be observed during this
stage as proliferation begins to fall. ALP activity can also be measured as cells differentiate
further into early osteoblasts. Following this, maturation of osteoblasts and mineralisation
occurs as measured by expression of late markers osteocalcin and osteopontin (Adapted from

Wagner et al., 2010).
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5.1.4 Aims and Hypotheses

The general aim of the in vitro study presented in this chapter was to identify
the effect of inflammatory mediators, found to be upregulated in osteoarthritic

tissue, on the osteogenic differentiation capacity of BMSCs.

To achieve this, BMSCs were cultured in osteogenic medium supplemented
with inflammatory mediators and the ALP activity and mineral deposition
was measured to establish any change to the osteogenic process. Due to a
wealth of conflicting data in the literature, potentially due to differences in cell
types and species, this work was performed using a murine BMSC cell line, an
ihBMSC cell line and human primary BMSCs. Use of these different cell types
would allow for the confirmation of species differences and therefore help to
identify the effects that are more likely to be observed in human clinical trials.
Following this, any changes to an ihBMSC cell line were evaluated by TagMan
Low Density Arrays (TLDAs) in order to identify changes to signalling

pathways governing differentiation.

Based on the existing literature, it was hypothesised that the inclusion of pro-
inflammatory mediators and growth factors (IL-1§, IL-8, MCP-1, NGF) in
osteogenic medium would increase the rate of osteogenesis in human BMSCs
through upregulation of non-canonical TGF-3/BMP and Wnt signalling
pathways, as well as upregulation of pro-inflammatory cytokines that create
a positive feedback loop (Sonomoto et al., 2012; Xie et al., 2016; Yasui et al.,
2017). In contrast, it was hypothesised that pro-inflammatory mediators
would decrease the rate of osteogenesis in murine BMSCs (Lacey et al., 2009),
confirming effects of species differences. It was also hypothesised that anti-
inflammatory mediators (IL-10) would slow the rate of osteogenesis BMSCs

(Van Vlasselaer et al., 1994).
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5.2 Methods

For more detailed methods describing MSC culture and mediator exposure

please see Chapter 2 Materials and Methods.

5.2.1 Osteogenic Differentiation

Osteogenic differentiation was induced in adherent murine BMSCs, ihBMSCs
and human primary BMSCs cultured in osteogenic medium (OM) over a
period of 21 days. OM consisted of standard medium (SM) supplemented
with 100nM dexamethasone (Sigma-Aldrich), 0.05mM L-ascorbic acid-2-
phosphate (Sigma-Aldrich) and 10mM 3-glycerophosphate (Sigma-Aldrich)
(Jaiswal et al., 1997; Rashidi et al., 2012). ihBMSCs and human primary BMSCs
were seeded at 4x10°cells/cm? in SM in a 48-well plate or T25 flask
(ThermoFisher), and incubated for 24 hours at 37°C, 5% CO: to allow for
attachment. Murine BMSCs were seeded at 1x10%cells/cm? in SM in a 48-well
plate (ThermoFisher), with the same incubation protocol followed. After this
time, the medium was replaced with OM with or without inflammatory
mediators. The medium was replaced three times a week for 7, 10, 14 and 21
days, and the differentiation status assessed by alkaline phosphatase activity,
alizarin red staining and gene expression levels gained through TLDAs.

Figure 5.4 provides a schematic of the experimental design.
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Figure 5.4 Schematic of the osteogenic experimental design

5.2.2 Alkaline Phosphatase Activity

Alkaline phosphatase (ALP) is an early marker for osteogenic differentiation
and was measured using sigmaFAST™ p-Nitrophenyl phosphate tablets
(Sigma-Aldrich). The ALP assay was performed according to manufacturer’s
instructions. Briefly, wells were washed twice with PBS before 300yl of p-
Nitrophenyl substrate was added to each well. Samples were immediately
transferred to an Infinite 200 microplate reader at 37°C, and absorbance was
read at 405nm every 5 minutes until exhaustion of the reaction substrate

occurred. For subsequent analysis, the slope of the reaction was obtained to
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derive the rate of ALP activity (uM/min). This data was plotted as the fold
change from OM and a Kruskal-Wallis test was performed for statistical
analysis, followed by an uncorrected Dunn’s post hoc test for multiple

comparisons.

5.2.3 Alizarin Red S Staining

Alizarin Red S staining (Sigma-Aldrich) was used to measure mineralisation
through the staining of calcium phosphate deposits. Fixed cells were washed
twice with PBS before addition of a 1% (w/v) Alizarin Red solution (300ul).
The plate was incubated for 10 minutes at RT and the cells were washed with
sterile distilled water to remove excess stain. To observe mineralisation,
brightfield images were then acquired using an Eclipse TS100 inverted
microscope (Nikon). To quantify mineralisation, 200ul of de-staining solution
(20% (v/v) methanol, 10% (v/v) acetic acid, 70% distilled water) was added to
each well and incubated for 15 minutes with gentle agitation, after which
samples were transferred to a 96 well plate and read on an Infinite 200
microplate reader at 405nm. For subsequent analysis, the data was plotted as
the fold change from OM and a Kruskal Wallis test was performed for
statistical analysis, followed by an uncorrected Dunn’s post hoc test for

multiple comparisons.

5.2.4 TagMan Low Density Arrays

TLDAs (ThermoFisher) were used to measure changes in gene expression of
ihBMSCs during osteogenic differentiation. For more detailed methods on
cDNA preparation and validation, and TLDAs please see Chapter 2 Materials
and Methods.
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Briefly, ihBMSCs were cultured in SM, OM, OM + mediators or OM + IL-1p
for 10 days, after which time cells were washed twice with PBS and
resuspended in Tri-reagent (Sigma Aldrich). RNA was subsequently extracted
from the cells using a RNeasy Micro Kit (Qiagen), according to manufacturer’s
instructions. The RNA concentration and purity were then assessed using a
Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, USA) and,
following this, cONA was synthesised from 2ug of total RNA using a High-
Capacity RNA-to-cDNA Kit (ThermoFisher), according to manufacturer’s
instructions. Successful cDNA synthesis was confirmed by RT-PCR and gel
electrophoresis, upon which 384-well microfluid TagMan array cards were
loaded with cDNA and run on the 7900HT Fast-Real Time PCR System using
SDS RQ Manager Software (Applied Biosystems). The generated Ct values
were normalised to the geometric mean of glucuronidase beta (GUSB) and
TATA-box binding protein (TBP), which were identified as the most stable
reference genes. The data was then corrected for baseline and the log: fold
change from SM plotted using GraphPad Prism 7 (GraphPad Software, San
Diego, CA). A Kruskal-Wallis test was performed for statistical analysis,

followed by an uncorrected Dunn’s test for post hoc multiple comparisons.
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5.3 Results

5.3.1 Response of murine BMSCs to inflammatory mediators during

osteogenic differentiation

Initial studies investigated the effects of inflammatory mediators (IL-1f3, IL-8,
IL-10, MCP-1, NGF) on murine BMSCs during osteogenic differentiation. Each
of these mediators were either added individually to OM or in combination,
the latter of which was chosen to better replicate the osteoarthritic
microenvironment, where a range of both pro- and anti-inflammatory
mediators are present. Effects of these treatments were assessed through the

measurement of ALP activity and mineral deposition after 7 and 10 days.

Early osteogenic differentiation is characterised by the transcription and
protein expression of ALP, leading it to act as the primary osteoprogenitor
marker during in vitro differentiation. In this study there was a significant
increase in ALP activity (p=0.005) between cells that had been cultured in SM
and those cultured in OM, confirming successful differentiation of these cells.
Interestingly, exposure to OM + mediators (p=0.033) and OM + IL-1f3 (p=0.050)
significantly reduced the ALP activity of these cells compared to OM alone,
though ALP activity can still be detected. None of the other individually
added inflammatory mediators significantly altered the ALP activity of the

cells compared to OM alone (Figure 5.5).
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Figure 5.5 ALP activity in murine BMSCs during osteogenic differentiation after exposure
to inflammatory mediators

ALP activity (uM/min) was quantitatively measured in murine BMSCs after exposure to
inflammatory mediators for 7 days. Results were plotted as fold change from OM and a
Kruskal-Wallis test was performed for statistical analysis, followed by an uncorrected Dunn’s
post hoc test for multiple comparisons. The presence of inflammatory mediators in OM
significantly decreased (p=0.033) ALP activity compared to OM alone, as did the presence of
IL-1p in OM (p=0.050). No change in ALP activity could be observed from the addition of
other individual inflammatory mediators in OM. n=3 biological replicates, * p<0.05, ** p<0.005.

Error bars represent SEM.
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As osteogenic differentiation progresses, terminal differentiation and matrix
mineralisation occurs, as observed by the deposition of calcium and
phosphate. After 7 and 10 days exposure, cells cultured in OM showed
successful mineral deposition compared to SM. However, there was a
significant decrease in detected calcium at day 7 compared to OM when cells
were treated with either OM + mediators (p=0.044) or OM + IL-1(3 (p=0.050).
This decrease was also observed at day 10, though it was not significant at this
timepoint, indicating that the treatments delayed mineral deposition and
slowed down the ability of the murine BMSCs to take on the required features
of the differentiation process. None of the other individually added
inflammatory mediators appeared to significantly alter levels of mineral

deposition compared to OM (Figure 5.6).
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Figure 5.6 Levels of mineral deposition during osteogenic differentiation of murine BMSCs
after exposure to inflammatory mediators

Mineral deposition during osteogenic differentiation of murine BMSCs was semi-
quantitatively measured by Alizarin Red S staining after exposure to inflammatory mediators
for 7 (A) and 10 (B) days. Results were plotted as fold change from OM and a Kruskal-Wallis
test was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test
for multiple comparisons. A significant decrease in mineral deposition could be observed at
day 7 in the OM + mediators (p=0.044) and OM + IL-1f3 (p=0.050) conditions compared to OM
alone (A), though deposition could still be detected. This decrease in mineral deposition could
also be observed at day 10 in both the OM + mediators and OM + IL-1f3 conditions, though it
was no longer significant (p=0.090) (B). No change in mineral deposition could be observed
from the addition of other individual inflammatory mediators in OM. n=4 biological

replicates, * p<0.05. Error bars represent SEM. Scale bars = 150 M.
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5.3.2 Response of ihBMSCs to inflammatory mediators during osteogenic

differentiation

Following treatment of murine BMSCs, ihBMSCs from an immortalised cell
line were investigated to evaluate the effects of inflammatory mediators (IL-
1B, IL-8, IL-10, MCP-1, NGF) on osteogenic differentiation. As the in vitro
differentiation of ihBMSCs has a longer temporal profile compared to murine
BMSCs, ALP activity was assessed after 7 and 10 days, whilst mineral

deposition was measured after 14 and 21 days.

In this study, there was an increase in ALP activity between cells that had been
cultured in SM and those cultured in OM, confirming successful
differentiation of cells. Further to this, there was also a significant increase in
ALP activity at both day 7 (p=0.046) and day 10 (p=0.016) when cells had been
exposed to OM + mediators. ALP activity was also significantly increased at
day 10 differentiation by the presence of IL-1p in OM (p=0.005). None of the
other individually added inflammatory mediators significantly altered the

ALP activity of the cells compared to OM alone (Figure 5.7).
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Figure 5.7 ALP activity in ihBMSCs during osteogenic differentiation after exposure to
inflammatory mediators

ALP activity (uM/min) was quantitatively measured in ihBMSCs after exposure to
inflammatory mediators for 7 (A) and 10 (B) days. Results were plotted as fold change from
OM and a Kruskal-Wallis test was performed for statistical analysis, followed by an
uncorrected Dunn’s post hoc test for multiple comparisons. The presence of inflammatory
mediators in OM significantly increased (p=0.032) ALP activity compared to OM alone at day
7 (p=0.046) and day 10 (p=0.016). The presence of IL-1p in OM also increased ALP activity by
day 10 (p=0.005). No change in ALP activity could be observed from the addition of other
individual inflammatory mediators in OM. n=4 biological replicates, * p<0.05, ** p<0.005. Error

bars represent SEM.
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Following assessment of ALP activity, levels of mineral deposition were
measured at day 14 and 21 by Alizarin Red S staining. This measurement
further confirmed that treatment of OM with combined mediators or IL-1
alone affected osteogenesis, as there was significantly greater deposition
observed in these conditions at day 14 (OM + mediators p=0.036; OM + IL-1p3
p=0.023). By day 21, mineral deposition levels were similar across all treatment
types in which cells were cultured with OM. None of the other individually
added inflammatory mediators significantly altered levels of mineral

deposition compared to OM (Figure 5.8).
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Figure 5.8 Levels of mineral deposition during osteogenic differentiation of ihBMSCs after
exposure to inflammatory mediators

Mineral deposition during osteogenic differentiation of ihBMSCs was semi-quantitatively
measured by Alizarin Red S staining after exposure to inflammatory mediators for 14 (A) and
21 (B) days. Results were plotted as fold change from OM and a Kruskal-Wallis test was
performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. A significant increase in mineral deposition could be observed at day
14 in the OM + mediators (p=0.036) and OM + IL-13 (p=0.023) conditions compared to OM
alone (A). This increase in mineral deposition could not be observed at day 21, where all OM
treatment groups showed similar levels of mineral deposition (B). No change in mineral
deposition could be observed from the addition of other individual inflammatory mediators
in OM. n=3 biological replicates, * p<0.05, ** p<0.005, *** p<0.001. Error bars represent SEM.
Scale bars = 150uM.
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5.3.3 Effects of IL-1p on ihBMSC osteogenesis

As IL-1p was shown to stimulate an earlier osteogenic response in ihBMSCs,
the potential dose response relationship of this mediator was investigated. In
these experiments, ihBMSCs were exposed to 1pg/ml, 10pg/ml, 100pg/ml or
1000pg/ml IL-1f for 21 days. Similar to the previous experiment, ALP activity
was measured at day 7 and 10, whilst mineral deposition was assessed at day
14 and 21. An additional timepoint at day 10 was added for mineral deposition

to see if mineralisation had already been initiated by this early timepoint.

ihBMSCs cultured in OM had increased ALP activity compared to those
cultured in SM, confirming that successful differentiation had occurred.
Inclusion of IL-1p in OM significantly increased the ALP activity of cells at
day 7 at concentrations above 10pg/ml (10pg/ml p=0.040; 100pg/ml p=0.036;
1000pg/ml = 0.004). However, there was no significant difference observed
between these higher doses. By day 10 of treatment with 1000pg/ml IL-13,
ALP activity was not increased, but a continued increase could be observed in
groups treated with 10pg/ml (p=0.016) and 100pg/ml (p=0.008) IL-1f (B).
Treatment with 1pg/ml IL-18 did not significantly affect ALP activity

compared to OM alone (Figure 5.9).
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Figure 5.9 ALP activity in ihBMSCs during osteogenic differentiation after exposure to IL-
18

ALP activity (uM/min) was quantitatively measured in ihBMSCs after exposure to IL-1(3 for 7
(A) and 10 (B) days. Results were plotted as fold change from OM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Inclusion of IL-1p in OM at concentrations above 10pg/ml significantly
increased ALP activity compared to OM alone at day 7 (10pg/ml p=0.040; 100pg/ml p=0.036;
1000pg/ml = 0.004). At day 10 ALP activity of 10pg/ml (p=0.016) and 100pg/m]l (p=0.008) IL-1
treatment groups remained significantly increased compared to OM, but the 1000pg/ml IL-1[3
group did not. No change in ALP activity could be observed from the addition of 10pg/ml IL-
1P in OM at either timepoint. n=4 (technical replicates),

* p<0.05, ** p<0.005. Error bars represent SEM.
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Measurement of mineral deposition also showed that exposure of ihBMSCs to
varying concentrations of IL-1f3 significantly affected this measure of
osteogenesis. Although no significant change in mineral deposition could be
detected by day 10 between OM and IL-1( treatment groups following stain
extraction, a representative panel of images indicated that mineral deposition
had begun in discrete areas of cultures exposed to IL-1p (A). Following 14 days
exposure, the 100pg/ml (p=0.011) and 1000pg/ml (p=0.028) IL-1{3 treatment
groups caused a significant increase in mineral deposition compared to OM
alone (B), highlighting a dose response relationship. In contrast, by day 21 a
significant decrease in mineral deposition could be observed in cells cultured
in 1000pg/ml IL-1B (p=0.030), whilst no other treatment groups showed an
effect (C). The lower concentrations of IL-13 (1pg/ml and 10pg/ml) did not
significantly alter mineral deposition at any timepoint, though it should be
noted that over a 2-fold change was still measured in these treatment groups

at day 14 (Figure 5.10).
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Figure 5.10 Levels of mineral deposition during osteogenic differentiation of ihBMSCs
after exposure to IL-1f3
Mineral deposition during osteogenic differentiation of ihBMSCs was semi-quantitatively

measured by Alizarin Red S staining after exposure to IL-1(3 for 10 (A), 14 (B) and 21 (C) days.
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Results were plotted as fold change from OM and a Kruskal-Wallis test was performed for
statistical analysis, followed by an uncorrected Dunn’s post hoc test for multiple comparisons.
No change in mineral deposition could be quantified at day 10, though a panel of
representative images displays that mineral deposition had started in all cells cultured in OM
+IL-1P (A). A significant increase in mineral deposition could be observed at day 14 in cells
exposed to higher doses of IL-1f3 (100pg/ml p=0.011; 1000pg/ml p=0.028) (B). At day 21 this
increase in mineral deposition could not be observed, and 1000pg/ml IL-1p instead caused a
significant decrease in deposition (p=0.030) (C). No statistically significant change in mineral
deposition could be observed at any timepoint from the addition 1pg/ml or 10pg/ml IL-1p
compared to OM. n=4 (technical replicates), * p<0.05, ** p<0.005. Error bars represent SEM.
Scale bars = 150uM.

Data from previously described experiments showed that the OM + mediators
treatment group stimulated earlier osteogenic differentiation of ihBMSCs in
the same way as IL-1f3 alone (Section 5.3.2). To analyse whether IL-13 was
driving this effect, ihBMSCs were cultured in OM containing combined
inflammatory mediators except IL-13. ALP activity was assessed on day 7,

whilst mineral deposition was measured on day 14 and 21.

In this study, only an increase in ihBMSC ALP activity following OM + IL-13
exposure was replicated (p=0.031). In contrast, treatment with inflammatory
mediators without the presence of IL-1p did not alter activity levels compared

to OM (Figure 5.11).
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Figure 5.11 ALP activity in ihBMSCs during osteogenic differentiation after exposure to
inflammatory mediators minus IL-18

ALP activity (uM/min) was quantitatively measured in ihBMSCs after exposure to IL-1 or
inflammatory mediators (except IL-1p) for 7 days. Results were plotted as fold change from
OM and a Kruskal-Wallis test was performed for statistical analysis, followed by an
uncorrected Dunn’s post hoc test for multiple comparisons. A significant increase in ALP
activity could be seen in OM +IL-1(3 (p=0.031) compared to OM, but no difference was present
in OM treatment groups lacking IL-1p. n=4 (technical replicates), * p<0.05, ** p<0.005. Error

bars represent SEM.

Measurement of mineral deposition further confirmed this effect, as treatment
of ihBMSCs with inflammatory mediators (except IL-13) did not alter the rate
of mineral deposition compared to OM, whereas an increase in the OM + IL-
1B treatment group could be seen at day 14 (p=0.119) and day 21 (p=0.042)
(Figure 5.12). Moreover, these effects of IL-13 were reliant on the OM
environment, as SM + IL-1 did induce osteogenic differentiation of ihBMSCs

(data not shown).
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Figure 5.12 Levels of mineral deposition during osteogenic differentiation of ihBMSCs
after exposure to inflammatory mediators minus IL-1f

Mineral deposition during osteogenic differentiation of ihBMSCs was semi-quantitatively
measured by Alizarin Red S staining after exposure to IL-1f3 or inflammatory mediators
(except IL-1pB) for 14 (A) and 21 (B) days. Results were plotted as fold change from OM and a
Kruskal-Wallis test was performed for statistical analysis, followed by an uncorrected Dunn’s
post hoc test for multiple comparisons. At day 14, OM + IL-13 increased mineral deposition
compared to OM conditions without IL-13 (OM p=0.119; OM + mediators p=0.045). At day 21,
OM + IL-1p significantly increased mineral deposition compared to OM (p=0.0415). n=4 (day
14, technical replicates), n=3 (day 21, technical replicates), * p<0.05. Error bars represent SEM.
Scale bars = 150uM.
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5.3.4 Response of human primary BMSCs to inflammatory mediators

during osteogenic differentiation

The results presented so far in this chapter identified that there are species
differences between the effects of inflammatory mediators on BMSC
osteogenic differentiation. To further the investigation on ihBMSCs, a human
primary BMSC culture was utilised. Following the osteogenic differentiation
protocol, human primary BMSCs were cultured in the presence of
inflammatory mediators (IL-1(3, IL-8, IL-10, MCP-1, NGF) for 11 days, after
which mineral deposition was measured. The same observed effect was seen
in the human primary BMSCs as it was in the ihBMSC cell line, whereby OM
+ mediators and OM + IL-1f3 increased mineral deposition compared to OM,

however this was not significant with the statistical test used (Figure 5.13).
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Figure 5.13 Levels of mineral deposition during osteogenic differentiation of human
primary BMSCs after exposure to inflammatory mediators

Mineral deposition during osteogenic differentiation of human primary BMSCs was semi-
quantitatively measured by Alizarin Red S staining after exposure to inflammatory mediators
for 11 days. Results were plotted as fold change from OM and a Kruskal-Wallis test was
performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Both the OM + mediators and OM + IL-13 conditions increased the
level of mineral deposition compared to OM. No change in mineral deposition could be
observed from the addition of other individual inflammatory mediators in OM. n=3 technical

replicates, * p<0.05. Error bars represent SEM. Scale bars = 150 M.
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5.3.5 Effects of inflammatory mediators on ihBMSC gene expression during

osteogenic differentiation

Results from the ihBMSC osteogenic differentiation experiments (in section
5.3.2) showed that the addition of IL-1f3 to OM induced a shift in the temporal
differentiation pattern of these cells, as evidenced by increased ALP activity
and mineral deposition at earlier timepoints. This shift was observed in OM
treatment groups containing IL-13 alone, or in combination with other
inflammatory mediators (IL-13, IL-8, IL-10, MCP-1, NGF). To gain insight into
the mechanisms governing this phenomenon, the gene expression profile of
these cells was analysed at day 10 of the differentiation protocol. This
timepoint was chosen based on evidence that mineral deposition could be
detected in cells exposed to IL-13, but not yet in cells cultured in OM alone

(Figure 5.10). The genes analysed in this study are described in Table 2.3.

5.3.5.1 Inflammatory mediators and their receptors

Expression of genes encoding for the inflammatory mediators used in this
study were analysed, along with their receptors, to assess the autocrine effects
of these mediators on MSCs, as well as the effect of osteogenesis itself (Figure

5.14 and Figure 5.15).
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Figure 5.14 Heatmap of inflammatory mediator and receptor gene expression levels

Gene expression levels of inflammatory mediators and their receptors at day 10 of ihBMSC
osteogenic differentiation were calculated and displayed as log: fold change relative to SM.
Expression of ILIR1 and CXCL8 were increased in osteogenic conditions containing

inflammatory mediators.

Although the expression of IL1B did not change following induction of
osteogenic differentiation, the expression of this pro-inflammatory cytokines’
receptor, ILIR1, was increased in OM compared to SM (2.72 log: fold change).
Furthermore, this increase in expression was exacerbated by the presence of
either combined inflammatory mediators or IL-1(3 alone, as seen by a log: fold
change of 3.05 or 3.27 from SM, respectively. Another gene affected by the
presence of inflammatory mediators was CXCLS, encoding for the pro-

inflammatory cytokine IL-8. Expression of CXCL8 was increased in ihBMSCs
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cultured in OM by a 4.25 log: fold change, but this increase was extended
further by the inclusion of inflammatory mediators (8.48 log: fold change) or

IL-18 (7.89 log: fold change) to OM.

Other changes in gene expression were less pronounced than those seen to
IL1R1 and CXCLS8. Expression of the IL-10 receptor, IL10RB, saw a similar log>
fold change increase from SM in OM conditions regardless of whether
inflammatory mediators were present, whilst expression of CCL2, encoding
for the chemokine MCP-1, saw a similar log: fold change decrease in
expression. Finally, no significant difference in expression of NGF or NGFR
could be observed from SM, though the NGF receptor NTRK1 that encodes for
TrkA saw a significant decrease in expression in the presence of combined
inflammatory mediators (-2.99 log: fold change). Expression of CXCR1, IL10,

and CCR2 could not be detected in this array.
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Figure 5.15 Gene expression of inflammatory mediators and their receptors during ihBMSC
osteogenic differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the
expression of genes encoding for inflammatory mediators and their receptors were analysed
at day 10 by TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-
Wallis test was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc
test for multiple comparisons. A significant increase in the expression of ILIR1 and CXCL8
from SM could be observed due to the presence of inflammatory mediators or IL-1p in OM.

n=3 biological replicates, * p<0.05. Error bars represent SEM.
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5.3.5.2 Osteogenic differentiation markers

Expression of genes encoding for classical osteogenic differentiation markers
were analysed to assess the effects of inflammatory mediators on ihBMSCs

during differentiation (Figure 5.16 and Figure 5.17).
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Figure 5.16 Heatmap of osteogenic marker gene expression levels
Gene expression levels of osteogenic markers at day 10 ihBMSC osteogenic differentiation
were calculated and displayed as logz fold change relative to SM. Expression of BGLAP was

increased in OM + IL-13 compared to OM.

Expression of ALPL was significantly increased in ihBMSCs cultured in OM
(4.91 log: fold change) compared to SM. In the presence of IL-13, ALPL
expression remained significantly increased (4.93 log: fold change), but a small
reduction was seen in the presence of combined inflammatory mediators (4.19
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logz fold change) resulting in a loss of significance from SM. Expression of
other early differentiation markers (RUNX2, SP7 and COL1A1) showed no
significant change in expression from SM in any of the osteogenic treatments,
though SP7 and COLIAI1 showed an increased trend in all osteogenic
treatment groups. Interestingly, expression of BGLAP, a marker indicative of
matrix mineralisation, was increased in the OM + IL-13 treatment group,
though this was not significant. The later osteogenic marker, SPP1, showed
decreased levels of expression which were unaffected by the addition of
inflammatory mediators at this timepoint. Expression of IBSP could not be

detected in this array.
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Figure 5.17 Gene expression of osteogenic markers during ihBMSC osteogenic
differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the
expression of genes encoding for osteogenic differentiation markers were analysed at day 10
by TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. A significant increase in the expression of the early osteogenic marker
ALPL could be observed during osteogenesis, whilst expression of BGLAP was increased in
ihBMSCs cultured in OM + IL-1§3, though this was not significant. n=3 biological replicates,

* p<0.05, ** p<0.005. Error bars represent SEM.
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5.3.5.3 Chondrogenic differentiation markers

Expression of genes encoding for classical chondrogenic differentiation
markers were analysed to assess the effects of inflammatory mediators on
ihBMSCs during differentiation (Figure 5.18 and Figure 5.19). Although these
genes are primarily associated with chondrogenic differentiation, the
interplay between a variety of genes is crucial for control and differentiation
of MSCs, and thus they were included in the analysis during osteogenic

differentiation.
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Figure 5.18 Heatmap of chondrogenic marker gene expression levels

Gene expression levels of chondrogenic markers at day 10 of ihBMSC osteogenic
differentiation were calculated and displayed as log: fold change relative to SM. The presence
of inflammatory mediators did not significantly affect the gene expression profile of

chondrogenic differentiation markers at day 10 of osteogenic differentiation compared to OM.
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Expression of SOX4, SOX9 and COLI0A1 was decreased in ihBMSCs
undergoing osteogenic differentiation, whereas expression of P4AHA2, SDC2
and SDC3 was increased at day 10. The presence of IL-13 or combined
inflammatory mediators did not alter the gene expression profile of

differentiating cells. Expression of COL2A1 could not be detected in this array.
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Figure 5.19 Gene expression of chondrogenic markers during ihBMSC osteogenic
differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the
expression of genes encoding for chondrogenic differentiation markers were analysed at day
10 by TLDAs. Results were reported as log fold change relative to SM and a Kruskal-Wallis
test was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test
for multiple comparisons. The addition of inflammatory mediators did not alter the gene

profile of differentiating cells. n=3 biological replicates, * p<0.05. Error bars represent SEM.
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5.3.5.4 MSC immunomodulatory mediators

Expression of genes encoding for MSC immunomodulatory mediators were
analysed to assess the effects of inflammatory mediators on ihBMSCs during

differentiation (Figure 5.20 and Figure 5.21).
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Figure 5.20 Heatmap of immunomodulatory mediator gene expression levels

Gene expression levels of immunomodulatory mediators at day 10 of ihBMSC osteogenic
differentiation were calculated and displayed as log> fold change relative to SM. Expression
of IDO1, IL6 and MMP1 was increased in the presence of IL-1f or combined inflammatory
mediators when compared to SM, whilst MMP13 expression was only increased in cells

exposed to combined inflammatory mediators.

Changes in expression of a number of genes involved in the
immunomodulatory function of MSCs was observed. The expression of

PTGS2, PTGES2, TNFRSF1A, PPAR and PPARG were all seen to be increased
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in cells undergoing osteogenesis, but the effects of inflammatory mediators
did not affect their expression levels compared to OM. However, expression
of IDO1 and IL-6 were both affected by treatment of inflammatory mediators.
In ihBMSCs exposed to IL-1B, IDO1 expression was seen to be increased (3.55
log: fold change), and although the effect was diminished in the presence of
combined inflammatory mediators this genes expression was still elevated, as
seen by a log: fold change of 2.47. With regards to IL6, this genes expression
was significantly increased by a 2.55 log: fold change following exposure to
combined inflammatory mediators, whilst IL-1f3 increased its expression with
a 1.24 log: fold change, compared to undifferentiated cells in SM. Exposure to
inflammatory mediators also impacted on the expression of MMPs, as both
MMP1 and MMP13 were increased in this treatment group by a 2.87 and 0.82
log: fold change respectively. The latter was significantly increased from OM
where cell gene expression of MMP13 had dropped when compared to cells
cultured in SM (-2.31 log: fold change). Although the presence of
inflammatory mediators in OM only increased NFKB1 expression by a 0.25
log: fold change compared to SM, this was nearly significantly increased from
expression levels observed in OM conditions (-0.19 log: fold change).
Osteogenic treatment did not significantly affect HMOX1 expression, and
expression of NOS1, NOS2, CSF3, IFNG, TNF, IL1A, HLAG or MMP3 could not

be detected in this array.
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Figure 5.21 Gene expression of immunomodulatory markers during ihBMSC osteogenic
differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the
expression of genes encoding for immunomodulatory mediators were analysed at day 10 by
TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. Expression of IL6 was significantly increased in cells cultured in OM +

mediators (p=0.007) compared to OM alone. The expression of MMP1, MMP13 and IDO1 was
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also increased in this treatment group, whilst IDO1 was further increased by the addition of

OM +IL-1B. n=3, * p<0.05, ** p<0.005. Error bars represent SEM.

5.3.5.5 Growth factors and receptors

Expression of genes encoding for growth factors and their receptors were
analysed to assess the effects of inflammatory mediators on ihBMSCs during

differentiation (Figure 5.22 and Figure 5.23).
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Figure 5.22 Heatmap of growth factor and receptor gene expression levels

Gene expression levels of growth factors and their receptors at day 10 of ihBMSC osteogenic
differentiation were calculated and displayed as log> fold change relative to SM. Expression
of FGFR1 and PDGFRB were decreased in the presence of inflammatory mediators compared

to OM, whilst a decrease in FGF2 expression was prevented by inflammatory mediators.
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Expression of both FGFR1 and PDGFRB, receptors for FGF and PDGF
respectively, was decreased in cells cultured in OM + mediators or OM + IL-
1B when compared to OM alone. For FGFR1 expression, a log: fold change of
0.67 was observed in cells undergoing osteogenic differentiation when
compared to those that were not (SM), and this fell when differentiating cells
were exposed to combined inflammatory mediators (0.20 log: fold change) or
IL-18 (0.32 log: fold change). In a similar way, PDGFRB expression was
increased in differentiating cells compared to SM (1.73 log: fold change), and
this dropped in the presence of combined mediators (0.98 log: fold change) or
IL-13 (1.10 log: fold change). Interestingly, inflammatory mediators prevented
a decrease in expression of FGF2, but no significant changes in expression
could be seen in EGFR, HGF or VEGFA expression. Expression of IGF1 could

not be detected in this array.
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Figure 5.23 Gene expression of growth factors and their receptors during ihBMSC
osteogenic differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the
expression of genes encoding for growth factors and their receptors were analysed at day 10
by TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. The addition of inflammatory mediators decreased expression of
FGFR1 and PDGFRB compared to OM alone. They also prevented a decrease in expression of
FGF2 during osteogenic differentiation. n=3 biological replicates, * p<0.05, ** p<0.005. Error

bars represent SEM.
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5.3.5.6 TGF-p/BMP signalling

Expression of genes encoding for members of the TGF-B/BMP signalling
pathways were analysed to assess the effects of inflammatory mediators on

ihBMSCs during differentiation (Figure 5.24 and Figure 5.25).
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Figure 5.24 Heatmap of TGF-B/BMP signalling gene expression levels
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Gene expression levels of TGF-3/BMP signalling molecules at day 10 of ihBMSC osteogenic
differentiation were calculated and displayed as logz fold change relative to SM. Expression
of BMPRI1B was significantly increased in differentiating cells cultured with IL-1f or
combined inflammatory mediators. IL-1(3 prevented a significant increase in expression of

BMP6 though levels were still elevated.
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Expression levels of BMPR1B was increased during osteogenic differentiation
as seen by a log: fold change of 1.03. The addition of inflammatory mediators
further elevated this expression, with combined mediators causing a log: fold
change of 1.67 and IL-1p alone causing a log: fold change of 2.95. Expression
of BMP6 was also increased in differentiating cells (2.36 log: fold change).
Although the presence of combined inflammatory mediators also caused a
significant increase (2.64 log: fold change), the presence of IL-1f3 alone reduced
this effect (1.73 logz fold change). None of the other genes analysed were
affected by the presence of inflammatory mediators in OM, with all osteogenic
conditions causing decreased expression of TGFB3, BMP2, BMP4, SMADI,
SMAD3 and SMADS5 compared to SM conditions. No changes could be seen
to the expression of TGFB1, SMAD9 or NOG. Expression of GDF2 could not

be detected in this array.
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Figure 5.25 Gene expression of TGF-B/BMP signalling molecules during ihBMSC
osteogenic differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the
expression of genes encoding for TGF-3/BMP signalling molecules were analysed at day 10
by TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. The addition of IL-13 or combined inflammatory mediators to OM

caused a significant increase in BMPR1B expression. The addition of IL-1(3 to OM prevented
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a significant increase in BMP6 expression compared to OM. n=3 biological replicates, * p<0.05.

Error bars represent SEM.

5.3.5.7 MAPK signalling

Expression of genes encoding for members of the MAPK signalling pathways
were analysed to assess the effects of inflammatory mediators on ihBMSCs

during differentiation (Figure 5.26 and Figure 5.27).
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Figure 5.26 Heatmap of MAPK signalling gene expression levels

Gene expression levels of MAPK signalling molecules at day 10 of ihBMSC osteogenic
differentiation were calculated and displayed as log> fold change relative to SM. Expression
of MAPK3 was significantly increased in differentiating cells, but this effect was lost in the
presence of IL-1P. The expression of MAPKI14 was significantly increased in cells cultured

with combined inflammatory mediators compared to OM alone.
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Expression of MAPK3, which encodes for ERK1, was significantly increased
in cells undergoing osteogenic differentiation (0.80 log: fold change).
However, when cells were differentiated in the presence of combined
inflammatory mediators this expression was decreased (0.39 log: fold change),
and the addition of IL-1f3 alone significantly reduced the effect seen in OM as
expression had returned to levels of undifferentiated cells. Another MAPK
affected in treatment conditions was MAPK14, which encodes for p38a. Here
the process of differentiation did not affect expression levels of this gene, but
the presence of IL-1f3 alone began to increase expression (0.26 log: fold change)
and this was elevated further by the addition of other inflammatory markers
causing it to be significantly increased (0.37 log: fold change). Expression of
MAPK1 and MAPKY in osteogenic conditions were not significantly increased

from SM.
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Figure 5.27 Gene expression of MAPK signalling molecules during ihBMSC osteogenic
differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the
expression of genes encoding for MAPK signalling molecules were analysed at day 10 by
TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. The addition of IL-13 to OM prevented the significant increased
expression of MAPK3 seen during osteogenic differentiation. The presence of combined
inflammatory mediators significantly increased the expression of MAPKI14. n=3 biological

replicates, * p<0.05, ** p<0.005. Error bars represent SEM.
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5.3.5.8 Wnt signalling

Expression of genes encoding for members of the Wnt signalling pathways
were analysed to assess the effects of inflammatory mediators on ihBMSCs

during differentiation (Figure 5.28 and Figure 5.29).
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Figure 5.28 Heatmap of Wnt signalling gene expression levels

Gene expression levels of Wnt signalling molecules at day 10 of ihBMSC osteogenic
differentiation were calculated and displayed as log: fold change relative to SM. Expression
of WNT5A was significantly increased in the OM + mediators and OM + IL-1f3 treatment
groups. The increased expression of ROR2 in differentiating cells was diminished in the

presence of inflammatory mediators.

The expression of the non-canonical protein WNT5A was not significantly
increased in cells cultured in OM, but the presence of either IL-1f3 alone or

combined inflammatory mediators significantly increased its expression as
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seen by a log: fold change of 1.91 and 1.87 respectively. However, the inverse
effect could be seen with ROR2 expression with a significant increase in the
OM condition (1.84 log: fold change) reduced in both the OM + mediators and
OM + IL-1B conditions (0.90 and 1.21 log: fold change respectively).
Expression of ITPR3 was unaffected during osteogenic differentiation in a
similar way to the genes associated with canonical Wnt signalling, LRP5 and
CTNNBI. Expression of WNT3A and WNT7A could not be detected in this

array.
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Figure 5.29 Gene expression of Wnt signalling molecules during ihBMSC osteogenic
differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the
expression of genes encoding for Wnt signalling molecules was analysed at day 10 by TLDAs.
Results were reported as log: fold change relative to SM and a Kruskal-Wallis test was
performed for statistical analysis, followed by an uncorrected Dunn’s post hoc test for
multiple comparisons. The addition of combined inflammatory mediators or IL-1f3
significantly increased the expression of WNT5A in comparison to undifferentiated ihBMSCs.
They also prevented a significant increase in ROR2 signalling that was seen in OM. n=3

biological replicates, * p<0.05. Error bars represent SEM.
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5.3.5.9 Toll like receptor signalling

Expression of genes encoding for TLRs were analysed to assess the effects of
inflammatory mediators on ihBMSCs during differentiation (Figure 5.30 and

Figure 5.31).
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Figure 5.30 Heatmap of toll like receptor gene expression levels

Gene expression levels of TLRs at day 10 of ihBMSC osteogenic differentiation were calculated
and displayed as logz fold change relative to SM. Expression of TLR2 was increased in
differentiating cells, particularly in the presence of inflammatory mediators, whilst IL-1[3

significantly increased levels of TLR3 expression.

Expression of TLR2 was increased in cells undergoing osteogenic
differentiation as seen by a log: fold change of 3.44, but this expression was
exacerbated further by the presence of both combined inflammatory
mediators (5.86 log: fold change) or IL-13 alone (6.05 log: fold change)

compared to undifferentiated cells (SM). Another TLR affected in this
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experiment was TLR3. Although an increase in expression could be observed
in the OM (0.65 log: fold change) and OM + mediators (0.95 log: fold change)
treatment groups, IL-13 caused this increase to be significant from SM with a
logz fold change of 2.00. TLR4 expression was seen to be decreased during
osteogenesis, whilst TLR5 was increased. Neither TLR1, TLR6 nor TLR9
displayed any significant changes from SM in any of the OM treatment

groups.
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Figure 5.31 Gene expression of TLR signalling molecules during ihBMSC osteogenic

differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the

expression of genes encoding for TLR signalling molecules was analysed at day 10 by TLDAs.

Results were reported as log: fold change relative to SM and a Kruskal-Wallis test was

performed for statistical analysis, with an uncorrected Dunn’s post hoc test for multiple

comparisons. The addition of IL-13 to OM significantly increased expression of TLR2 and

TLR3, whilst addition of combined inflammatory mediators significantly increased

expression of TLR3 compared to SM. n=3 biological replicates, * p<0.05. Error bars represent

SEM.
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5.3.5.10 Other signalling pathways

Expression of genes encoding for members of other signalling pathways of
interest were analysed to assess the effects of inflammatory mediators on

ihBMSCs during differentiation (Figure 5.32 and Figure 5.33).
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Figure 5.32 Heatmap of other signalling gene expression levels

Gene expression levels of other signalling molecules at day 10 of ihBMSC osteogenic
differentiation were calculated and displayed as log: fold change relative to SM. No
significant changes to gene expression could be detected in ihBMSCs though levels of IHH

were seen to be increased in comparison to SM.

Expression of genes involved in other signalling pathways not already
described revealed no significant changes in expression when compared to
OM, or even undifferentiated cells in SM. Though not significant it could be

noted that a 2.04 log: fold change could be seen in IHH expression in cells
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cultured with OM + mediators, compared to a log: fold change of 1.22 seen in
OM alone. Furthermore, OM + IL-1f3 caused a 1.20 log: fold change compared
to a 0.25 log: fold change seen in OM alone for JAK2 expression. Expression of

SHH, NOTCH1 or NELL1 could not be detected in this array.
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Figure 5.33 Gene expression of other signalling molecules during ihBMSC osteogenic
differentiation

To assess the effects of inflammatory mediators on osteogenic differentiation of ihBMSCs, the
expression of genes encoding for other signalling molecules was analysed at day 10 by
TLDAs. Results were reported as log: fold change relative to SM and a Kruskal-Wallis test
was performed for statistical analysis, with an uncorrected Dunn’s post hoc test for multiple
comparisons. No significant change between treatment groups could be observed for any of

the genes analysed. n=3 biological replicates. Error bars represent SEM.
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5.4 Discussion

Understanding the role of bone remodelling in OA pathogenesis is of
paramount importance when searching for novel treatment strategies, as
alterations to the subchondral bone are a primary feature of OA. If MSC
transplantation is to be a viable treatment option in the future, it is therefore
crucial to identify the effects that the OA microenvironment may have on
MSCs, as endogenous populations of these cells are a key component of bone
remodelling in both the healthy and osteoarthritic joint (Hadjidakis and
Androulakis, 2006; Neve, Corrado and Cantatore, 2011). Current research
suggests that the inflammatory environment of the diseased joint leads to
abnormal bone remodelling, whereby increased bone turnover results in
thickening of the subchondral plate and reduced bone quality (Grynpas et al.,
1991; Li and Aspden, 1997; Martineau et al., 2017). Moreover, the complex
interactions between subchondral bone and articular cartilage means it is also
likely to be contributing to the degradation of cartilage seen in OA (Dore et al.,
2010; Zhen et al., 2013).

The mechanisms governing the change in osteoarthritic bone remodelling
remain unclear due to both an absence of results and contradictory findings.
This study aimed to address this issue by determining the effects of
inflammatory mediators on the osteogenic differentiation capacity of BMSCs
in vitro. Each of the mediators presented in this study have been found to be
upregulated in the osteoarthritic joint at concentrations similar to those tested,
allowing for closer in vivo representation. Thus far, various experiments in the
literature have cultured BMSCs with individual mediators. Although this
helps to discriminate between the actions of mediators, any synergistic
relationships that might be present in the osteoarthritic joint are lost.

Therefore, to gain a clearer picture of MSC osteogenesis in the osteoarthritic
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joint, these findings were extended in this study through the combination of
inflammatory mediators. To measure the effects on osteogenic differentiation,
both ALP activity and mineral deposition were measured, whilst insight into
the mechanisms of observed effects was gained through gene expression

analysis.

5.4.1 Effects of inflammatory mediators on BMSCs during osteogenic

differentiation

The presence of IL-18 or combined inflammatory mediators in osteogenic
medium (OM) significantly altered the temporal regulation of osteogenic
differentiation in both murine and ihBMSC cells. Notably, the mediators had
inverse effects and either delayed the onset of osteogenic features in murine
BMSCs, or stimulated faster differentiation in ihBMSCs. Therefore, the data
presented in this chapter brings important new findings for understanding
conflicting results in the literature, as it highlights the importance of species

differences in both homeostatic functions and disease pathogenesis.

Importantly, this data corroborates findings by Lacey et al., (2009) who
showed that the pro-inflammatory cytokines IL-1p and TNFa inhibit
osteogenic differentiation of murine MSCs, as characterised by suppression of
ALP activity and bone mineralisation. Moreover, these findings are also
consistent with those by Sonomoto et al. (2012) who demonstrated that IL-13
enhances osteogenic differentiation of human BMSCs. Data presented here
extended these findings by showing that the presence of combined
inflammatory mediators maintained the same rate of osteogenic
differentiation as IL-1(3 alone, whilst removal of IL-13 from the mediator pool
returned differentiation rates to baseline. Combined with additional data that

IL-1P exerts its effects in a dose dependent manner, these findings indicated
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that IL-1(3 was responsible for the temporal regulation of MSC differentiation,
whilst the presence of other pro-inflammatory cytokines (IL-8, MCP-1) did not
appear to exacerbate the observed effects, nor did anti-inflammatory (IL-10)
cytokines dampen them. It must be recognised that a limitation of these results
was a lack of normalisation to cell number. Although findings were consistent
with the literature, and previous experiments in Chapter 3 demonstrated no
observable effect of IL-13 on cell proliferation after 10 days 2-D culture in
standard medium, future work should include confirmation of this. This could
be achieved through the addition of a nuclear stain protocol, such as Hoechst
staining. Furthermore, supplementary analysis of the mineralisation of
ihBMSCs could be undertaken to establish any phenotypic changes in mineral
deposition. This is particularly important with evidence that
hypomineralisation is observed in osteoarthritic bone formation (Li and
Aspden, 1997), and the finding that the highest dose IL-1P reduced levels of
mineral deposition by day 21. Analysis of the medium would be able to
identify if this is a false negative effect of in vitro culture systems, in which
excessive mineralisation is lost into the medium, or a true hypomineralisation

effect.

Individually, the other tested inflammatory mediators did not affect
osteogenic differentiation of murine BMSCs, ihBMSCs or human primary
BMSC:s. For the pro-inflammatory chemokine IL-8 this is consistent with the
literature, which, though limited, provides evidence that IL-8 does not directly
affect osteogenesis (Haleem-Smith et al., 2012). However, previous in vitro
findings by Van Vlasselaer et al., (1994) indicated that IL-10 inhibits early
osteogenesis in mouse BMSCs through the inhibition of TGF-3 synthesis. This
inhibition occurred before the expression of ALP, and thus experiments
presented here could not validate this finding, as ALP was used as the first

indicator of osteogenesis. This work also does not support findings by Toben
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et al., (2011), who observed in wvivo that recombination activating gene
knockout mice had faster fracture healing times as a result of increased
production of anti-inflammatory mediators, notably IL-10. Finally, neither of
the effects of MCP-1 nor NGF on MSC differentiation have been widely
reported, though it has been noted that MSCs secreting higher levels of MCP-
1 have greater osteogenic differentiation potential (Xie et al., 2016), whilst NGF
can upregulate osteogenic differentiation of dental pulp stem cells (Yasui et
al., 2017). Data presented here does not substantiate these findings with

regards to murine BMSC, ihBMSC or human primary BMSC differentiation.

5.4.2 Effects of inflammatory mediators on gene expression of ihBMSCs

during osteogenic differentiation

To gain insight into the mechanisms underpinning IL-183 mediated
stimulation of ihBMSC osteogenic differentiation, gene expression analysis
was undertaken. This allowed for investigation into a variety of signalling
pathways involved in normal bone remodelling, and highlighted that
members of TLR, TGF-B/BMP and Wnt signalling were affected by the
presence of inflammatory mediators. Importantly, the expression of pro-
inflammatory genes, such as IL6, CXCL8 and IDO1, were also increased.
Furthermore, although the gene expression of IL1B itself was not seen to be
increased in these cells, the expression of the IL-1p receptor, IL1R1, was
significantly increased in ihBMSCs exposed to IL-13 or combined
inflammatory mediators. This means that these cells were more sensitive to
the effects of IL-1f in the microenvironment, thereby ensuring IL-1p could

continue to successfully exert its effects.
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5.4.2.1 Osteogenic differentiation markers

Measurement of osteogenic differentiation markers at day 10 ihBMSC
osteogenesis revealed that, although ALP activity was significantly increased
in cells exposed to inflammatory mediators, the gene expression of ALPL was
not significantly increased compared to OM. As the ALP activity assay is
dependent on protein expression, the difference could be accounted for by the
role of regulatory processes after mRNA production. Moreover, biological
variability between cell passages could result in alterations to the temporal
pattern of osteogenic differentiation, potentially causing an earlier peak of
ALPL expression before that seen at day 10. Other earlier osteogenic
differentiation markers, RUNX2 and SP7, also showed no significant
differences at the gene expression level. Reasons for this include a potential
lack of stability and short half-life of RNA, as well as unknown quality of the
TagMan probe used for these genes. In order to expand the gene expression
findings, protein expression of relevant markers should be undertaken to
allow for any post-transcriptional modifications that may affect production of
protein measured in assays such as ALP activity. However, it should be noted
that the expression of BGLAP was seen to be increased in ihBMSCs exposed to
IL-18 compared to cells in OM alone, indicating earlier stimulation of a gene

important in regulating mineralisation.

5.4.2.2 Toll like receptors

TLR activity is a key component of the innate immune response, generating
signalling cascades that result in the increased secretion of inflammatory
mediators, such as IL-6 and IL-8 (Sangiorgi and Panepucci, 2016). These
mediators can subsequently act in an autocrine manner and maintain TLR
expression, thereby sustaining the immune response. In particular, TLR2, 3

and 4 expression has been shown to be increased in human MSCs in response
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to inflammatory mediators (Raicevic et al., 2010). Although pro-inflammatory
cytokines are often associated with destructive events, they have been shown
to play an important role in normal bone remodelling processes, including
recruitment and guidance of MSCs into the osteoblast lineage (Mountziaris
and Mikos, 2008), thereby implicating TLRs in bone homeostasis. In fact, TLR-
2, -3 and -4 have all been shown to increase the osteogenic differentiation
capacity of human MSCs (DelaRosa, Dalemans and Lombardo, 2012). The data
presented here confirms that TLR expression is altered during osteogenic
differentiation, particularly in response to the presence of inflammatory
mediators. The two most significant changes could be observed by the

increase of TLR2 and TLR3.

Studies investigating the role of TLR-2 in osteogenic differentiation have
revealed that it increases osteogenic markers, such as ALP activity and
mineralisation (Mountziaris and Mikos, 2008; Muthukuru and Darveau, 2015).
The TLDA data provides confirmation of these findings, as increased TLR2
expression was observed in cells displaying an earlier osteogenic phenotype.
Importantly, TLR2 expression in human articular chondrocytes is increased in
response to IL-1( both in the literature and in results presented in Chapter 4
(Su et al., 2005), and these results also demonstrate that the same can be seen
in ihBMSCs differentiating towards the osteoblast lineage. Interestingly, TLR-
2 in mice has been shown to inhibit tri-lineage differentiation (Pevsner-Fischer
et al., 2007). Although no data was collected on murine BMSC gene expression
in this study, it is interesting to note that a decrease in both ALP activity and
mineral deposition was observed in these cells, and may result from IL-13
upregulation of TLR2. The consequences of increased ihBMSC TLR2
expression in the osteoarthritic joint can be hypothesised using results
presented here and previous findings in the literature. Reduction of IL-8

(CXCL8) in human rheumatoid synovial fibroblasts upon neutralisation of
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TLR2, directly implicates TLR-2 signalling in secretion of this mediator (Cho
et al., 2007). The increase in TLR2 expression in this dataset is therefore likely
to be directly controlling the significant increase in CXCL8 expression of
ihBMSCs exposed to IL-18 or combined inflammatory mediators. IL-8 is
important in bone remodelling as it promotes osteoclastogenesis (Bendre et al.,
2003), so if secretion of mediators such as this is driven up in MSCs, then these
cells could be indirectly contributing to the increased bone resorption

observed in OA.

The expression of TLR3 in these experiments was significantly increased in the
presence of IL-1PB. Although expression levels were also increased in the
presence of combined inflammatory mediators, the expression pattern was
similar to that of OM, suggesting that the addition of other inflammatory
mediators may be counteracting the effects of IL-1 on TLR3 expression. TLR-
3 itself is known to promote migration of BMSCs (Tomchuck et al., 2009), as
well as their differentiation and mineralisation (Qi, Xiaofeng and Xiaoguang,
2014), but the mechanisms controlling these effects are unclear. TLR-3 has also
been linked to acute inflammation, stimulating the production of mediators
such as IDO (Qi, Xiaofeng and Xiaoguang, 2014). In a similar way, expression
of IDO1 in these ihBMSCs was primarily increased in those cultured with IL-
1B alone, implying a potential link between expression of these two genes.
Very little research exists on the role of IDO in bone remodelling, but it may

enhance apoptosis of pre-osteoclasts (Bozec et al., 2014).

Taken together, increased expression of both TLR2 and TLR3 was seen in
conditions that promote faster osteogenic differentiation of ihBMSCs. This not
only indicates their importance in osteogenic differentiation, but also signifies
the role of an inflammatory environment in their expression. The mechanisms

controlling TLR mediated osteogenesis are unknown, but it has been
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postulated to occur through different pathways such as Hippo or NF-kB (Cho
et al., 2009). In this experiment genes involved in these signalling pathways,
such as TAZ and NFKB1 were not affected by the presence of inflammatory
mediators in OM, suggesting that the increase in ALP activity and mineral
deposition does not occur through either of these pathways. Instead it could
be postulated that the stimulation of inflammatory mediator expression by
TLRs is driving osteogenic differentiation, for example expression of IL6,

CXCLS8 and IDOL1.

5.4.2.3 IL-6

The cytokine IL-6 is constitutively expressed by BMSCs, playing an integral
role in MSC proliferation and protection against apoptosis. For this reason,
levels of IL-6 are seen to be decreased during bone remodelling in the healthy
joint as BMSCs begin to differentiate into cells of the osteoblast lineage (Pricola
et al., 2009). Results presented in this chapter showed that that the presence of
IL-1B8 or combined inflammatory mediators prevented this decrease in IL6
expression during osteogenic differentiation, but this did not negatively affect
the rate of osteogenesis as both ALP activity and mineral deposition were

increased at this timepoint.

Although expression of IL6 was increased in the presence of IL-1(3 alone, it
was significantly increased in the presence of combined inflammatory
mediators, suggesting that the synergistic action of the mediators exacerbated
IL6 expression. As no observable difference could be seen in ALP activity and
mineral deposition of these two treatment groups, expression of IL6 is unlikely
to be a driver of osteogenesis. However, the implications of increased IL6
expression are highly relevant, as IL-6 has been linked to osteoclast activation

(Huh and Lee, 2013) and stimulation of MMPs and aggrecanases that directly
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cause cartilage degradation (Akeson and Malemud, 2017). Interestingly, the
expression of both MMP1 and MMP13 was also increased in ihBMSCs
cultured with combined inflammatory mediators, suggesting a potential link
between IL6 and MMP expression in these cells. This is consistent with
findings in other cells types whereby IL-6 has been shown to increase MMP1
expression in macrophages and phagocytes through the ERK1/2 and JNK
pathways (Sundararaj et al., 2009; Li et al., 2010), and MMP13 expression in
chondrosarcoma cells and fibroblasts (Solis-Herruzo et al., 1999; Tang et al.,

2011).

5.4.2.4 TGF-B/BMP signalling

Gene expression data presented in this chapter showed that expression of
BMP2, 4 and 6 in ihBMSCs undergoing osteogenic differentiation was not
significantly altered by the presence of inflammatory mediators. However,
expression of the BMP receptor, BMPR1B, in ihBMSCs was significantly
increased by inflammatory mediators at day 10 of osteogenic differentiation.
Increased expression of BMP receptors on the surface of these osteoblasts
means that they are more sensitive to the action of BMP receptor ligands in
the microenvironment, which have been shown to induce osteogenic
differentiation (Yamaguchi et al., 2008; Karner, Lee and Long, 2017). These
ligands exert their effects through canonical (Smad dependent) signalling or
non-canonical signalling via the p38 MAPK pathway. The presented TLDA
data did not show any alterations to the expression of chosen Smad dependent
genes between osteogenic conditions, however changes to the non-canonical

genes MAPK3 and MAPK14 could be observed.

The role of MAPK signalling in osteogenesis remains controversial, with

studies demonstrating both stimulation or inhibition of osteogenic
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differentiation through these pathways (Schindeler and Little, 2006). The
conflicting findings are likely to be dependent on variable such as species,
MSC source and culture time (Ba et al., 2017). In the results presented here, a
significant decrease in expression of MAPK3, which encodes for ERK1, could
be seen in cells exposed to IL-13. This could suggest that ERK1 has a negative
regulatory role in osteogenesis. Alternatively, early work by Jaiswal et al.,
(2000) showed that ERK genes displayed sustained expression between days
7 and 11 of in vitro differentiation before rapidly returning to basal levels. As
the addition of IL-1(3 induced earlier differentiation, it could be hypothesised
that expression of MAPK3 had already peaked by day 10 and returned to
baseline. These findings are validated by more recent work by Li et al., (2016)
who showed that ERK signalling peaks at day 9 in human UC-MSCs, and
inhibition of this kinase results in the inhibition of osteogenic differentiation,
highlighting the integral role of ERK signalling in this process. In order to
evaluate this further, the measurement of gene expression at multiple
timepoints would need to be undertaken to broaden the understanding of

temporal expression of MAPK3.

In contrast, ihBMSC expression of MAPK14, which encodes for p38a, was
increased in the presence of IL-1 or combined inflammatory mediators
during osteogenesis, suggesting its role in osteogenic differentiation of
ihBMSCs. This data does not correlate with other findings by Li et al., (2016)
who postulate that p38 expression is not essential in UC-MSCs. However, this
may be a result of differing cell sources, as other studies have shown that p38
boosts the transcriptional potential of RUNX2 to promote osteogenic
differentiation (Artigas et al., 2014). Moreover, p38 activation by IL-1{3 in both
a mouse and human cell line has been shown to induce IL-6 (Rodriguez-
Carballo, Gamez and Ventura, 2016), a cytokine whose expression was

markedly increased in this experiment. Both IL-13 and IL-6 are known to
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activate p38 in human osteoblastic cells (Patil et al., 2004), and in these
treatment conditions these cytokines may be promoting self-perpetuation of

this signalling pathway for propagation of osteogenic differentiation.

5.4.2.5 Wnt signalling

Canonical Wnt signalling is dependent on the stabilisation of 3-catenin for
subsequent mediation of Wnt target gene transcription. The role of Wnt/3-
catenin signalling in MSCs has linked to both MSC commitment to the
osteoblast lineage and repression of osteoclast differentiation (Baron and
Kneissel, 2013; Kim et al., 2015; Kobayashi et al., 2016). As the gene expression
of known canonical Wnt signalling proteins (WNT3A and WNT7A) could not
be detected in the TLDAs presented in this chapter, it is difficult to speculate
the role of this signalling pathway in ihBMSCs from this study. However, gene
expression for both LRP5 and {3-catenin could be detected at similar levels in
cells that were undergoing osteogenesis and those that were not. As cells at
day 10 of differentiation have an osteoblast phenotype, this finding indicates
that canonical Wnt signalling is not altered in osteoblasts compared to
ihBMSCs, though signalling changes during osteoblast commitment (before
this time point) and during mineralisation (after this time point) cannot be
discounted. It is also important to note that undifferentiated MSCs cultured in
SM will not be proliferating at this time point, as confluency will have already
been reached. This illustrates a limitation of the protocol, as growth arrest may

alter the signalling profile and phenotype of the cells.

Non-canonical Wnt signalling operates independently of (3-catenin and exerts
its effects through either planar cell polarity signalling, calcium influx or PKC
activity (Martineau et al., 2017). One of the glycoproteins known to activate

these 3-catenin independent signalling pathways is WNT5A, and analysis of
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its gene expression using a TLDA protocol showed that the presence of
combined inflammatory mediators or IL-13 in OM significantly increased
WNT5A expression during osteogenic differentiation of ihBMSCs. As there is
growing evidence that Wnt signalling pathways interact with each other
(Niehrs, 2012), this could account for the lack of altered canonical Wnt gene
expression observed in the osteogenic conditions supplemented with
inflammatory mediators, as WNT5A preferentially binds to the Frizzled 2
receptor thus inhibiting binding of canonical proteins (Sato et al., 2010).
Increased expression of WNT5A in the presence of IL-1p during osteogenic
differentiation was first demonstrated by Sonomoto et al., (2012). Similar to
this experiment, they differentiated human MSCs in OM supplemented with
0.1-10ng/ml IL-1p for 10 days, and reported enhanced osteoblast
differentiation and mineralisation through increased expression of RUNX2,
and both ALP and Alizarin Red S staining. They identified that WNT5A, and
its major receptor ROR2, were induced by IL-13 and confirmed its role in
osteogenesis through gene silencing. Data presented in this chapter supports
the finding that WNT5A is involved in increased osteogenic differentiation of
ihBMSCs. It also extends these findings by demonstrating that
supplementation of multiple inflammatory mediators in OM increased non-
canonical WNT5A signalling, and the presence of an anti-inflammatory
mediator, such as IL-10, did not revise this effect. Although this condition only
included a representative sample of mediators, it could indicate that a milieu
of inflammatory mediators in the osteoarthritic joint could be triggering this
signalling cascade in vivo, with IL-1(3 acting as a key mediator of its control.
Combined with findings that osteoblasts from OA joints have decreased
Wnt/B-catenin and increased expression of the non-canonical WNT5A ligand
(Martineau et al., 2017) it can be suggested that the microenvironment in an
osteoarthriticjoint is promoting the activation of non-canonical Wnt signalling

to drive the process of osteogenesis during bone remodelling.
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Although Sonomoto et al., (2012) concluded that there may be a potential
benefit of IL-1p treated human MSCs for the treatment of damaged bone,
caution should be taken with this, as results presented in this chapter provide
evidence that the presence of IL-1{ in the inflammatory environment of OA
joint is also linked to expression of genes involved in osteoclastogenesis,
inflammation and cartilage degradation. In fact, WNT5A itself has been linked
to enhanced osteoclast differentiation and production of pro-inflammatory
cytokines, such as IL-6 and IL-8, through increased production of RANKL
(Yamashita, Takahashi and Udagawa, 2012).

5.4.3 Conclusions

Consequences of altered bone remodelling in the osteoarthritic joint include
phenotypic changes, such as subchondral bone thickening and osteophyte
formation, which contribute to the pain and progression of the disease. When
considering MSC transplantation as a viable treatment option for OA, it is
therefore important to consider the effects of MSCs in the altered bone
remodelling process. This will prevent transplanted cells from contributing to
disease progression, and instead allow them to exert therapeutic effects that
delay, prevent, or even reverse, joint damage. To achieve a better
understanding of the roles of MSCs in bone remodelling, it is crucial to gain a
clearer insight into the effects of the osteoarthritic microenvironment on

transplanted MSCs.

Data presented here showed that the exposure of BMSCs to IL-13, a pro-
inflammatory cytokine increased in the osteoarthritic joint, significantly
altered the initiation and rate of osteogenic differentiation in vitro, as
measured by ALP activity and mineral deposition. These effects were

observed in the presence of IL-1p alone, or in combination with other
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inflammatory mediators (IL-8, IL-10, MCP-1 and NGF). In a murine BMSC cell
line, these treatment conditions resulted in delayed initiation of osteogenic
markers, whilst the opposite effect was seen in an ihBMSC cell line and human
primary BMSCs. This illustrates the role of species differences during
osteogenic differentiation, and cautions against extrapolating data from
separate species when analysing bone remodelling experiments. This is
particularly important when considering the variability of results observed in

the literature.

To assess how IL-1P was causing altered osteogenic differentiation, analysis
of cell signalling pathways revealed the potential role of non-canonical Wnt
and TGF-B/BMP signalling, via WNT5A and MAPK14 (p38«) respectively.
These pathways are known to be involved in bone formation during
homeostatic bone remodelling and were enhanced in this inflammatory
environment. Furthermore, this data highlighted the activation of signalling
pathways prominent in osteoclastogenesis, such as TLR-2 mediated IL-6 and
IL-8 release in osteoblasts, which begins to give a clearer picture of the whole

process of bone remodelling in vivo.

Although these in vitro conditions did not represent the complete complexity
of the osteoarthritic joint, it did give insight into the effects of inflammatory
mediators on MSCs during OA. Importantly, the effects of IL-1(3 were neither
positively nor negatively affected by the presence of other inflammatory
mediators found in the osteoarthritic joint, and continued to promote
increased osteogenic differentiation of ihBMSCs. The identification of
pathways that are affected by this pro-inflammatory cytokine is important not
only to gain a clearer insight into the pathogenesis of OA, but also to

determine how MSCs could be used for successful targeted therapy in OA. A
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summary of the key changes in ihBMSC gene expression during osteogenic

differentiation can be observed in Table 5.1.

OM OM + OM +IL-1B
mediators

Gene Fold change  Fold change  Fold change

(log2) (log2) (log2)
Osteogenic
differentiation markers
BGLAP -1.71 -1.83 1.21
Inflammatory mediators
IL1R1 271 3.05 3.27
CXCLS8 4.25 8.48 7.89
IL6 -0.61 2.55 1.24
IDO1 0.23 2.47 3.55
MMP1 -0.78 2.87 1.24
MMP13 -2.31 0.82 -1.09
Toll like receptor
signalling
TLR2 3.44 5.86 6.05
TLR3 0.65 0.95 2.00
TLR4 1.22 1.39 1.48
TGFB/BMP signalling
BMPR1B 1.03 1.67 2.95
MAPK3 0.80 0.39 0.06
MAPK14 0.07 0.37 0.26
Wnt signalling
WNT5A 0.74 1.87 1.91

Table 5.1 Key changes in ihBMSC gene expression during osteogenic differentiation

Exposure of ihBMSCs to combined inflammatory mediators and IL-1p alone during
osteogenic differentiation resulted in significant changes to gene expression. Shown as the
log: fold change from SM, genes encoding for pro-inflammatory mediators, cartilage
degrading enzymes, TLRs, MAPKs and WNT5A were significantly increased following

exposure to these conditions.
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Chapter 6 Final discussion

6.1 Rationale for MSCs used in OA therapy

Despite OA being the most prevalent form of joint disease there is a striking
unmet need for treatment strategies (Tonge, Pearson and Jones, 2014; Chen et
al., 2017). Current treatments are focused on the relief on pain symptoms
whilst the disease is able to progress indefinitely, causing -cartilage

degradation, subchondral bone remodelling and inflammation (Hunter, 2011).

The inherent properties of MSCs make them an attractive candidate for OA
treatment, as they can exert immunomodulatory effects through paracrine
signalling, and also differentiate into cell types of the joint, including
chondrocytes and osteoblasts (Wyles et al., 2015; Kong et al., 2017). Moreover,
they can be easily sourced and expanded (Man and Mologhianu, 2014; Kim
and Park, 2017). These features give them a critical advantage over
chondrocytes that are used in established treatments such as autologous
chondrocyte implantation, which is only recommended for treatment of small

articular lesions, thereby ruling out most people with OA (NICE, 2017).

Recent advances in our understanding on the paracrine activity of MSCs has
highlighted the trophic and immunomodulatory abilities of these cells
(Baraniak and McDevitt, 2010; Kong et al., 2017). Although exploitation of
MSC paracrine effects could be instrumental in prevention of disease
progression and provide relief of pain symptoms, their effects on endogenous
cartilage regeneration is limited by a lack of progenitor source in cartilage
(Grogan et al., 2009; Koelling et al., 2009), and thus the ability of MSCs to
differentiate is important with a view to full disease treatment and joint

regeneration. Therefore, development of treatment strategies that harness
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both the immunomodulatory and differentiation potential of MSCs is

paramount to success.

However, current clinical trials assessing the effectiveness of MSCs for OA
treatment do not provide unequivocal evidence for cartilage regeneration, and
although significant improvements in pain and physical function of the
treated joint have been reported (Jo et al., 2014; Lamo-Espinosa et al., 2018), a
systematic review of these trials suggests that poor study design, large
heterogeneity of results and high-risk of bias impedes the quality of the results
meaning these clinical trials are insufficient at providing strong evidence for

the efficacy of MSC transplantation (lijima et al., 2018).

One potential cause for the lack of observed success in clinical trials of MSC
transplantation is the effect of the local inflammatory environment on the
osteoarthritic joint. Recent studies suggest that endogenous populations of
MSCs have been shown to display an altered phenotype and differentiation
potential (Coleman et al., 2010; Wyles et al., 2015), and properties of a recently
described, novel population of MSCs suggest that they may even be
contributing towards the OA phenotype (Jayasuriya et al., 2018). Therefore,
identification of factors and cell signalling pathways that influence MSC
function is critical for ensuring MSCs promote reparative effects and do not
contribute to disease pathology. These findings will subsequently help to
develop targeted MSC-based treatments for OA that can regenerate joint
tissue, modulate the immune response and relieve pain. To explore this, this
study aimed to identify the effects that inflammatory mediators (IL-1f3, IL-8,
IL-10, MCP-1 and NGF) known to be involved in OA pathology have on
BMSCs.
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6.2 Effects of inflammatory mediators on BMSCs

To assess the effects of an inflammatory environment on ihBMSCs, these cells
were cultured in the presence of inflammatory mediators that are known to
contribute towards OA pathology. Although these mediators did not affect
the proliferative capacity or viability of these cells over 10 days in culture, their
gene expression profile was altered in the presence of IL-1 and combined
mediators. These treatment conditions promoted increased expression of
genes encoding for pro-inflammatory cytokines (IL-1p3, IL-6, IL-8, MCP-1) and
cartilage degrading enzymes (MMP-13), as well as genes involved in
immunosuppression (COX-2, IDO, HGEF), illustrating opposing actions of
MSC paracrine activity in response to IL-1f3. Moreover, both IL-6 and COX-2
are involved in propagation of OA pain (Laine et al., 2008; Lin et al., 2017).
Importantly, the presence of combined inflammatory mediators counteracted
some effects seen by individual IL-13 exposure, suggesting that other
mediators may have an antagonistic effect on the actions of IL-13. This was
primarily observed in expression of TLRs, whereby combined inflammatory
mediators prevented the upregulated expression seen in individual IL-13
treatment. This information could be useful when considering MSCs in OA
treatment strategies, as TLRs have been linked to generation of signalling
cascades that promote secretion of pro-inflammatory cytokines (Sangiorgi and
Panepucci, 2016). Further investigation of the synergistic and antagonistic
effects of the inflammatory mediators would yield useful results with regards
to identifying the cause of this differential gene expression, and could be
achieved by culturing the cells in different combinations of the mediators with

IL-1B.

As the differentiation capacity of MSCs is also a critical parameter for success

of future OA therapies, the effects of an inflammatory environment upon
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ihBMSC chondrogenic differentiation was assessed. The data presented here
corroborates findings in the literature that IL-13 impedes the chondrogenic
differentiation capacity of MSCs (Wehling et al., 2009; Liu et al., 2017), as
measured by the decreased concentration of GAGs in the IL-1p treated
chondrogenic pellets. Importantly, this work extends these findings by
showing that a combination of mediators also reduced the concentration of
GAGs; although this decrease was less pronounced than the individual
treatment of IL-1(3. In a similar way to the results following exposure during
standard cell culture, this may be a result of antagonistic actions of
inflammatory mediators on IL-1B regulated signalling pathways, and
provides an indication that the reported effects of IL-13 in vitro may not be
fully representative of effects in the OA inflammatory environment.
Moreover, it may help to identify specific mediators that could abrogate the
negative effects of IL-138 during chondrogenic differentiation of BMSCs, and

so future work could include exploration of this for validation.

Gene expression analysis of chondrogenic pellets revealed that the decreased
quantification of GAGs was associated with decreased expression of the gene
encoding for aggrecan, but increased expression of genes encoding for the
cartilage degrading enzymes MMPs. This suggests that IL-13 may be able to
exert its effects through both prevention of proteoglycan synthesis and
degradation of ECM components. A limitation of this study is the assessment
of chondrogenic differentiation at one time-point, which does not allow for
discrimination between the potential outcomes of altered ACAN and MMP
expression. Future work assessing GAG concentration throughout the
differentiation process could help to identify if this altered gene expression
works synergistically to decrease GAG levels or if IL-13 stimulated effects

favour one pathway. Furthermore, this analysis would allow for investigation
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into the observed decreased cell number in these conditions and identify if IL-

1B conditions reduce proliferation or promote cell death upon differentiation.

In parallel to these gene expression findings, IL-1(3 treatment of chondrogenic
pellets was also linked to increased expression of genes that may act as
markers of chondrocyte hypertrophy (RUNX2, ALPL, IBSP). These findings
suggest that IL-1f3 might drive MSCs towards terminal differentiation, which
would be undesirable for regeneration of cartilage, as this might lead to
endochondral ossification and formation of painful osteophytes in the OA
joint (Van der Kraan and Van den Berg, 2012). The gene expression analysis
also began to unravel the signalling pathways that are activated by IL-10, and
could therefore act as potential therapeutic targets for prevention of aberrant
MSC chondrogenic differentiation. This includes the MAPK signalling
pathway, corroborating findings by Wang et al., 2011, and TLR2, which are
both known to augment expression of MMPs. Moreover, it was observed that
IL-1p limited the expression of anabolic growth factors, such as TGF-3 and

IGF-1 that contribute to synthesis of ECM proteins (Tang et al., 2009).

In contrast to the observations during chondrogenic differentiation, the
osteogenic differentiation of ihBMSCs was enhanced by IL-1(3. Here the
temporal regulation of osteogenesis was altered so that ihBMSCs began to
differentiate more quickly down the osteoblast lineage, as shown by earlier
induction of both ALP activity and mineral deposition, corroborating findings
by Sonomoto et al., (2012). Importantly, the present work extends these
findings by demonstrating that combined inflammatory mediators
maintained this change in differentiation, but was still mediated specifically
by IL-13. Gene expression analysis of ihBMSCs undergoing osteogenic
differentiation was able to provide some insight into the signalling pathways

that might be involved in this enhanced differentiation, highlighting changes
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to both MAPK signalling and non-canonical Wnt signalling. The former
suggests that increased expression of the gene encoding for p38a may be
linked to promotion of osteogenic differentiation, whilst the latter is in
keeping with findings by Sonomoto et al., (2012) who showed that IL-1p
enhanced osteoblast differentiation and mineralisation through WNT5A
signalling. Although, this group concluded that there may be potential
benefits to treatment of human MSCs with IL-1f3, results from the present gene
expression analysis cautions against this. This is due to the finding that IL-1
was also seen to increase expression of pro-inflammatory cytokines, such as
IL-6 and IL-8, which have been Ilinked to catabolic events like
osteoclastogenesis and stimulation of MMPs. This may occur through the
upregulation of TLR2 and TLR3 in these cells. These findings are relevant with
regards to the use of MSCs as a therapeutic option, as exposure to an IL-1
mediated inflammatory environment appears to both enhance osteogenic
differentiation of human BMSCs whilst simultaneously increasing gene
expression of factors involved in bone resorption. This could suggest that
MSCs may act to increase the rate of bone remodelling, a key feature of OA
pathology that is also linked to increased pain. As this altered bone turnover
is also marked by hypomineralisation (Li and Aspden, 1997) it would be
interesting to assess the quality of the mineralisation observed in these cells to
explore this hypothesis. A limitation of this study was a lack of normalisation
to cell number. Although results on cell proliferation do not suggest any
observable effect of IL-1 in standard culture, it would be important to

confirm this in osteogenic conditions.

6.3 Future considerations

The data presented in this thesis provides an initial dataset supporting future

investigation into the factors and signalling pathways altering the biological
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functions of ihBMSCs in an inflammatory environment. For example, one
interesting follow up could be looking into the effects of increased TLR2
expression. Expression of this gene was significantly increased by ihBMSCs in
response to IL-1f3 during both chondrogenic and osteogenic differentiation.
As TLR-2 has been linked to increased production of pro-inflammatory
mediators it could be hypothesised that this receptor is driving the increased
gene expression of IL6 and CXCL8 in these conditions, which may have
detrimental downstream effects via promotion of osteoclastogenesis and
cartilage breakdown. Adding to this hypothesis, this receptor is particularly
interesting as it has been reported to inhibit tri-lineage differentiation in mice
(Pevsner-Fischer et al., 2007), and data in this study observed a decreased
capacity of murine BMSCs to undergo osteogenic differentiation in the
presence of IL-1(3. Therefore, further investigation into this receptor’s role may

reveal a potential therapeutic target.

This data could generally be extended and improved in the ways already
discussed, including identification and validation of any antagonistic effects
of the tested mediators, measurement of chondrogenic differentiation at
multiple time points and normalisation of osteogenic differentiation to cell
number. Further limitations of the in vitro protocol should also be noted, as
the customary medium change every 2-3 days alters the MSC
microenvironment and thereby limits the autocrine effects of secreted factors

by these cells.

Although gene expression analysis is a useful tool for the measure of mediator
driven changes, it can be limited by the potential lack of stability and short
half-life of RNA that results in discrepancies between gene expression levels
and proteins levels. Therefore, it would be important to validate these findings

and allow for the presence of post-transcriptional modifications through
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analysis of protein expression of relevant markers. This could be achieved
through immunocytochemistry and coupled flow cytometry and microscopy
observation for quantitative and qualitative evaluation. Furthermore,
although the TLDA method was useful for assessing treatment effects on a
large number of genes, it could not allow for optimisation and thus key genes
such as COL2A1 could not detected. Separate analysis of any other genes of
interest that could not be detected in the array, or have since become
interesting upon analysis of results, could be assessed using real time-PCR

and may be beneficial to expansion of findings.

6.4 Conclusions

Although in vitro conditions do not represent the complete complexity of the
osteoarthritic joint, the combination of inflammatory mediators does begin to
give deeper insight into the effects of the inflammatory environment on
BMSCs. Taken together, these findings suggest that MSCs might have a
detrimental effect on OA pathology in an IL-18 mediated inflammatory
environment, as they can contribute to increased levels of pro-inflammatory
cytokines and cartilage degrading enzymes. Furthermore, cells exposed to IL-
1B show both limited capacity to undergo chondrogenic differentiation and
increased ability to differentiate towards the osteoblast lineage, suggesting
that these cells may be more likely to contribute to subchondral bone
remodelling than cartilage regeneration. A graphical summary of the key

findings from this thesis can be seen in Figure 6.1.
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Figure 6.1. A graphical abstract of the key findings from this thesis

In the right conditions human BMSCs have the ability to differentiate into chondrocytes and
osteoblasts, making them an attractive candidate for novel OA treatment strategies (A).
However, it is hypothesised that the OA inflammatory environment may affect the functional
capacity of these cells, and thus this thesis aimed to explore this hypothesis. In these
experiments, exposure of human BMSCs to the pro-inflammatory mediator IL-1(3, whether
alone or in combination with other inflammatory mediators, was seen to affect the
differentiation response of these cells under chondrogenic and osteogenic conditions (B). The
observed changes are defined by reduced levels of chondrogenic differentiation and increased
levels of osteogenic differentiation in vitro. Gene expression analysis revealed increased
expression of genes associated with cartilage degrading enzymes (e.g. MMPs), TLR signalling
and MAPK signalling during both chondrogenic and osteogenic differentiation. Furthermore,
a reduction in the expression of genes encoding for proteoglycans and an increase in the
expression of chondrocyte hypertrophy markers was seen during chondrogenic
differentiation, whilst increased expression of genes encoding for pro-inflammatory
mediators and non-canonical Wnt signalling molecules was observed during osteogenic

differentiation. Together, these findings suggest that an IL-1f mediated inflammatory
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environment, such as that seen in OA, may limit the therapeutic potential of BMSCs, as it
indicates that these cells may be more likely to contribute to subchondral bone remodelling

than cartilage regeneration.
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Appendix I - cDNA validation
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Appendix Figure. CDNA validation was carried out before use with TLDAs through RT-
PCR and agarose gel electrophoresis.

Successful validation of chondrogenic (A) and osteogenic (B) samples was obtained. Exposure
samples showed bands in negative controls (C) so the negative controls and representative
cDNA samples were run again to confirm RT-PCR contamination and not contamination of
the cDNA (D). Negative controls included: RNA negative, RT negative, cONA negative, PCR

negative, No primers, No Taq polymerase
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Appendix II — PIP Reflective Statement

Note to examiners:

This statement is included as an appendix to the thesis in order that the thesis accurately
captures the PhD training experienced by the candidate as a BBSRC Doctoral Training
Partnership student. The Professional Internship for PhD Students is a compulsory 3-month
placement which must be undertaken by DTP students. It is usually centred on a specific
project and must not be related to the PhD project. This reflective statement is designed to
capture the skills development which has taken place during the student’s placement and the

impact on their career plans it has had.

PIPS Reflective Statement

As part of my PhD I undertook my 3 month internship in the Research Liaison and Evaluation
team at Arthritis Research UK. During this placement I was lucky enough to work on a
number of different projects within the research team, though my primary role was based in
Research Liaison. Here I worked in a small team that acts as the communication centre
between the funded research, the organisation and the public, whose aim is to ensure that the
impacts of the charity’s research investments are available and visible to all. I particularly
enjoyed this work because I was able to translate and celebrate the exciting knowledge coming
out of academic research in a more accessible way to people outside of the research
environment. I mainly achieved this by writing lay summaries of newly funded research
projects, which are available on their public website, but I also had more direct interaction by
responding to research enquiries from the public as they came in, which often required a very
quick turnaround, and thus good time management. Another way of communicating research
outcomes was through update reports to trusts who fund the research which required me to

utilise another different style of communication.

During this placement I was able to utilise my already existing knowledge on osteoarthritis
and stem cell research, but this placement gave me a much wider view of the field and a
clearer picture of how research impacts and translates outside of the academic world. It was
also invaluable for helping me develop my communication skills particularly in reference to

tailoring to the target audience.
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Whilst I undertook this placement I also had the opportunity to gain insight into the charity
as a whole, as I engaged in other projects, such as evaluation of the investments of the charity
and assisting with the peer review process for new funding calls. As well as providing me
with a wider view on how the charity works it also allowed me to develop my teamwork and

time management skills as I worked simultaneously across the teams and projects.

A separate project I worked on during the placement was cataloguing and creating a review
of all the research that the charity funding with regards to stem cell research; proposed due
to the enquiries that the charity receives about this field of work. This allowed me to work
independently and develop the skills I had already established from academia, such as the

ability to quickly and accurately review literature.

After returning from my placement I was better able to use the skills I gained on this
placement throughout the rest of my PhD and overall it was a very valuable experience, both
in terms of skill development and also for my future career, as it is a career path I would like

to pursue.
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