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ABSTRACT

There are various cell types that are crucial for wound healing to proceed successfully, which
includes the stages of haemostasis, followed by inflammation, proliferation and finally
remodelling. Haemostasis is characterised by the formation of a clot which serves to prevent
the loss of blood and provides a scaffold for incoming cells. Inflammation involves the
phagocytosis of pathogenic organisms by neutrophils, which, thereafter, apoptose and itself is
phagocytosed by macrophages. The inflammatory stage contains both M1 macrophages, which
are pro-inflammatory, and M2 macrophages, which are anti-inflammatory. The transition from
the inflammatory stage to the proliferative stage is marked by the secretion of growth factors
such as TGF-p, released by M2 macrophages, that signals for the migration of fibroblasts into
the wounded area. Once at the wound site, fibroblasts proliferate and secretes ECM factors
such as hyaluronan and collagen type Ill. Fibroblasts differentiate to myofibroblasts, with an
intermediate phase referred to as proto-myofibroblasts, in response to mechanical stress and
factors released by macrophages. Myofibroblasts can be distinguished from fibroblasts, as they
express a-SMA. During the remodelling phase, ongoing collagen synthesis allows for
strengthening and maturation of the tissue.

The current study focused on understanding how the presence of these different cellular role
players, specifically fibroblasts, myofibroblasts, M1 macrophages and M2 macrophages,
influences myoblast wound closure using an in vitro wound closure assay. To achieve this, the
first aim was to establish distinct populations of fibroblasts, myofibroblasts, M1 and M2
macrophages. Thereafter, double and triple co-culture assays were used to investigate the effect

of these phenotypes on cellular wound closure.

A fibroblast population was established by de-differentiating L929 murine cell lines in the
absence of serum for six days. To maintain the fibroblast phenotype upon the re-introduction
of serum (which would otherwise stimulate their differentiation back to myofibroblasts), cells
were subsequently incubated with sodium orthovanadate, which is known to inhibit the
expression of alpha-smooth muscle actin, and thereby the differentiation of fibroblasts to
myofibroblasts. With this approach, fibroblasts and myofibroblasts, as well as the intermediate
proto-myofibroblasts, were established for further co-culture investigations. M1 macrophage
polarization was achieved through incubation for 24 hours with LPS, while M2 macrophage

polarisation, attempted through the use of IL-4, was unsuccessful. Subsequent double co-

\Y



culture experiments revealed firstly that the presence of myoblasts modified myofibroblast
wound closure to be significantly faster than that of either fibroblasts or proto-myofibroblasts;
this was not observed in the absence of myoblasts. Conversely, myoblasts wound closure was
significantly faster when co-cultured in the presence of proto-myofibroblasts, but not
fibroblasts and myofibroblasts, compared with myoblast wound closure alone. Furthermore,
double co-cultures containing myoblasts and/or M1-LPS™ and M1-LPS*™ macrophages revealed
that, myoblasts wound closure was significantly faster when co-cultured with macrophages not
previously exposed to LPS compared with those LPS-treated. From these results it can be
concluded that the presence of distinct cellular phenotypes plays differential roles in

influencing the cellular wound closure required for wound healing.
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1. Introduction

Successful wound repair requires the completion of four stages of wound healing, namely
haemostasis, inflammation, proliferation and lastly remodelling (Figure 1) (Velnar, et al., 2009;
Guo & DiPietro, 2010). Vasoconstriction and clot formation are distinguishable features of
haemostasis (Monaco & Lawrence, 2003). The clot serves to prevent further loss of blood and
provides a foundation for cells migrating to the site of injury (Monaco & Lawrence, 2003).
During inflammation, an immune barrier is established where neutrophils phagocytose foreign
microbes, apoptose and are then phagocytosed by neighbouring macrophages (Velnar, et al.,
2009). Macrophages are an important component required for the progression from the
inflammatory to the proliferative phase (Velnar, et al., 2009). It secretes potent growth factors
such as vascular endothelial growth factor (VEGF) and transforming growth factor-p (TGF-p),
that activate cells such as fibroblasts (Velnar, et al., 2009). Proliferation can be identified by
the migration of active fibroblasts, its’ synthesis of extracellular matrix (ECM) components
such as collagen I-1V, and finally its’ differentiation into myofibroblasts, which aids in the
contraction of the wound; angiogenesis is also particularly active during this phase (Velnar, et
al., 2009). During remodelling, weaker collagen 111, laid down previously by fibroblasts, is
replaced with stronger collagen I, produced by myofibroblasts, which is important for scar
formation and the strength and integrity of the healed wound (Velnar, et al., 2009; Alhajj, et
al., 2021).



Figure 1: Overall schematic diagram of wound healing. (Modified, based of diagram from Robson,
et al., 2001). Wound healing (indicated in blue) proceeds from haemostasis and inflammation through
to proliferation and finally remodelling. Platelets aid in clot formation during haemostasis. Neutrophils
and macrophages are important cells that phagocytose pathogens during inflammation. Fibroblasts
proliferate and produce ECM factors such as collagen during the proliferative phase. It then
differentiates into myofibroblasts, which facilitates wound contraction. The healed wound is
strengthened and enhanced during the remodelling phase.

Hyperglycaemia, hypothyroidism, pathogenic infections and ischemia are characteristic
clinical disorders that promote impaired wound healing (Broughton & Janis, 2006). Diabetes
mellitus is a metabolic disease characterised by hyperglycaemia (high blood sugar) as a result
of a dysregulated insulin signalling system. A common complication of diabetes is impaired
wound healing, particularly in the form of foot ulcers; if not resolved, this may result in lower
limb amputations. During wound healing, macrophages can polarise into two distinguishable
phenotypes (Hesketh, et al., 2017). The pro-inflammatory M1 phenotype becomes prevalent at
the start of the inflammatory phase, followed by the anti-inflammatory M2 phenotype
(Hesketh, et al., 2017). However, in diabetics, a persistent M1 pro-inflammatory phenotype
exists; this is thought to contribute to the impairment in wound repair (Salazar, et al., 2016). In
pro-inflammatory conditions such as diabetes, the persistence of the M1 macrophage
phenotype causes the newly laid ECM to be cleaved by matrix metalloproteinases (MMPS),
such as MMP9 (Aitcheson, et al., 2021). The damage to the ECM hinders the migration of



cells, such fibroblasts, into the wounded area (Aitcheson, et al., 2021). Moreover, high glucose
levels reduce the macrophages’ phagocytic activity making it more susceptible to infection and
also leads to an increase in the secretion of pro-inflammatory cytokines (Aitcheson, et al.,
2021).

As mentioned earlier, fibroblasts are vital cells that coordinate tissue repair (Darby, et al.,
2014). Fibroblasts act as synthetic cells, secreting ECM factors such as collagen (Lerman, et
al., 2003). They also secrete growth factors that signal to other cells within the wound; whether
this intercellular communication is phenotype-dependent (e.g., fibroblasts versus
myofibroblast) is not clear (Lerman, et al., 2003). Hinderances of fibroblast function can lead
actin (a-SMA) and desmin to non-healing or chronic wounds (Lerman, et al., 2003).
Fibroblasts differentiate into myofibroblasts which are distinguishable from fibroblasts as they
contain stress fibres which express a-smooth muscle, but do not express vimentin (Darby, et
al., 2014). Myofibroblasts have a principal role in the closure of wounds as they produce the
contractile forces which pulls the wound edges together (Li & Wang, 2011). The diabetic
environment has been shown to negatively impact fibroblast proliferation and dysregulate
differentiation to myofibroblasts (Liu, et al., 2004; Wan, et al., 2021). This occurs as the
polarisation of M1 to M2 macrophages (which would normally promote the proliferation of
fibroblasts and their differentiation to myofibroblasts) is hindered (van Linthout, et al., 2014).
Moreover, a decrease in fibroblast number via apoptosis has also been observed under this

pathological condition (Liu, et al., 2004).

This review expands on the stages, cells and growth factors involved in normal and
pathological wound healing, with specific emphasis on the role of macrophages and fibroblasts

as well as the context of diabetes mellitus.

1.1. Wound healing

A wound is characterised by the destruction of tissue structure and a resulting disturbance in
function of that tissue (Robson, et al., 2001). A wound can extend from breaks in epithelia to
injuries deep into subcutaneous tissue affecting structures such as nerves, muscles, tendons,
organs, and bone (Velnar, et al., 2009). Wounds can be classified as either acute or chronic
(Monaco & Lawrence, 2003). Acute wounds undergo a series of overlapping, sequential phases

that necessitate the coordination of several cell types (such as platelets, monocytes,



macrophages, fibroblasts, keratinocytes, and endothelial cells) as well as multiple signalling
networks consisting of various cytokines, growth factors and chemokines resulting in a healed
wound (Monaco & Lawrence, 2003; Barrientos, et al., 2008). In contrast, in the case of a
chronic wound, the injury does not heal within the presumed time (such as that of an acute

wound) due to abnormal wound healing phases (Al-Shaibani, et al., 2016).

Wound healing is an evolutionary conserved, multicellular, complex process consisting of four
fundamental phases that occur at varying degrees depending on the type of tissue affected
(Barrientos, et al., 2008; Guo & DiPietro, 2010; Monaco & Lawrence, 2003). These stages of
wound healing are haemostasis, inflammation, proliferation, and remodelling (Velnar, et al.
2009). For the sake of simplicity, the well characterised and extensively studied, cutaneous
wound healing model will be used to describe the interactions of cells with each other as well
as with growth factors, chemokines and cytokines released during the healing process. This

description of wound healing is broadly applicable to all tissues.

1.1.1. Haemostasis

Disturbances to the epidermal barrier due to injury allows for the secretion of previously stored
interleukin-1 (IL-1) by keratinocytes found at the wound site (Barrientos, et al., 2008). The
secreted IL-1 signals to the surrounding cells of the cutaneous injury that has occurred
(Barrientos, et al., 2008). Haemostasis is the immediate response to injury (Figure 2A) (Velnar,
et al., 2009). Molecular and cellular responses are initiated following vascular injury due to
significant wounding (Monaco & Lawrence, 2003). Haemostasis includes three consecutive
steps: vasoconstriction, platelet aggregation and blood coagulation (Al-Shaibani, et al., 2016).
Vasoconstriction is characterised by the release of vasoactive amines, such as thrombin and
prostaglandins, which cause blood vessels to constrict, thereby stopping bleeding (Wallace &
Zito, 2021). Platelets aggregate and adhere to each other as well as to the sub-endothelium and
release a-granules, dense bodies (which contain compounds such as serotonin and ATP) and
lysosomes (Monaco & Lawrence, 2003). Alpha granules release immunomodulatory and
proteinaceous factors, such as fibroblast growth factor-2 (FGF-2), fibronectin, platelet derived
growth factor (PDGF), coagulation factors V and VIII, fibrinogen, transforming growth factors
a and B (TGF-a and TGF-B) and epidermal growth factors (EGF), that are utilised throughout
the healing process to stimulate cellular functions such as angiogenesis and fibroblasts
differentiation (Velnar, et al., 2009).



Blood coagulation (clotting) is brought about by platelets and factors such as fibronectin,
collagen and thrombin form the clot (Broughton & Janis, 2006). The clot limits contamination
by pathogens and prevents further fluid and electrolyte loss, (Monaco & Lawrence, 2003). It
concentrates the secreted growth factors and cytokines that initiate the inflammation stage and
provides a provisional matrix that supports infiltrating cells such as monocytes, neutrophils,

macrophages and fibroblasts (Broughton & Janis, 2006).



Figure 2: Schematic representation of the stages of cutaneous wound healing: (A) haemostasis, (B) inflammation, (C) proliferation, and (D)
remodelling. Specific molecular and cellular events are used to identify each stage. The stages are co-ordinated by many factors that cells recognise or release
during wound-healing. (Adapted from Jackson, et al., 2012).



1.1.2. Inflammation

During inflammation, blood vessels vasodilate which serves to aid in the migration of
lymphocytes, leukocytes, neutrophils and macrophages to the wound site (Figure 2B) (Monaco
and Lawrence, 2003). Inflammation is characterised by an early and late stage (Hart, 2002;
Velnar, et al., 2009). Both the early and late stages promote the establishment of an immune
barrier against invading microbes (Velnar, et al., 2009). Early inflammation marks the
initiation of the complement cascade and molecular events which results in the migration of
neutrophils into the wound (Broughton, et al., 2006; Velnar, et al., 2009). Neutrophils are
attracted to the wound site by chemo-attractive agents, such as TGF-B (Broughton & Janis,
2006).Within the wound area, neutrophils secrete oxygen-derived free radicals and proteolytic
enzymes that destroy foreign microbes and materials which it then phagocytoses (Richardson,
2004; Broughton & Janis, 2006; Velnar, et al., 2009).Once the contaminants have been
destroyed, the neutrophils apoptose (Hunt, et al., 2000; Velnar, et al., 2009).

During late inflammation, the apoptotic bodies and any other cellular remains are phagocytosed
by macrophages via a process known as efferocytosis (Velnar, et al., 2009). These
macrophages are predominantly monocyte-derived macrophages; however, some tissues (such
as the skin) do have resident tissue macrophages (Brancato & Albina, 2011). The tissue-
resident macrophages are thought to be the first responders following injury (Kim & Nair,
2019). The tissue-resident macrophages are capable of self-renewing, whereas the monocyte-
derived macrophages apoptose once the inflammation phase has resolved (Kim & Nair, 2019;
Hashimoto, et al., 2013). Macrophages also secrete potent growth factors, (such as VEGF and
TGF- B), which activate keratinocytes, fibroblasts, and endothelial cells (Velnar, et al., 2009).
Macrophages assist in the transition from the inflammatory phase to the proliferative phase of

wound repair (Broughton & Janis, 2006).

1.1.3. Proliferation

New ECM is synthesized, deposited, and organised at the wound site during the proliferation
(Figure 2C) (Barrientos, et al., 2008). The proliferative stage is also distinguished by the
migration of fibroblasts into the wound site, synthesis of collagen, angiogenesis and beginning
of re-epithelization (Velnar, et al., 2009). Factors such as PDGF (released by platelets) and
TGF-p (produced by macrophages) attract fibroblasts to the wound area (Velnar, et al., 2009).



At the injured site, fibroblasts proliferate in response to growth factors such as insulin-like
growth factor (IGF), PDGF and TGF-B, and produce matrix proteins such as hyaluronan,
fibronectin, proteoglycans, glycosaminoglycans and collagen (types I11) (Monaco & Lawrence,
2003; Velnar, et al., 2009). Fibroblasts differentiate into myofibroblasts that express a-SMA

and produce lamellipodia that assist in wound contraction (Velnar, et al., 2009).

Collagen is synthesized and secreted by fibroblasts in response to stimuli from growth factors
such as EGF, TGF-B and PDGF; it provides strength and integrity to the tissue (Monaco &
Lawrence, 2003; Velnar, et al., 2009). Collagen, glycosaminoglycans and proteoglycans are
vital components of the ECM of the granulation tissue, which provides a scaffold over which
epithelial cells migrate for re-epithelialisation to occur (Robson, et al., 2001).

1.1.4.Remodelling

Completion of re-epithelialisation and potential scar formation occurs during the remodelling
phase (Figure 2D) (Velnar, et al., 2009). Collagen I1l, the main component of the granulation
tissue, is degraded by MMP enzymes (such as MMP-8 and MMP-13) and replaced with the
stronger collagen | (Robson, et al., 2001; Suda, et al., 2015; Caley, et al., 2015). Collagen I is
the main structural component of the dermis and is synthesized by myofibroblasts in response
to TGF-B (Barrientos, et al., 2008, Velnar, et al., 2009; Darby, et al., 2014). Tissue inhibitors
of metalloproteinases (TIMPs) regulate the activity of MMPs (Monaco & Lawrence, 2003).
During the remodelling phase, a state of equilibrium is reached between the rate of collagen
synthesis and breakdown as well as the remodelling of the ECM (Monaco and Lawrence,
2003). However, the tissue strength of the remodelled tissue is never as good as the original
uninjured tissue (Monaco and Lawrence, 2003). This is because the collagen within the
granulation tissue of the wound environment is orientated differently and is also biochemically
different to collagen in uninjured skin (Robson, et al., 2001). The collagen within repaired skin
is arranged in overlapping parallel fibres which decreases the tensile strength of the skin,
whereas in uninjured skin, collagen is arranged in a stronger basket-weave pattern (Robson, et
al., 2001). The lysine residues within the collagen found in granulation tissue display increased
hydroxylation and glycosylation, which correlates with the thinner fibres as compared to

uninjured skin (Robson, et al., 2001).



1.2. Skeletal muscle injury

Daily activities and exercises can cause muscles fibres to undergo mechanical damage,
however more serious injuries such as contusions, strains and lacerations may cause loss of
functional capacity (Jarvinen, et al., 2005; Nguyen, et al., 2019). Severe muscle injury can be
classified as either a contusion (caused by a non-penetrating, blunt force that ruptures blood
vessels under the skin causing a hematoma), strain (when muscles or tendons are stretched too
far or partially torn which damages the structure or interconnections between muscles and
tendons or muscles and bone) or laceration (crushing or deep penetrative force that causes
tissue loss and may lead to scar formation) (Garrett Jr., et al., 1984; Nikolau, et al., 1987;
Crisco, et al., 1994; Jarvinen, et al., 2005).

Skeletal muscle healing, as with cutaneous wound repair, is a dynamic process that requires
the synchronized actions of multiple cell types (Laumonier & Menetrey, 2016; Mackey, et al.,
2017; Martins, et al., 2020). Following injury, myofibers rupture and undergo necrosis, which
causes the unharmed myofibers to contract leaving a gap between the blood vessels which
allows for the formation of a haematoma (Jérvinen, et al., 2005; Laumonier & Menetrey, 2016).
Growth factors and cytokines are released from the damaged blood vessels which attract M1
macrophages to the injury site (Mann, et al., 2011). M1 macrophages are pro-inflammatory
cells that aid in lysis of cells, phagocytose cell debris and stimulation of myoblast
differentiation (Laumonier & Menetrey, 2016). Later, there is a transition to M2 macrophages,
which are more anti-inflammatory and promote the formation of myotubes (Laumonier &
Menetrey, 2016).

For the regeneration phase to proceed, inflammatory cytokines and growth factors within the
wounded area must activate satellite cells; these are quiescent skeletal muscle stem cells found
between the plasma membrane and basal lamina of the myofibers (Cossu & Biressi, 2005;
Danna, et al., 2014; Laumonier & Menetrey, 2016). Some activated satellite cells differentiate
and fuse together to form myofibers that replace the injured muscle, whilst the rest replenish
the satellite-cell pool through self-renewal (Mann, et al., 2011). The migration and proliferation
of fibroblasts within the injured muscle site is essential for efficient muscle repair as they
produce ECM components such as fibronectin, laminin, proteoglycans, collagen types I and 11l
and elastin which acts as a scaffold to the new myofibers and stabilises the tissue (Mann, et al.,
2011). Studies by Mackey and colleagues (2017) indicate that the activity of satellite cells

during the regeneration of muscles is promoted by fibroblasts in a contact-dependent manner.



The study showed that when a permeable membrane separated the fibroblast from the myoblast

populations, the fibroblasts had no effect on any stages of myogenesis (Mackey, et al., 2017).

1.3. Macrophages

During wound healing, macrophages have two distinguishable phenotypes, M1 and M2
(Hesketh, et al., 2017) (Figure 3). The pro-inflammatory M1 macrophages are the first to
appear; this is followed by a transition to an anti-inflammatory M2 phenotype during later parts
of the inflammatory phase (Hesketh, et al., 2017). M1 and M2 macrophage subsets can both
be derived from monocytes in response to either classical activation (induced via
lipopolysaccharide (LPS), interferon-y (IFN-y) or tumour necrosis factor-a (TNF-a) or via
alternative activation (induced via IL-4 or IL-13), respectively (Hesketh, et al., 2017). In
addition, an existing M1 macrophage can polarise to an M2 phenotype within the wound
environment (Hesketh, et al., 2017).

Figure 3: Schematic representation of the polarisation of macrophages. Monocytes can be activated
to M1 macrophages via classical activation, or to M2 macrophages via alternative activation. M1
macrophages may polarise to M2 macrophages due to efferocytosis, (i.e. the phagocytosis of the
neutrophilic apoptotic bodies by the macrophages). M1 macrophages are pro-inflammatory and secrete
TNF-a, IL-1B and IL-6 among other factors, whereas M2 macrophages are anti-inflammatory and
secrete IL-1RA, IL-10 and TGF-B among other factors. (Adapted from Hesketh, et al., 2017).
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M1 macrophages express surface markers including CD40, CD80 and CD86 and secrete factors
such as TNF-a, IL-1pB and IL-6 (Schliefsteiner, et al., 2020). Antigen-presenting cells, such as
macrophages, express CD40 which is a co-stimulatory molecule that is part of the TNF family
(Kawabe, et al.,, 2011). The CD40 on macrophages prompts the production of pro-
inflammatory cytokines and, in the presence of IFN-y, allows for the production of nitric oxide
(NO) which aids in an effective immune response against microbial pathogens (Suttles & Stout,
2009). CD80 and CD86 belong to the Immunoglobulin superfamily that have costimulatory
roles in the initial activation of T-cells (Yun & Clark, 1998). Tumour necrosis factor-a (TNF-
a) induces the generation of fibronectin and proteoglycan by fibroblasts which stimulates the
formation of ECM within the wound (Ritsu, et al., 2017). Interleukin-1p (IL-1pB) is part of a
positive feedback loop that promotes the pro-inflammatory macrophage phenotype, and
thereby induces its’ own production (Mirza, et al., 2013). Interleukin-6 (IL-6) upregulates the

expression of IL-1 as well the infiltration of leukocytes into the wound site (Lin, et al., 2003).

In comparison, M2 macrophages express surface markers CD163 and CD206, secrete factors
such as IL-1 receptor antagonist (IL-1RA), IL-10 and TGF-B and expresses arginase-1
(Orecchioni, et al., 2019; Schliefsteiner, et al., 2020). CD163 belongs to the scavenger
cysteine-rich superfamily class B that has multiple functions including homeostatic functions;
it also acts as a receptor for haemoglobin-haptoglobin complexes (Fabriek, et al., 2009). CD206
is a mannose receptor and C-type lectin that functions in the immune recognition of pathogens
by interacting with surface glycolipids and glycoproteins on the surface of pathogens (Suzuki,
et al., 2018). Interleukin-1RA (IL-1RA) counteracts the signalling mediated by IL-10/p and
TNF-a (Ishida, et al., 2006). Interleukin-10, an immunoregulatory cytokine, regulates innate
and adaptive responses by down-regulating pro-inflammatory mediators such as TNF-o and
IL-6 and up-regulating anti-inflammatory mediators such as IL-1RA and soluble TNF-receptor
(Eming, et al., 2007). Transforming growth factor-p1 (TGF-B1) aids in the proliferation of
fibroblasts and their differentiation to myofibroblasts, which then leads to an increased
production of collagen which aids in strengthening of the wound (Hesketh, et al., 2017). The
enzyme arginase-1 hydrolyses arginine to ornithine during the urea cycle (Orecchioni, et al.,
2019).

The polarization of M1 to M2 macrophages is paramount for TGF- production, which
contributes to the progression of wound healing from the inflammatory to the proliferation
phase; it stimulates the migration, proliferation, and differentiation of fibroblasts in the wound

site, thereby enabling wound contraction, angiogenesis, and re-epithelization (Valluru, et al.,
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2011). Hence, if there is a decrease in the production of TGF-B, due to M1 macrophages not
polarising to M2 macrophages, this inevitably hinders fibroblast functionality within the wound
site. Moreover, the number of macrophages decrease within the wound site during the
remodelling phase. If M2 macrophages persist within the wound site, the prolonged stated

would result in excess wound healing resulting in fibrosis (Kim & Nair, 2019).

1.4.1. Fibroblast

Fibroblasts are non-terminally differentiated mesenchymal cells that are spindle-shaped, which
are obtained from the embryonic mesoderm (Kendall & Feghali-Bostwick, 2014; Li & Wang,
2011). Fibroblasts, characteristically express vimentin (an intermediate filament protein) but
does not express a-SMA (a contractile protein) or desmin (an intermediate filament protein)
(Li & Wang, 2011). Throughout the whole body, fibroblasts can be found within connective
tissue (Kendall & Feghali-Bostwick, 2014). Fibroblasts regulate the amount ECM present
within a tissue under normal conditions (Kendall & Feghali-Bostwick, 2014). They contribute
to tissue fibrosis, angiogenesis, and wound healing (Li & Wang, 2011). Fibroblasts produce
and release VEGF, which acts on the VEGF-receptor on endothelial cells to promote
angiogenesis (Kendall & Feghali-Bostwick, 2014). During wound healing, fibroblasts can
produce contractile forces which are thought to facilitate wound closure by bringing the edges
of the wound together (Li & Wang, 2011).

As part of the inflammatory response, macrophages and platelets produce and release
chemoattracts such as IL-1B, TNF-a and PDGF that bind to specific receptors on the cell
surface which direct fibroblasts to the site of injury (Bainbridge, 2013). Once at the site,
fibroblasts produce various MMPs that degrade the fibrin clot and replace it with ECM
components such as collagen types I-1V, laminin, fibronectin, proteoglycans, and elastin that
act as a scaffold for the new fibres, stabilizes the tissue and function as a signal and support for
granulation-tissue generation, angiogenesis, and epithelisation (Porter, 2007; Rozario &
DeSimone, 2010; Mann, et al., 2011; Li & Wang, 2011 Bainbridge, 2013). Fibroblasts function
as both synthetic and signalling cells as they produce a collagen-rich ECM and secrete growth
factors that are vital for cell-to-cell communication during wound healing, respectively
(Lerman, et al., 2003).
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1.4.2. Differentiation of fibroblast to myofibroblast

Fibroblasts differentiate to myofibroblasts in response to factors such as TGF-1, TGF-p2 and
TGF-B3 secreted by M2 macrophages; this occurs towards the end of the inflammation phase
and start of the proliferation phase (Kim, et al., 1999; Velnar, et al., 2009; Bainbridge, 2013).
During the differentiation of fibroblasts to myofibroblasts, there is a transient cell called the
protomyofibroblast (Hinz, 2007).

Fibroblasts are stimulated by TGF-f1 and TGF-B2 to attach to fibrous proteins in the ECM
across integrin containing adhesions (Hinz, et al., 2007; Bainbridge, 2013). The cross-linked
structure of the ECM in uninjured tissue stress shields fibroblasts, however during injury the
microenvironment changes owing to this stress shield no longer being present (Tomasek, et al.,
2002). Following mechanical stress in the microenvironment of the wound site as well as the
binding to fibrous proteins, fibroblasts express actin filaments and stress fibres and are called
protomyofibroblasts (Figure 3) (Tomasek, et al., 2002; Gabbiani, 2003; Hinz, et al., 2007).
Protomyofibroblasts are characterised by the formation of stress fibres that express cytoplasmic
B and y actins (Gabbiani, 2003). Transforming growth factor 1 (TGF-B1) increases the
expression of cellular fibronectin (ED-A splice variant isoform) expressed at the surface of
protomyofibroblasts, (Hinz, 2007). The proto-myofibroblasts can generate some contractile
force (Gabbiani, 2003). Protomyofibroblasts have stress fibres (from de novo contractile
bundles) that sufficiently generate a force that pulls cells forward, populating tissue spaces
during the pre-remodelling of the ECM and migration process (Kwan, et al., 2012). These cells
can also function as an independent cell type in some adult tissues without differentiating to
myofibroblasts (Tomasek, et al., 2002). The presence of the ED-A fibronectin and TGF-p1
during mechanical stress further stimulates the differentiation of myofibroblasts from
protomyofibroblasts (Gabbiani, 2003). Myofibroblasts are thought to be pivotal for the wound
healing process; under physiological wound repair, myofibroblast either dedifferentiate to
fibroblasts or apoptose (Figure 4) (Li & Wang, 2011; Ko, et al., 2019).
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Figure 4: Schematic illustration of the differentiation of fibroblasts to myofibroblasts during
wound healing. Mechanical stresses within the microenvironment results in the differentiation of
fibroblasts to protomyofibroblasts. Thereafter, the mechanical stress within the microenvironment
coupled with the presence of ED-A fibronectin and TGF-B1 allows for the transition from the
protomyofibroblast to the myofibroblast. Myofibroblasts aid in wound contraction. The
protomyofibroblasts express cytoplasmic-actin stress fibres, whereas myofibroblasts express a-SMA.
Following wound closure, myofibroblasts either dedifferentiate to fibroblasts or are removed from the
wound site by apoptosis. (Adapted from Gabbiani, 2003).

1.4.3. Myofibroblasts

Myofibroblasts contain stress fibres made up of smooth muscle-related contractile proteins,
such as smooth muscle myosin heavy chain, desmin and a-SMA (which identifies it from
fibroblasts) (Darby, et al., 2014). Myofibroblasts function to produce ECM proteins, such as
glycoproteins, collagen type | and proteoglycans, which stimulate normal growth of tissues and
organs, differentiation of epithelial cells, and wound healing (Powell, et al., 1999; Li & Wang,
2011). The contractile fibres of the myofibroblast are arranged in microfilament bundles;
fibroblasts lack these microfilament bundles (Gabbiani, 2003). The contractile microfilament
bundles function as a mechano-transduction system that transmits the force generated by the
stress fibres to the ECM, as well as transduces ECM signals into intracellular signals (Tomasek,
et al., 2002). In the wound environment, excessive contraction by myofibroblasts may lead to

scarring or undesirable contraction (Chitturi, et al., 2015).

14



1.5. Satellite cells to myoblasts

In adult muscle, myogenic precursors referred to as satellite cells reside in a quiescent state
between the plasma membrane and basal lamina of myofibers (Cossu & Biressi, 2005). The
satellite cell progression through the myogenic program is said to be reliant on the ratio of
expression of markers Pax7 and MyoD (Dumont, et al., 2015; Snijders, et al., 2015).
Quiescence is favoured by a high Pax7: MyoD ratio, whereas an intermediate ratio promotes
proliferation of the satellite cells, and a low ratio stimulates differentiation (Dumont, et al.,
2005). During proliferation, if Pax7 expression is elevated, these cells do not differentiate, but
stimulate self-renewal by returning to the quiescent state and maintaining the satellite cell pool
(Snijders, et al., 2015).

When muscle injury occurs, satellite cells relocate to the wounded area and enter the cell cycle
(Dumont, et al., 2005) (Figure 5). During the inflammation phase of wound healing, an
increase in TNF-a, IL-1P and IL-6 (pro-inflammatory cytokines) stimulates the initiation of
myoblast proliferation (Dumont, et al., 2005). Myoblasts exit from the cell cycle after several
rounds of proliferation and differentiate into myocytes (Dumont, et al., 2005). Following
differentiation, myocytes need to recognize and adhere to each other in-order to fuse into
myotubes (Dumont, et al., 2005). The fusion comprises of an early and late phase during which
the cells first adhere to one another, then fuse to nascent multinucleated myotubes, respectively
(Dumont, et al., 2005). These multinucleated myotubes then mature and become highly

specialized and functional myofibers (Dumont, et al., 2005).

Figure 5: Schematic representation of Activation of satellite cells to produce differentiated
myoblasts. Following injury, quiescent satellite cells proliferate, where some differentiate into
myoblasts whilst others self-renew to regenerate the quiescent satellite cell pool. Myoblasts differentiate
into myocytes that fuse to form myotubes followed by maturation into myofibers (new muscle fibres)
that replace the damaged muscle tissue. (Adapted from Nguyen, et al., 2019).
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1.6.1. Diabetes Mellitus

Type 2 diabetes mellitus (T2DM) is a metabolic disease that is characterised by high glucose
levels (Pheiffer, et al., 2018). The hyperglycaemic environment of T2DM causes a pro-
inflammatory microenvironment due to increased release of cytokines by leukocytes (which
adhere increasingly to the endothelial surface near the wound) (Shakya, et al., 2015). Abnormal
glucose levels and increased cytokine levels result in the malfunction of epidermal cells,
macrophages, and fibroblasts cells, including the dysfunction of leukocyte phagocytosis,
bactericidal capacity and chemotaxis, which ultimately leads to the impairment of wound
healing (Loots, et al., 1998; Sibbald & Woo, 2008).

Biopsies of the epidermis from diabetic patients have revealed pathogenic markers that relate
to a delay in wound healing (Stojadinovic, et al., 2005). Stojadinovic and colleagues (2005)
observed that at the edge of non-healing wounds, c-Myc was expressed in excess and 3-catenin
present in the nucleus. The activated B-catenin and c-Myc inhibits keratinocyte migration,
therefore impairing wound healing (Stojadinovic, et al., 2005). Stojadinovic and colleagues
(2005) stated that the nuclear localisation of the B-catenin and the overexpression of c-Myc
may serve as a molecular marker within the epidermis of chronic wounds. Diabetic skin has a
decreased skin barrier prior to wounding and is identified as being thinner than normal skin
(Du, 2018).

Due to high glucose levels, diabetic patients suffer from neuropathy (damage to the nerves)
(Greene, et al., 1990; Brem & Tomic-Canic, 2007). This causes a decrease in signals sent from
wounded area to the brain and to other tissues within the body (Brem & Tomic-Canic, 2007;
Said, 2007). Hence, following injury, fibroblasts may not receive relevant pro-migratory
signals and therefore do not move to the wound site towards the end of the inflammatory stage;
this could contribute to the non-healing nature of these wounds (Brem & Tomic-Canic, 2007).
Moreover, in a hyperglycaemic environment, as seen in diabetics’, the synthetic, secreting and

proliferative abilities of fibroblasts are also diminished (Berlanga-Acosta, et al., 2013).

1.6.2. Diabetic foot ulcers (DFUs)

Diabetic foot ulcers (DFUs) can be described as cracks, ulcers or fissures that may arise on the
feet (Abbas, et al., 2002). Diabetic foot ulcers (DFUs) are exacerbated due to conditions such

as neuropathy and hypoxia that occur in patients; these hinder sensation in the limbs and reduce
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the amount of oxygen reaching cells and tissues, thereby contributing to wound healing
impairment (Guo & DiPietro, 2010). Evidence from experimental and clinical studies suggests
that the impaired wound healing within DFUs often leads to sepsis and consequently gangrene,
ultimately ending in lower limb amputations (Loots, et al., 1998; Goie & Naidoo, 2016).

1.6.3. Prevalence of diabetes in South Africa

Globally, there are considerable healthcare costs, and increased mortality, and morbidity due
to diabetes mellitus (Sahadew, et al., 2016). South Africa is one of the sub-Saharan African
countries with the highest rate of T2DM (Goie & Naidoo, 2016; Sahadew, et al., 2016). The
International Diabetes Federation has estimated that 7% (3.85 million people) of the South
African population, between the ages of 21-79 have T2DM (International Diabetes Federation,
2015). Africa at large has a high percentage of diabetic patients with DFUs that have progressed
to infection and gangrene due to the lack of education on proper medical care as well as the
lack of proper health-care systems, particularly within rural areas (Pillay, et al., 2019).

During normal, acute wound healing, the M1 macrophage phase is usually comparatively
shorter than the M2 macrophage phase (Delavary, et al., 2011). However, in diabetics, the
hyperglycaemic environment leads to a persistent M1 pro-inflammatory phenotype; this
contributes to an increase in the production of pro-inflammatory cytokines such as IL-1f and
IL-6, hindering progression of wound healing from the inflammation stage to the proliferation
stage (Salazar, et al., 2016; Wen, et al., 2006). A hyperglycaemic environment can cause the
preprograming of haematopoietic cells, generating monocytes (which differentiate to
macrophages) that are predisposed to a pro-inflammatory phenotype (Hesketh, et al., 2017).
Hence, the ability of the altered macrophages to phagocytose the apoptotic neutrophils is
hindered (Hesketh, et al., 2017).

1.7. Studies understanding the role of fibroblasts and myofibroblasts in diabetic

wound healing

A study by Ehrlich and colleagues (1999) hypothesized that wound contraction can be
produced by fibroblasts, hence myofibroblasts were not required. He treated rats with vanadate,
which is a protein tyrosine phosphatase inhibitor, to inhibit the expression of a-SMA in rats.
The inhibition of a-SMA, inhibits the differentiation of fibroblasts to myofibroblasts (Ehrlich,

et al., 1999). He made full-excisional wounds on the backs of the rats and had observed that
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the absence of myofibroblasts did not hinder the rate of wound healing. He concluded that
myofibroblasts were not vital for wound contraction to occur. Surprisingly, he had also
observed that the deposition of collagen within the rats treated with vanadate (did not express

a-SMA, hence myofibroblasts were absent) was more orderly than the control rats (expressed
a-SMA, hence myofibroblasts were present). This suggests that vanadate may play a role in

matrix deposition and possibly scar formation (Ehrlich, et al., 1999).

Contrastingly, a study by Seitz and colleagues (2010) assessed the difference in wound healing
in high-fat diet-induced (HFD) obese diabetic mice and genetically obese diabetic mice (ob/ob)
and compared it to normal, non-diabetic, lean mice on a chow diet (CD). They observed a
decrease in the performance of keratinocytes, endothelial cells and fibroblasts which decreased
the formation of granulation tissue and re-epithelisation. Compared to the normal lean mice,
there was a delay in the closure of the wounds in the HFD-mice and ob/ob mice. Five days post
wounding, the diameter of the wounds on the HFD-mice and ob/ob mice increased. This was
confirmed as analysis of cross-sections of the wound site showed an enlarged distance between
the wound margin neo-epithelia and a decrease in the size of neo-epithelia. Seven days post-
wounding, re-epithelialisation was incomplete in the HDF-mice and significantly impaired in

genetically obese mice, whereas the wounds in control mice were completely re-epithelialized.

Myofibroblasts within the wound sites of HFD mice and ob/ob mice were analysed due to the
delayed wound healing (Seitz, et al., 2010). The expression of a-SMA mMRNA was used as a
marker to detect the presence of myofibroblasts (Seitz, et al., 2010). At day five, there was an
expected increase in a-SMA mRNA in the CD mice and HFD mice, which decrease at day 11.
However, the ob/ob mice, did not show any expression of a-SMA mRNA during the healing
period. This suggested a lack of differentiated myofibroblasts, which may be related to the

delayed wound repair observed (Seitz, et al., 2010).

1.8. Summary

During the wound healing process, it is vital that each stage; haemostasis, inflammation,
proliferation, and remodelling; occurs in a timely and sequential manner for proper closure of
the wound. Failure to follow this sequence of events, may result in non-healing chronic
wounds, which leads to further complications and may ultimately result in limb amputation.

There are a multitude of different cells, growth factors and cytokines that are required to aid
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the healing process. During the wound healing process, it is vital that the M1 pro-inflammatory
macrophage transits into the M2 anti-inflammatory macrophage for successful wound healing.
M2 macrophages stimulates the production of TGF-f, which stimulates the migration and
functioning of fibroblasts in the wound site. Fibroblasts actively aid wound healing by
producing collagen and differentiating to myofibroblasts during the proliferative phase.
Myofibroblasts are known to produce contractional forces that aid in the closure of the wound.
Beyond this, the role of fibroblasts and myofibroblasts in wound healing is unclear; a greater
understanding could benefit our approach to wound repair under pathological conditions.

1.9. Aims and objectives

Data on the effect of different fibroblast and macrophage phenotypes on myoblast wound
closure would offer a better understanding of these cell types on each other during wound
closure, which could provide new approaches to enhance wound repair under pathological

conditions.

The current study aimed to understand the effect of different cellular role players, specifically
fibroblasts (both undifferentiated and differentiated) and macrophage phenotypes, on in vitro

wound healing using myoblasts as the wounding model.

To achieve this aim, the first set of objectives were:

1. To establish in vitro methods for generating different fibroblast and macrophage
phenotypes. More specifically:
a. Using the effect of the presence and absence of serum in cell culture media on
L929 cells to generate fibroblast, protomyofibroblast and myofibroblast
phenotypes in vitro.
b. Polarising J774A.1 macrophages to M1 and M2 phenotypes using LPS and IL-

4, respectively.

2. Subsequently, the second set of objectives used double co-culture models to determine
the effect of:
a. Fibroblasts, protomyofibroblasts and myofibroblasts on myoblast wound

closure.

19



b. Myoblasts on fibroblast, protomyofibroblast and myofibroblast wound closure.

c. Polarised macrophages on myoblast wound closure.

3. Finally, the third set of objectives used the triple co-culture model to determine the

effect of:
a) Each of the fibroblast phenotypes (fibroblasts, protomyofibroblasts and

myofibroblasts) in the presence of M1 polarised macrophages on myoblast

wound closure.
b) Each of the fibroblast phenotypes (fibroblasts, protomyofibroblasts and

myofibroblasts) in the presence of M2 polarised macrophages on myoblast

wound closure.
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2. Materials and Methods

2.1. General Reagents and Lab Procedures

2.1.1.Reagents

Phosphate buffer saline (or PBS, 2.67 mM KCI (EMSURE, Cat. 7447-40-7), 1.47 mM KH2PO4
(Analytical Reagent), 136.9 mM NaCl (MERCK, Cat. 1038129) and 8.10 mM NaxHPO4
(EMSURE, Cat. 7558794), pH 7.2) was prepared and autoclaved where necessary. Sodium
orthovanadate (or vanadate; NasVOs; 200 mM; Lot. SLBZ8763, Sigma) was prepared in
double distilled water, adjusted to pH 10 with HCI and then boiled till clear, thereafter filtered
and stored in the freezer (-20°C). Lipopolysaccharide (or LPS; 1 mg/ml; a gift from Prof. Anil
Chuturgoon, College of Health Sciences, UKZN) was prepared in distilled water and stored at
-20°C. Interleukin-4 (or IL-4, 20 pg; Peprotech, Cat. 214-14, Cranbury, NJ, USA) was diluted
to 20 pg/ml in PBS-0.1% BSA and stored at -20°C.

2.1.2.Standard Cell Culture.

Mouse J774A.1 macrophage (ATCC, Cat. TIB-67™), L929 myofibroblasts (ATCC, Cat. CRL-
6364™) and C2C12 myoblasts (ATCC, Cat. CRL-1772™, Manassas, VA, USA) were
maintained in growth medium (serum-containing medium or SCM) containing Dulbecco’s
Modified Eagles Medium (DMEM, HyClone, Cat. SH30243.01, USA) with added 10% (v/v)
fetal bovine serum (FBS, Gibco, Cat. 10499-044, Waltham, MA, USA) and 2% (v/v) penicillin-
streptomycin (Lonza, Cat. DE17-602E, Basel, Switzerland). Culture medium was changed
every 48-72 hours. When cells reached confluence, they were passaged into different flasks.
The old SCM from L929 myofibroblasts and C2C12 myoblasts was discarded, followed by
washing twice with PBS to remove any remaining SCM; thereafter the cells were trypsinized
to detach cells from the flask, and lastly SCM was added to neutralise the trypsin. For J774A.1
macrophages, the old SCM was first discarded, and cells washed twice with PBS followed by
the addition of SCM, after which a cell scraper was used to detach the cells from the bottom of
the flask. Lastly the cell cultures were split (1:3) into different flasks and topped up with 10 ml
SCM. All cell types are incubated at 37°C with 5% CO2. Serum-free medium (SFM) consisted
of DMEM with added 2% (v/v) penicillin-streptomycin.
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2.1.3.Crystal Violet Staining.

Cells were stained with crystal violet to determine a) cell number changes and b) to analyse
morphology. Prior to staining, the culture medium was removed, and cells washed with
distilled water followed by incubation with 0.2% crystal violet (0.2g crystal violet in 100 ml
methanol) for 20 minutes. Excess crystal violet was washed off with distilled water and the
plate allowed to air dry overnight. This was followed by solubilisation of crystal violet with
1% sodium dodecyl sulfate (SDS) for one hour. The absorbance of the solubilised crystal violet

was measured at 595 nm using the Versmax Microplate Reader.

2.1.4. Analysis of cell number.

To establish a standard curve for analysis of cell number, 10, 20, 40, and 80 x10% myoblast
cells or 25, 50, 100 and 200 x102 fibroblasts, myofibroblasts and macrophages were plated in
24-well plates in SCM (carried out in triplicates) (Feoktistova, et al., 2016; Venter and Niesler,
2019). The cells were incubated for 4 hours to allow adherence to the culture plate followed by
staining with crystal violet as described above. Resulting standard curves are shown in Figure
6. (Fewer cells were used in the construction of the myoblast standard curve as myoblasts are
larger in size than fibroblasts and macrophages as well as have a shorter doubling time. Hence,
a plateau was reached faster when more cells were used, which produced an inaccurate standard

curve.)
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Figure 6: Standard curve representing increasing numbers of cells stained with crystal violet. (A)
Myofibroblasts, (B) Fibroblasts, (C) Macrophages and (D) Myoblasts. All standard curves show a
linear relationship between number of cells and absorbance at 595 nm. The standard curve equations
and correlation coefficients for each graph are: (A) y=2*10"x+0.0672 and R?= 0.992, respectively, (B)
y=2*10"x+0.1377 and R?= 0.9898, respectively, (C) y=2*10"x+0.0676 and R?= 0.976, respectively
and (D) y= 2*10%x+0.0844 and R?= 0.999, respectively. Data are represented as Mean + Standard
Error of the Mean (SEM). Data for standard curves represents triplicates. A blank (zero) was not used
for the absorbance readings, hence the graph does not intersect at the origin (0;0).

2.1.5. Analysis of cell circularity.

After cells were stained with crystal violet, images were visualized and captured with an
Olympus CKX41 microscope (Olympus Corporation, Tokyo, Japan) and a Motic 3.0-
megapixel camera (10x objective lens; three fields of view per replicate; four replicates per
experiment) (Motic, Kowloon, Hong Kong). Morphology was quantitively analysed by
assessing cell circularity using ImageJ software and a macro created by Venter et al. (2021) to
determine the circularity of the cells, where a value between 0 and 1 were assigned to indicate

cells that are irregularly shaped or perfectly circular, respectively (Figure 7).
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Figure 7: Image of (A) Crystal violet stained L929 cells whose (B) cell morphology was assessed
using ImageJ. Cell circularity is indicated for three cells. The rounder the cell, the higher the circularity
value (i.e., closer to 1).

2.1.6. Immunocytochemistry and fluorescence microscopy.

2.1.6.1. Detection of a-SMA.

Cells were washed once with PBS and then fixed using a 4% (v/v) paraformaldehyde solution
for 10 minutes. Subsequently, cells were washed once with PBS and then permeabilised with
0.3% (v/v) Triton X-100 for 10 minutes. Donkey serum (5% (v/v), Sigma, Cat. D9663) was
added as a blocking agent for 30 minutes, followed by incubation with the primary antibody
(monoclonal mouse anti-a-smooth muscle actin; a-SMA,; 1:1000; Sigma, Cat. A 2547) for 2
hours at room temperature thereafter incubated with the secondary antibody (Dylight 594-
conjugated donkey anti-mouse antibody; 1:1000; Jackson ImmunoResearch, Cat. 715-515-
151, Newmarket, Suffolk, UK) for 2 hours at room temperature in the dark, washing cells twice

with PBS between each step. Cells were then processed as described in 2.1.6.4. below.

2.1.6.2. Detection of CD86.

Cells were washed once with PBS and then fixed with a 4% (v/v) paraformaldehyde solution
for 30 minutes. Thereafter cells were washed with PBS followed by incubation with the
primary antibody (PE-conjugated rat anti-CD86; 1:200; BioLegend, Cat. 105008) overnight at

4°C. Cells were then processed as described in 2.1.6.4. below.
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2.1.6.3. Detection of Arginase.

Cells were washed once with PBS and then fixed with a 4% (v/v) paraformaldehyde solution
for 10 minutes. Subsequently, cells were washed once with PBS and then permeabilised with
0.3% (v/v) Triton X-100 for 10 minutes. Donkey serum was added as a blocking agent for 30
minutes, followed by incubation with the primary antibody (mouse anti-arginase-1 E-2; 1:500,
Santa Cruz Biotechnology Inc, Cat. Sc-271430, Dallas, TX, USA) for 2 hours at room
temperature. Cells were incubated with the secondary antibody (Dylight 488-conjugated
donkey anti-mouse antibody; 1:2000; Jackson ImmunoResearch, Cat. 715-485- 151) overnight

at 4°C. Cells were then processed as described in 2.1.6.4. below.

2.1.6.4. Staining of nuclei, mounting of coverslips and fluorescent viewing.

The nuclei were stained with Hoechst 33342 (1:100, stock 10 mg/ml; Sigma, Cat. B2261) for
10 minutes and then washed three times with PBS before being mounted on glass slides with
10% Mowiol (Sigma, Cat. 81381). The cells were viewed, and images captured with the

Olympus Florescence Microscope (20x objective). PBS was used as a diluent throughout.

2.1.7. Determining fluorescence intensity.

The intensity of the fluorescence was measured by using ImageJ in which the corrected total
cell fluorescence (CTCF) was then calculated for 10 cells in each image and averaged (El-
Sharkawey, 2016). Using the selection/drawing tools in ImageJ, the perimeter of the cell of
interest was selected as follows: from the set measurements menu, select area, integrated
density and mean gray value option (4nalyse — Set Measurements — Select Area/Integrated
density/Mean gray value). Thereafter, quantify (4nalyse — Measure) and insert values into the
equation used to calculate CTCF (to get the mean gray value, select an area around the cell that

has no fluorescence, this will be the mean background fluorescence):

CTCF= Integrated Density of cell — (area of cell * mean background fluorescence).
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2.1.8.In vitro wound healing assay.

The scratch assay was performed as described by Louis et al. (2008) and Goetsch et al. (2011)
with changes, in which a gel loading tip was used to physically remove cells from the centre
of the confluent monolayer in the centre of the well, thus, creating a “wound” (Figure 8); 500
pl SCM was then added. The cultures were incubated for 7 hours, and images were taken at 0,
3, 5 and 7 hours using the Olympus CKX41 microscope and a Motic 3.0-megapixel camera
(4x objective). The wound edges were manually selected, and wound area automatically
calculated using the Motic Images Plus 2.0 ML software. Percent wound closure was calculated

using the equation:

(Area of wound at 0 hour — Area of wound at x hour)
%Wound closure = x 100
Area of Wound at 0 hour

Figure 8: Schematic representation of scratch assay within a well. A “wound” is created in the
center of the well using gel loading tips to physically remove a monolayer of the confluent cells.

2.2. Dedifferentiation of myofibroblasts to fibroblasts

To establish both fibroblast and myofibroblast cultures in vitro, L929 cells were plated (in
quadruplicate, n=1) and cultured in SFM or SCM as described below (Figure 9).

e SCM: 10x10° myofibroblasts cells were cultured in the presence of SCM for three days.
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e SFM: 20x10° and 40x10° myofibroblasts cells were cultured in the presence of SCM
and allowed to adhere for four hours. After four hours, the SCM medium was changed
to SFM. The wells containing 40x102 cells were incubated for three days, whereas those

containing 20x10° cells were incubated for six days.

Figure 9: Schematic representation of L929 dedifferentiation in SFM. Using 12-well plates, L929
cells were plated out in quadruplicate. The cells adhered for 4 hours, followed by change in medium to
serum-free medium (SFM) in two plates and were incubated for either 3 days or 6 days. The results
were then analysed by either detection of a-SMA or analysis of cell circularity. (NB: Red = 10x10%cells
in serum-containing medium (SCM), Green = 40x103cells in SFM for 3 days, and Blue = 20x10° cells
in SFM for 6 days).

Different cell numbers were plated for the SCM and SFM treated cells to account for absence
of growth promoting serum in SFM and ensure that the cells became equally confluent.
Detection of a-SMA (expressed in myofibroblasts) by immunocytochemistry and fluorescence
microscopy as well as the analysis of the circularity of the cell was used to confirm the change
from a myofibroblast to a fibroblast phenotype.

2.2.1. Effect of sodium orthovanadate on expression of a-SMA in fibroblasts.

When fibroblasts are cultured in SCM for 24 hours or longer, they differentiate to
myofibroblasts. To assess whether vanadate hinders this differentiation, fibroblasts were
incubated with and without vanadate (10 puM) for 16 hours and then in SCM for 7 hours, after
which immunocytochemistry and fluorescence microscopy and cell circularity was used to
determine the resulting phenotype (Figure 10). These different time frames and culture

conditions are used as they emulate the culture conditions during the co-culture assays. These

27



were important to ascertain which phenotype was present at the start and finish of the wound

healing assays. The assays were carried out in triplicates (n=1)

Figure 10: Schematic representation for fibroblasts treated with vanadate. Fibroblasts were plated
out. Cells were either treated with 10 uM sodium orthovanadate (in SCM) or just SCM for 16 hours,
followed by incubation in serum-containing medium (SCM) for 7 hours.

2.3. Using LPS and IL-4 to establish M1 and M2 phenotypes, respectively:

2.3.1. M1 phenotype

J774A.1 macrophages (50x10° cells) were plated in SCM into 12-well plates and treated as
follows with LPS (0.1 pg/ml) to polarise cells to the M1 phenotype (Venter, et al., 2021)
(Figure 11A):

e 24 hoursin LPS

e 24 hours in LPS followed by 24 hours in SCM alone

e 24 hours in LPS followed by 4 hours in SCM alone and then 16 hours in vanadate
+ SCM

e 24 hours in LPS followed by 4 hours in SCM alone, 16 hours in vanadate and 24

hours in SCM alone

Thereafter, the presence of CD86 (M1 macrophage cell surface marker) was detected by

immunocytochemistry and fluorescence microscopy.
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2.3.2. M2 phenotype

J774A.1 macrophages (50x10° cells) were plated in SCM into 12-well plates and treated as
follows with I1L-4 (0.1 pg/ml) to polarise cells to the M2 phenotype (Lin and Hu, 2017):

48 hours in IL-4
e 48 hours in IL4 and 24 hours in SCM alone

e 48 hours in IL4, 4 hours in SCM alone and 16 hours in vanadate

e 48 hours in IL4, 4 hours in SCM alone, 16 hours in vanadate and 24 hours in SCM
alone

Thereafter, the presence of arginase (M2 macrophage marker) (Figure 11B) was detected by
immunocytochemistry and fluorescence microscopy. The presence of CD86 (Figure 11C) was
also determined on the cells treated with IL-4 to determine whether the M1 macrophage

phenotype persists.

A range of culture conditions were used to mimic the environment of the cells during co-culture
and wound healing assays. These serve to determine whether macrophages remain in the

polarised states during different assay conditions.
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Figure 11: Schematic representation of macrophages treated with LPS (0.1 ug/ml) and IL-4 (0.1
pg/ml) in serum-containing medium (SCM). Macrophages were plated out on 12-well plates and
treated with either LPS (0.1 pg/ml) for 24 hours or 1L-4 (0.1 pg/ml) for 48 hours, followed by treatments
in either 24 hours in SCM, 4 hours in SCM and 16 hours in vanadate or 4 hours in SCM, 16 hours in
vanadate and 24 hours in SCM. Cells were then treated with anti-CD86 or/and anti-arginase antibodies
to detect CD86 (M1 macrophages) and Arginase (M2 macrophages).

2.4. Double and Triple Co-cultures

2.4.1. Double Co-Culture.

Co-cultures were carried out (in triplicate and each experiment repeated six times) as described
by Venter, et al. (2018) with amendments (Figure 12). J774A.1/L929/C2C12 cells (40x103
cells) were plated at the edge of a well in a 24 well plate in a volume of SCM that did not
exceed 100 ul. A centrifugal force was applied to the plate by rotating the plate in a circular
motion to allow for the distribution and attachment of the cells to the outer edge of the wells.
The cells were allowed to adhere by incubation for one hour. Subsequently, C2C12/L.929 cells
(160x108 cells) were plated in the centre of the well in a volume of SCM not exceeding 500 pl
(Figure 12). Cells were allowed to adhere for 4 hours, followed by incubation with either
vanadate (10 pM) for 16 hours in the presence of fibroblasts or LPS (0.1 pg/ml) for 24 hours

in the presence of M1 macrophages. This is followed by in vitro wound healing assay.
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Figure 12: Schematic representation of plating double co-cultures containing either fibroblasts
or myofibroblasts with myoblasts. The fibroblast or myofibroblast populations were plated on the
edge of a well in a 24-well plate and plate briefly swirled to allow cells to adhere to edge of the well.
Myoblast cells were plated in the centre of the well. Cells were incubated for 16 hours to allow myoblast
cells to reach confluence, thereafter, followed by a scratch assay to analyse the cell migration.

2.4.2. Triple Co-Culture.

Triple co-cultures were performed (in triplicate and each experiment repeated six times) as
described by Venter, et al. (2018) with amendments (Figure 13). L929 cells (40x103 cells) and
J774A.1 cells (40x103 cells) were plated at the edge of a well in a 24 well plate in a volume of
SCM that did not exceed 100 pl. A centrifugal force was applied to the plate by rotating the
plate in a circular motion to allow for the distribution and attachment of the cells to the outer
edge of the wells. The cells were allowed to adhere by incubation for one hour. Subsequently,
myoblasts (90x103 cells) were plated in the centre of the well in a volume of SCM not
exceeding. Cells were allowed to adhere for 4 hours, followed by incubation with vanadate
(10 pM) for 16 hours in the presence of fibroblasts. This was followed by in vitro wound

healing assay.

31



Figure 13: Schematic representation of plating triple co-cultures containing M1 macrophages and
either fibroblasts or myofibroblasts and myoblasts. Fibroblasts and macrophages were plated on the
edge of awell in a 24-well plate in a volume of SCM not exceeding 100 ul. The plate was briefly swirled
to allow cells to adhere to edge of the well. Myoblast cells were plated in the centre of the well. Cells
were incubated for 16 hours to allow myoblast cells to reach confluence, thereafter, followed by a
scratch assay to analyse the cell migration.

2.5. Statistical analysis.

Results were analysed using either/or one-Way ANOVA, two-Way ANOVA or three-Way
ANOVA test using GraphPad Prism (developed by GraphPad Software Inc., version 9.3.1.).
Data with values of p<0.05 were deemed to be statistically significant. All data was represented
as Mean = SEM.
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3. Results
3.1. Establishment of Phenotypes

3.1.1. Establishment of dedifferentiated fibroblast cultures.

When fibroblasts are cultured in SCM, it differentiates into myofibroblasts, hence under
standard culture conditions, there are predominantly myofibroblasts present. Given our interest
in analysing the effect of fibroblasts versus myofibroblasts on myoblast wound closure, we
sought to first establish a method to dedifferentiate myofibroblasts in culture and thereby

establish distinct populations of fibroblasts and myofibroblasts.

The use of immunocytochemistry and fluorescence microscopy, to evaluate the expression of
a-SMA, indicated that when the myofibroblasts were incubated in the absence of serum, there
was a time-dependent loss of expression of a-SMA (Figure 14). L929 cells cultured in SCM
had the brightest fluorescence with a mean CTCF value of 74948 + 4 501 per cell; the
abundant expression of a-SMA indicated the presence of myofibroblasts (Figure 14a).
Thereafter, fluorescence got progressively weaker having a mean CTCF value of 45176 +
4 727 per cell at day 3 (Figure 14b), which suggests that the cells are transitioning through the
transient protomyofibroblast stage. Cells cultured for six days in SFM, showed little to no
fluorescence with a mean CTCF value of 2 019 + 175 per cell, which indicates that cells have

dedifferentiated from myofibroblasts to fibroblasts, hence no longer express a-SMA (Figure
14c).

Cells cultured in SCM or SFM for either 3 days or 6 days were then further characterised via
analysis of morphology to determine circularity during dedifferentiation (Figure 15). A shiftin
the circularity was observed (Figure 15A), such that the median circularity changed from 0.639
to 0.544 to 0.462 (Figure 15B, Table 1). The interquartile range for each phenotype shows that
the distribution of cell circularity for cells cultured for 3 days in SFM and 6 days in SFM is
significantly distinct from those cultured for 3 days in SCM. Fifty percent of the myofibroblast
population displays a cell circularity distribution of 0.570-0.696, whereas 50% of the
protomyofibroblast population displays a cell circularity distribution of 0.465-0.569 and 50%
of the fibroblast population displays a cell circularity distribution of 0.420-0.504 (Figure 15B,
Table 1). Therefore, the cells cultured for 3 days in SCM (myofibroblasts) which have a
rounder shape, significantly changed to a more elongated shape when cultured in SFM for 6
days (fibroblasts).
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Figure 14: Dedifferentiation of myofibroblasts to fibroblasts when cultured in serum-containing medium (SCM) or serum-free medium (SFM) for
either 3 or 6 days showing the change in expression of a-SMA. Cells were immunostained with monoclonal mouse anti-a-SMA followed by Dylight 594-
conjugated donkey anti-mouse antibody (red). The nuclei were stained with Hoechst 33342 (blue). The images were captured using the Olympus Fluorescence
Microscope at 20x objective (scale bar: 100 um). CTCF values were calculated and averaged for 10 cells. The mean CTCF value per cell £ SEM is indicated

in the top right corner.
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Figure 15: Dedifferentiation of myofibroblasts to fibroblasts when cultured in SFM for either 3 or 6 days showing the shift in cell circularity. (A) To
establish a population of fibroblasts, myofibroblasts were cultured in SFM for either 3 or 6 days followed by staining with crystal violet and images were
captured with an Olympus CKX41 microscope coupled to a Motic 3.0-megapixel camera (10x objective) thereafter ImageJ was used to analyse the cell
circularity. (B) Box and Whisker diagram showing the interquartile range for the distribution of cell circularity. ***p=0.0003. ****p<0.0001
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Table 1: Interquartile data ranges for the circularity data for the dedifferentiation of
myofibroblasts to fibroblasts

3 Days SCM 3 Days SFM 6 Days SFM
Q1 0.570 0.465 0.420
Q2 (Median) 0.639 Myofibroblast 0.544 Protomyofibroblasts 0.462  Fibroblast
Q3 0.670 0.569 0.504

Circularity for cells cultured for 3 days in SCM were calculated over 890 cells and have a median
circularity of 0.639 (red) and a cell circularity distribution of 0.570-0.670, can be referred to as
myofibroblasts. Circularity of ells cultured for 3 days in SFM were calculated over 730 cells have a
median circularity of 0.544 (blue) and a cell circularity distribution of 0.465-0.569, can be referred to
as protomyofibroblasts. Circularity of cells cultured for 6 days in SFM were calculated over 708 cells
and have a median circularity of 0.462 (green) and a cell circularity distribution of 0.420-0.504, can be
referred to as fibroblasts. Difference in cell numbers is attributed to different culture conditions, i.e.:
cells grow faster in the presence of serum. (n=1, used 4 pictures each from 3 wells).

3.1.2. Vanadate suppresses the expression of a-SMA.

Given that many subsequent assays were to be carried out in the presence of serum, it was
important to determine how long fibroblasts would maintain an undifferentiated phenotype in
the presence of SCM. Fibroblasts were therefore cultured in SCM for 16 hours and 23 hours,
followed by analysis of a-SMA expression. The difference in cell numbers analysed from one
panel to the next is due to pictures being taking from different areas within the wells for each
treatment and is not an indication of cell death. It was observed that a-SMA re-expression was
underway following 16 hours incubation in SCM suggesting that the fibroblasts begin to
differentiate back to the myofibroblast phenotype between 16 — 24 hours once exposed to SCM
(Figure 16). As expected, myofibroblasts (incubated in SCM alone) abundantly express a-SMA
(Figure 16a) with a mean CTCF value of 95919 + 7 630 per cell. Fibroblasts, incubated in
SFM for 6 days, (Figure 16b) demonstrated little expression of a-SMA with a mean CTCF
value of 2 577 + 306 per cell. When fibroblasts were incubated in SCM for 16 hours (Figure
16¢), an increase in mean CTCF value 19 762 + 1 217 per cell, was recorded, suggesting an
increase in a-SMA expression. The mean CTCF value increased further to 29 788 + 3 974 per
cell by 23 hours in SCM (Figure 16d), but had not reached levels seen in myofibroblasts,

suggesting that the transitory protomyofibroblast phase was underway.

Vanadate was then introduced to delay a-SMA expression and maintain the fibroblast

phenotype in the presence of SCM. Cells incubated for 16 hours in SCM + vanadate
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demonstrated a decreased mean CTCF value (5 961 + 850 per cell) as compared to cells that
were incubated in SCM alone for 16 hours (mean CTCF value of 19 762 + 1 217 per cell).
Cells that were incubated in SCM + vanadate for 16 hours followed by SCM alone for 7 hours
(to mimic the conditions of the scratch assay during wound healing) had a mean CTCF value
of 17 143 £ 1 201 per cell. VVanadate was therefore able to restrict the re-expression of a-SMA
in the presence of SCM, suggesting retention of the fibroblast phenotype at the start of the
scratch assay (16 hours in SCM + vanadate). However, after cells were returned to SCM alone,
by 7 hours (which would coincide with the end of the scratch assay) the transition to

protomyofibroblasts was underway.
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Figure 16: L292 cells were incubated for (A) 3 days in SCM, or (B) 6 days in SFM followed by incubation for (C) 16 hours in SCM, (D) 24 hours SCM,
I 16 hours in vanadate, and (F) 16 hours in vanadate and 7 hours in SCM. Cells were immunostained with monoclonal mouse anti-a-SMA followed by
Dylight 594-conjugated donkey anti-mouse antibody (red). The nuclei were stained with Hoechst 33342 (blue). The images were captured using the Olympus
Fluorescence Microscope at 20x objective (scale bar: 100 um). CTCF values were calculated and averaged for 10 cells. The mean CTCF value + SEM per cell
is indicated in the top right corner.
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The circularity of the fibroblasts cultured in vanadate and SCM during the start and end of the
wound closure assays were also assessed to determine whether they were still fibroblasts or
had begun to differentiate. Fibroblasts cultured for 16 hours in SCM + vanadate, 16 hours in
SCM + vanadate followed by 7 hours SCM, 16 hours SCM alone and 24 hours in SCM alone
all showed a wide distribution of cell circularity. When fibroblasts were cultured for 16 hours
in SCM + vanadate a peak frequency of 33.82% was seen at 0.40-0.49 (Figure 17A) with a
median circularity of 0.4 (Figure 17C; Table 2). This indicates that the cells were maintained
in the fibroblast phenotype (refer to Table 1). Fibroblasts cultured for 16 hours in SCM +
vanadate followed by 7 hours in SCM had a peak frequency of 26.14% at 0.50-0.59 (Figure
17A) with a higher median circularity of 0.489 (Figure 17C; Table 2), indicating that cells had
begun to transition through the protomyofibroblast phenotype. By 16 hours in SCM alone, the
cells had a peak frequency of 33.08% at 0.50-0.59 (Figure 17B) with a median circularity of
0.480 (Figure 17C; Table 2), whereas those cultured for 23 hours in SCM alone showed a peak
frequency of 33.76% at 0.60-0.69 (Figure 17B) with a median circularity of 0.553 (Figure 17C;
Table 2). This suggests an increasing shift to the myofibroblast phenotype. This indicates that
when fibroblasts are cultured in SCM with vanadate (as they would have been at the start of
the wound closure assay) they remain as fibroblasts. Our data also suggests that subsequent
exposure to SCM initiated a slow transition via the protomyofibroblast phenotype to the

myofibroblast stage.
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Figure 17: Shift in fibroblast circularity when cultured with (A) 10 pM sodium orthovanadate and (B) SCM at the start and end of the wound closure
assays. Fibroblasts were cultured as per the conditions set during the start and end of the wound closure assays, i.e., cultured for 16 hours in vanadate, 16 hours
in vanadate + 7 hours in SCM, 16 hours in SCM, and 23h SCM. This was followed by staining with crystal violet and images were captured with an Olympus
CKX41 microscope coupled to a Motic 3.0-megapixel camera (10x objective) thereafter ImageJ was used to analyse the cell circularity. (n=1, 3 wells, 1x picture
each) (C) Using ImageJ an average circularity was calculated for each time point. ****p<0.0001.
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Comparing the distribution data from Tables 1 and 2, the distribution of fibroblasts (3 days
SFM; 0.420-0.504) and fibroblasts cultured for 16 hours in SCM + vanadate (0.292-0.477)
have a similar range, hence at the start of the wound closure analysis the cells are in the
fibroblast phenotype. The cell circularity distribution between the protomyofibroblasts (3 days
SFM; 0.465-0.569) and the fibroblasts cultured for 16 hours in SCM + vanadate and 7 hours in
SCM and those cultured for 16 hours in SCM alone, having similar ranges of 0.361-0.577 and
0.327-0.562, respectively. This indicates that these cells are in the protomyofibroblast
phenotype. Myofibroblasts cultured for 3 days in SCM, and fibroblasts cultured for 23 hours
in SCM only have a similar cell circularity distribution of 0.570-0.670 and 0.396-0.645,
respectively, which indicates that fibroblasts cultured for 23 hours in SCM alone are

differentiating to the myofibroblast phenotype.

We can therefore consider the cells at the start of the wound assay as undifferentiated
fibroblasts (as they are cultured in the presence of vanadate prior to the start of the assay). On
the other hand, fibroblasts cultured in SCM for 7-16 hours (in the absence of vanadate) are
protomyofibroblasts, while cells cultured in SCM for 23 hours have differentiated to
myofibroblasts (Table 2).

Table 2: Interquartile data ranges for the shift in fibroblast circularity when cultured with 10

UM sodium orthovanadate and SCM at the start and end of the wound closure assays.

16 hours 16 hours SCM + 16 hours SCM alone 23 hours SCM
SCM+ NazVOs4 NasVO4+ 7 hours (Protomyofibroblasts) alone
(Fibroblasts) SCM alone (Myofibroblasts)
(Protomyofibroblasts)
Q1 0.292 0.361 0.327 0.396 Median
Q2 0.400 0.480 0.553 «
Q3 0.477 0.577 0.562 0.645

Cell circularity for cells cultured for 16 hours in SCM + NasVO4 were done using 342 cells and 16
hours in SCM + NazVO4 + 7 hours in SCM were done using 265 cells, respectively. These indicate the
cells at the start and end of wound closure, having a median circularity of 0.400 (purple) and 0.489
(orange), respectively. Cell circularity for cells cultured for 16 hours in SCM and 23 hours in SCM,
indicate the cells at the start and end of wound healing analysis, respectively. The median circularity
for cells incubated for 16 hours in SCM was 0.480 (blue) by analysing 266 cells, whereas for cells
incubated for 23 hours was 0.553 (pink) for 316 cells. The difference in cell numbers is due to the cell
culture conditions, i.e.: cells grow faster in SCM with no added reagents.
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Sodium orthovanadate is known to affect cell proliferation; as this may affect cell numbers
plated during the assay, it was important to determine effects on the relevant cell types
(macrophages, myoblasts, myofibroblasts, fibroblasts). Cells (40 000) were incubated with
vanadate for 24 hours, followed by analysis of cell number using crystal violet staining. The
presence of vanadate positively impacted myofibroblast proliferation whereby the cell number
increased to 247 400 £ 63 382 cells when in the presence of vanadate as compared to 185 233
+ 85 333 cells in the absence of vanadate, however this effect was not significant (Figure 18).
Proliferation of fibroblasts was mildly, but not significantly, slower in the presence of vanadate
with numbers reaching 71 818 + 29 046 over 24 hours, as opposed to 89 150 + 17 898 cells in
the absence of vanadate. When macrophages were cultured in the presence of vanadate, cell
numbers were not markedly different at 50 867 £ 7 259 in the presence of vanadate compared
to 52 033 £ 10 833 in the absence of vanadate (Figure 18). Finally, myoblasts cultured in the
presence of vanadate showed a decrease in cell number from the 40 000 cells originally plated
to 24 467 * 8 248 cells, whilst when in the absence of vanadate cell numbers increased from
40 000 cells to 41 800 + 7 024 cells (Figure 18). This indicates that vanadate has a negative
influence on the myoblast cell number, most likely causing death of these cells.
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Figure 18: Effect of 10 uM sodium orthovanadate on the cell proliferation of myofibroblasts,
fibroblasts, macrophages and myoblasts. Forty thousand cells were plated out (as indicated on the
graph by the dotted line) and were cultured in the presence and absence of vanadate for 24 hours, after
which cell proliferation was analysed. Cells were stained with crystal violet followed by solubilisation
with 1% SDS. Absorbance was read at 595 nm. The equations of the cell standards for each cell type in
Figure 10 were used to calculate the cell numbers after treatment with/without vanadate. Data is
represented as Mean * Standard Error of the Mean (SEM); n= 3 (each n in triplicates)

Throughout the wound closure assay, the fibroblasts will therefore begin to differentiate once
exposed to SCM in the absence of vanadate. It was unfeasible to continue with the treatment
of vanadate throughout the wound healing assays, as the addition of vanadate hindered the
growth of myoblasts and negatively affects its’ viability. Given the data on a-SMA expression
and circularity, we are confident that at the start of the wound closure assay, fibroblasts
(cultured in SCM + vanadate for 16 hours) have retained their phenotype, while those treated
subsequently with SCM alone (16 hours) will be referred to as protomyofibroblasts. This

labelling convention is used in section 3.2
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3.1.3. Polarisation to the M1 macrophage phenotype.

J774 macrophages were polarised to the M1 phenotype using LPS. Immunocytochemistry and
fluorescence microscopy was used to detect the presence of CD86, a cell surface marker of M1
macrophages. Firstly, it was important to establish whether the cells expressed CD86 prior to
incubation with LPS. Cells were observed to display bright fluorescence (mean CTCF value
68 288 + 5 131 per cell; Figure 18a) in the absence of LPS. This suggested that the cells have
been polarised to the M1 phenotype. Thereafter cells were incubated with LPS (0.1 pg/ml) and
then incubated under the various culture conditions of the assays to discern whether the M1
macrophage phenotype persisted. When the cells are cultured under the following conditions
an intensely bright fluorescence was seen: 24 hours in LPS (mean CTCF value of 81 039 +
5970 per cell; Figure 19b), 24 hours in LPS, 4 hours in SCM and 16 hours in vanadate (mean
CTCF value of 90751+ 7 224 per cell ; Figure 19c), 24 hours in LPS, 4 hours in SCM, 16
hours in vanadate and 24 hours in SCM (mean CTCF value of 113 929 £+ 5 000 per cell ; Figure
19d), as well as when cultured for 24 hours in LPS and 24 hours in SCM (mean CTCF value
of 95522 + 6 571 per cell; Figure 19e). A control, in which the cells were treated with LPS
for 24 hours and then immunostained with arginase 1 (E-2) showed little to no fluorescence,
indicating the absence of the M2 phenotype with a mean CTCF value of 8 423 + 749 per cell
(Figure 19f). The data indicated that the M1 macrophage phenotype was already present prior
to LPS incubation and persisted, potentially to a greater extent following LPS incubation, and
during each of the various culture conditions that will be experienced during the co-culture and
wound healing assays. . When the J774A.1 cells were treated with LPS, vs no LPS it can be
seen that there is an increase in the CTCF value which is an indication that the LPS activated
the macrophages to the M1 phenotype.
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Figure 19: J774A.1 macrophages incubated in (A) SCM and (B) 0.1 pg/ml LPS for 24 hours, (C) LPS for 24 hours and 16 hours in vanadate, (D) LPS for 24
hours, 4 hours in SCM and 16 hours in vanadate and 24 hours in SCI(E) LPS for 24 hours, 24 hours in SCM, and immunostained with PE-conjugated rat anti-
CD86 (red). (F) J774A.1 macrophages were incubated with LPS for 24 hours and immunostained with arginase 1 (E-2) (green; included to prove lack of M2
polarisation). The nuclei were stained with Hoechst 33342 (blue). The images were captured using the Olympus Fluorescence Microscope at 20x objective
(scale bar: 100 um). CTCF values were calculated and averaged for 10 cells. The mean CTCF value + SEM per cell is indicated in the top right corner.
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3.1.4.Polarisation to the M2 macrophage phenotype.

IL-4 has been reported to stimulate the polarisation of macrophages to the M2 phenotype (Lin
and Hu, 2017). Therefore, the J774A.1 cells were incubated with IL-4 to stimulate polarisation
to the M2 phenotype. Immunocytochemistry and fluorescence microscopy was used to detect
the presence of arginase, an enzyme expressed by the M2 phenotype (Orecchioni, et al., 2019).
In the absence of IL-4, J774A.1 cells, after being immunostained for arginase, only
demonstrated a slight fluorescence, having amean CTCF value of 5 036 + 455 per cell (Figure
20Av). Following a 48 hour incubation with IL-4 (0.1 pg/ml), J774A.1 macrophages showed
very little fluorescence when cultured as follows: (i) 48 hours in IL-4 (mean CTCF value of
4 951 + 286 per cell ; Figure 20Ai), (ii) 48 hours in IL-4, 4 hours in GM and 16 hours in
vanadate (mean CTCF value of 8 683 + 898 per cell ; Figure 20Aii), (iii) 48 hours in 1L-4, 4
hours in GM, 16 hours in vanadate and 24 hours in GM (mean CTCF value of 3 171 + 481 per
cell ; Figure 20Aiii), as well as when cultured for (iv) 48 hours in IL-4 and 24 hours in GM
(mean CTCF value of 7673 £ 705 per cell; Figure 20Aiv), and stained with mouse anti-
arginase 1 (E-2). We therefore concluded that we were not able to successfully establish the

M2 phenotype.

Under the same conditions, cells were analysed for expression of CD86 (Fig 20, panel B): cells
cultured for (i) 48 hours in IL-4 (mean CTCF value of 61 381 + 10 231 per cell ; Figure 19Bi),
(ii) 48 hours in IL-4, 4 hours in GM and 16 hours in vanadate (mean CTCF value of 12 110 £
1 073 per cell ; Figure 19Bii), (iii) 48 hours in IL-4, 4 hours in GM, 16 hours in vanadate and
24 hours in GM (mean CTCF value of 46 200 + 6 003 per cell ; Figure 19Biii), as well as when
cultured for (iv) 48 hours in IL-4 and 24 hours in SCM (mean CTCF value of 87 852 + 8 931
per cell ; Figure 19Biv) showed intense fluorescence for the M1 marker. It should also be noted,
that when the cells are cultured in IL-4 for 48 hours, 4 hours in GM and then 16 hours in
vanadate, the CD86 staining decreased (Figure 19Bii) having a mean CTCF value of 12 110
+ 1 073 per cell. This decrease in CD86 expression could be due to the presence of vanadate,
however the way in which vanadate suppresses the expression of CD86 is unknown. These
cells did not show a noticeable increase in arginase expression (under the same culture
conditions) (Figure 19Aii). We concluded that these cells had not been polarised to the M2
phenotype, rather, they remained in an M1 polarised state as indicated by the CD86
fluorescence intensity (Figure 20Biii). The polarisation of the M1 macrophages to the M2
phenotype was therefore unsuccessful, henceforth only the effect of the M1 phenotype on
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myoblast wound closure was analysed. Polarisation of M1 macrophage phenotype to the M2

macrophage phenotype proved to be difficult.
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Figure 20: J774A.1 macrophages incubated with 0.1 pg/ml IL-4 for (i) 48 hours, (ii) 48 hours, 4 hours in GM and 16 hours in vanadate, (iii) 48 hours, 4 hours
in GM, 16 hours in vanadate and 24 hours in GM, (iv) 48 hours and 24 hours in GM and (v) J774A.1 macrophages were in SCM. J774A.1 macrophages were
immunostained with (A) anti- arginase 1 (E-2) (green) and (B) PE-conjugated rat anti-CD86 (red). The nuclei were stained with Hoechst 33342 (blue). The
images were captured using the Olympus Fluorescence Microscope at 20x objective (scale bar: 100 um). CTCF values were calculated and averaged for 10
cells. The mean CTCF value £ SEM per cell is indicated in the top right.
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3.2. Effect of Different Cellular Phenotypes on Wound Closure

3.2.1.Fibroblasts and Myofibroblasts decrease myoblast wound closure.

To assess the effect of fibroblasts, protomyofibroblasts and myofibroblasts on myoblast wound
closure, myoblasts were plated out in the presence or absence of these cells and wound closure
assessed over 7 hours. In the absence of other cell types, myoblast wound closure increased
from 18.83% = 3.28% (3 hours), to 30.97% = 3.89% (5 hours) and 42.63% + 3.73% (7 hours)
(Figure 21B). In the presence of fibroblasts, protomyofibroblasts and myofibroblasts, myoblast
wound closure was reduced at 3 hours with wound closure at 4.78% * 0.63% in the presence
of fibroblasts, 8.75% + 0.92% in the presence of protomyofibroblasts and 7.82% * 2.25% in
the presence of myofibroblasts.

By 5 hours, myoblast wound closure was 16.56% + 1.19% (in the presence of fibroblasts),
26.32% £ 1.65% (in the presence of protomyofibroblasts) and 18.69% + 3.91% (in the presence
of myofibroblasts), compared with 30.97% + 3.89% alone; while by 7 hours, myoblast wound
closure was 29.05% + 2.67% (in the presence of fibroblasts), 39.05% + 2.23% (in the presence
of protomyofibroblasts) and 26.67% + 4.43% (in the presence of myofibroblasts), compared
with 42.63% + 3.73% alone (Figure 21C). This effect was significant at 5 hours when
comparing fibroblasts and protomyofibroblasts (p<0.02); and 7 hours when comparing
fibroblasts and protomyofibroblasts (p<0.02) and protomyofibroblasts and myofibroblasts
(p<0.003). This data suggests that by 7 hours, fibroblasts and myofibroblasts caused a
significant decrease in myoblast wound closure, while protomyofibroblasts did not.
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Figure 21: Myoblast wound closure alone and when co-cultured with the different fibroblast phenotypes. (A) Myaoblasts or double co-cultures (containing
myoblasts and the fibroblast phenotypes) were plated and treated, followed by an in vitro wound healing assay on the (B) Myoblasts cultures and the (C) Double
co-cultures, and wound healing analysed at 3, 5 and 7 hours using the Olympus CKX41 microscope coupled to a Motic 3.0-megapixel camera (4x objective).
Data are represented as Mean + Standard Error of the Mean (SEM). Statistical significance is indicated; n=6 (each n in triplicates). *p<0.02. **p<0.003.
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Table 3 summarises the data shown in Figures 21B and 21C. We can see that there is a
significant difference in myoblast wound closure when in the presence of fibroblasts and
myofibroblasts at 3, 5 and 7 hours. When the myoblasts are co-cultured in the presence of the
fibroblasts and myofibroblasts there is a significant decrease in their migration compared to

monoculture conditions.

Table 3: Summary of mean data showing differential significant effect of fibroblast and

myofibroblast phenotypes on myoblast wound closure.

3 Hours 5 Hours 7 Hours
Myoblasts Alone ~19 % ~31 % ~43 %
Myoblasts + Fibroblasts l ~5% * l ~17 %* l ~29 %*
Myoblasts + ~8 %** l~19 Qp** ~27 %**

Myofibroblasts

NB: *p <0.0114. **p < 0.008 compared with myoblasts alone

The light microscope images show the myoblast wound closure when alone and in the presence
of fibroblasts, protomyofibroblasts and myofibroblasts over 7 hours. Myoblast wound closure
when cultured alone increased from 18.78% at 3 hours to 38.25% at 7 hours. When cultured in
the presence of fibroblasts, protomyofibroblasts and myofibroblasts, myoblast wound closure
increased from 4.84%, 8.47% and 5.71% at 3 hours to 37.84%, 36.91% and 25.45% at 7 hours,

respectively.
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Figure 22: Bright Field Light Microscopy Images of Myoblast Wound Closure over 7 hours when cultured (A) alone, or in the presence of (B) fibroblasts,
(C) protomyofibroblasts and (D) myofibroblasts. Images were captured using the Olympus CKX41 microscope using a 3.0-megapixel camera (4X objective
lens used).
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3.2.2. Myoblasts differentially affect myofibroblast vs fibroblast migration.

Conversely, as a next step, the effect of myoblasts on migration of fibroblasts, proto-
myofibroblasts and myofibroblasts was assessed (Figure 23). Fibroblasts, proto-myofibroblasts
and myofibroblasts displayed similar wound closure when compared within each timepoint
(3h, 5h, 7h) (Figure 23C and Table 4). When cells were co-cultured with myoblasts the wound
closure of protomyofibroblasts decreased at all timepoints, from 22.75% =+ 2.94% to 17.43%
+ 3.30% at 3 hours, 39.65% + 5.09% to 31.80% * 4.14% at 5 hours and 53.85% + 6.05% to
43.45% + 5.22% at 7 hours (Figure 23D). Conversely, when co-cultured with myoblasts,
myofibroblast wound closure at each timepoint was higher, increasing from 18.53% * 1.88%
t0 22.93% + 3.72% at 3 hours, 33.71% + 2.24% to 40.85% + 5.32% at 5 hours and 50.22% *
4.61% to 57.74% =+ 6.11% at 7 hours (Table 4 and Figure 23). Myoblasts did not have a
significant effect on fibroblast wound closure. The effect was however significant (p<0.05)
when comparing protomyofibroblast wound closure (43.45% =+ 5.22%) with myofibroblast
wound closure (57.74% + 6.11%) in the presence of myoblasts at 7 hours. Contrastingly, this
suggests that the presence of myoblasts significantly stimulates myofibroblast migration and

inhibits motility of undifferentiated fibroblasts.
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Figure 23: Fibroblast, protomyofibroblast and myofibroblast migration. Plate out of (A) fibroblasts and myofibroblasts alone; and (B) double co-cultures
containing myoblasts and either fibroblasts or myofibroblasts (C) Fibroblasts and myofibroblasts migration over 7 hours. (D) Migration of fibroblasts or
myofibroblasts co-cultured with myoblasts over 7 hours. Half of the wells plated with fibroblasts were incubated with vanadate for 16 hours to inhibit
differentiation to myofibroblasts. Thereafter, an in vitro wound healing assay was performed, and wound healing analysed at 3, 5 and 7 hours using the Olympus
CKX41 microscope coupled to a Motic 3.0-megapixel camera (4x objective). Data are represented as Mean + Standard Error of the Mean (SEM); n= 6 for C
and n=7 for D (each n in triplicates). * p<0.05.
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A two-way ANOVA was performed on the mean migration averages of each fibroblast
phenotype. The data shown in Table 2 indicated that the addition of myoblasts to the
protomyofibroblasts significantly decreased migration whereas when added to myofibroblasts,
it significantly increased migration, at 3, 5 and 7 hours.

Table 4: Summary of mean data showing differential significant effect of myoblasts on

fibroblasts, protomyofibroblast and myofibroblast migration

Migration of: 3 hours 5 hours 7 hours
Myoblasts Myoblasts Myoblasts
- + - + - +
Proto- ~23 % n ~17% i ~40 % . ~32 O/i ~54 % ~43 % L
Myofibroblasts
Myofibroblasts ~19% * ~23% ~34% * ~41% ~50% * ~58%

Myoblasts significantly decrease protomyofibroblast wound closure (red) and significantly increase
myofibroblast wound closure (green). NB: *p = 0.0311 and **p = 0.0071 (comparing within a
timepoint; in the presence or absence of myoblasts)

3.2.3. Effect of M1-LPS  and M1-LPS* macrophages on myoblast wound closure.

We previously established that the J774A.1 macrophages utilised in our study were already in
part polarised to the M1 phenotype prior to LPS incubation; however, subsequent addition of
LPS increased the CD86 expression suggesting additional polarisation. We therefore analysed
the effect of LPS-untreated (termed M1-LPS macrophages) and LPS-treated macrophages
(termed M1-LPS*™ macrophages) on myoblast wound closure.

In the presence of M1-LPS™ vs M1-LPS™ macrophages, myoblast wound closure was 17.51%
+1.49% and 9.48% + 1.72% at 3 hours, 38.05% * 2.59% and 22.94% + 4.85% at 5 hours and
57.78% * 3.23% and 35.13% * 5.80% at 7 hours, respectively (Figure 24). This suggests that
the presence of M1-LPS" macrophages result in faster myoblast wound closure than when
cultured in the presence of M1-LPS™ macrophages. This effect was significant at 7 hours
(p<0.002) (Figure 24).
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Moreover, it is important to note, that when incubating with LPS, myoblasts were present in

the cultures. Therefore, the presence of LPS could have an effect on myoblast wound closure.

Figure 24: Myoblast wound closure in the presence of M1-LPS" and M1-LPS* macrophages. (A)
Double co-cultures were plated and pre-treated, followed by (B) an in vitro wound healing assay and
wound healing analysed at 3, 5 and 7 hours using the Olympus CKX41 microscope coupled to a Motic
3.0-megapixel camera (4x objective). Data are represented as Mean + Standard Error of the Mean
(SEM). (6n, each “’n done in triplicates).

3.2.4.Effect of fibroblasts and myofibroblasts on myoblast wound closure when
cultured in the presence of M1-LPS  and M1-LPS* macrophages.

The establishment of cell cultures that were either fibroblasts or myofibroblasts was imperative
for the analysis of the presence of these phenotypes during wound healing in a triple co-culture,
using myoblasts as the wound model. Vanadate was added to half of the wells containing

fibroblasts to prevent the differentiation of fibroblasts to myofibroblasts whilst the myoblast
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population reached confluence. M1-LPS™ macrophages were pre-treated with LPS prior to

triple co-cultures being plated-out.

The wound closure of myoblasts when cultured in the presence of M1-LPS™ macrophages and
fibroblasts, proto-myofibroblasts and myofibroblasts, at 3 hours was 11.02% * 3.79% , 15.23%
+ 2.42% and 14.51% + 2.95%, at 5 hours was 19.77% +4.03%, 23.18% * 4.15% and 22.02%
+ 1.86% and at 7 hours was 41.52% =+ 8.92%, 42.11% + 3.95% and 38.78% + 6.26%,
respectively. This data is not statistically significant. This indicates that when M1-LPS
macrophages are added to the edge of the well (Figure 24B), the rate of myoblast wound closure

is still the same as in the absence of M1-LPS™ macrophages (Figure 25B).

When cultured in the presence of M1-LPS* macrophages, myoblasts wound closure; at 3 hours
was 7.49% + 1.63% , 8.78% * 1.47% and 9.80% + 1.21%; at 5 hours was 20.42% + 1.71%,
20.07% £2.36% and 20.57% + 1.28%; and at 7 hours was 34.10% * 2.49%, 33.56% + 1.79%
and 34.82% + 1.68%, when in the presence of fibroblasts, proto-myofibroblasts and
myofibroblasts, respectively (Figure 25C). Myoblast wound closure in the presence of M1-
LPS* macrophages and co-cultured with either fibroblasts, proto-myofibroblasts or

myofibroblasts have the same rate of migration. This effect is not significant.

The overall motility of myoblasts decreases when in the presence of M1-LPS* macrophages
compared with M1-LPS" macrophages, indicating that M1-LPS* macrophages negatively
impact myoblast wound closure; however, there was no additional significant effect of the

presence of fibroblast phenotypes.
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Figure 25: The effect of the presence of fibroblasts, protomyofibroblasts and myofibroblasts during myoblasts wound healing in the presence of (B)
M1-LPS macrophages and (C) M1-LPS* macrophages. (A) Triple co-cultures were plated and treated, followed by (B/C) an in vitro wound healing assay,
and wound closure analysed at 3, 5 and 7 hours using the Olympus CKX41 microscope coupled to a Motic 3.0-megapixel camera (4x objective). Data are
represented as Mean * Standard Error of the Mean (SEM). n=6 (each n in triplicate).
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A two-way ANOVA was performed on the mean data of myoblast wound closure triple co-
cultured with each of the fibroblast phenotypes and either M1-LPS™ or M1-LPS* macrophages.

This data showed no significant effect on myoblast wound closure whether in the presence of
M1-LPS" or M1-LPS* macrophages.
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4, Discussion

Chronic non-healing wounds may arise due to pro-inflammatory diseases such as T2DM and
are seen as a considerable financial and resource burden on health-care systems due to patients’
loss of ability to move, decreased quality of life and extended hospitalisations (Chen, et al.,
2020). To provide novel approaches to address impaired and chronic wound healing, it is
imperative to be cognizant of the intercellular communications that occurs between the many
different cell types that play a vital role in successful wound repair. The intercellular
communications that occur between macrophage phenotypes and fibroblast phenotypes are of
importance, as the polarisation from M1 to M2 macrophages aid in the transition from the
inflammatory stage to the proliferative stage while the migration of fibroblasts into the wound
site to secrete ECM proteins (like type 111 collagen) and differentiate into myofibroblasts (that

produce stronger type | collagen) to generate contractional forces that support wound closure.

To further understand the intercellular relationship between the above-mentioned cellular
mediators of wound healing in vitro, it was first imperative to establish the fibroblast
phenotypes in culture. This was on account that fibroblasts differentiate into myofibroblasts in
the presence of serum (Pakshir, et al., 2020). This was achieved by culturing L929 cells in SFM
from which the results showed that 3 days post-culturing in SFM, protomyofibroblasts were
generated and 6 days post-culturing in SFM, fibroblasts were generated. Although cost-
effective, this method was also time-consuming and any subsequent assays needed to be carried
out in a very short period as once exposed to serum for 24 hours, cells differentiate back to
myofibroblasts.

Sodium orthovanadate blocks the expression of a-SMA by inhibiting protein tyrosine
phosphatases and the appearance of cytoplasmic stress fibres are suppressed (Maher, et al.,
1985; Mackay, et al, 2003). Studies by Maher and colleagues (1985) indicated that phospho-
tyrosine containing proteins were concentrated in the cytoplasmic stress fibres and mature focal
adhesions of myofibroblasts. They found that vanadate prevented the formation of cytoplasmic
stress fibres and the expression of a-SMA which are characteristics of myofibroblasts.
Therefore, treatment with vanadate not only inhibited the expression of a-SMA, but also
inhibited the differentiation of fibroblasts to myofibroblasts. Hence, as seen by studies
conducted by Ehrlich and colleagues (1999), vanadate was used in the current project to inhibit

the expression of a-SMA and fibroblast differentiation.
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The expression of a-SMA and the cell circularity studies of fibroblasts treated with vanadate
showed that at the beginning of the wound healing assays fibroblasts are present, while by 16
and 24 hours the transient proto-myofibroblast and ultimately the myofibroblast transitions
were underway. We therefore referred to the cells as either fibroblasts, proto-myofibroblasts
or myofibroblasts, depending on the length of exposure time to SCM and vanadate. Vanadate
could not be used throughout the wound healing assay as the addition of vanadate to the
myoblasts resulted in cell death. This was specific to myoblasts, therefore if other cells are used
as the wounding model, it might be possible to use vanadate throughout the assay, thereby
keeping the fibroblast phenotype, as seen in the in vivo rat model studies conducted by Ehrlich

and colleagues (1999).

Our results showed that the presence of myoblasts had a positive effect on the migration of
myofibroblasts, migrating significantly faster than fibroblasts or protomyofibroblasts. There
are not many studies that investigate the role of protomyofibroblasts within the wound healing
environment, except to refer to their transient phase. Drawing from the results shown here, it
could be of importance to gather more information on the paracrine effects and contractional

forces produced by these transitional cells.

In 1981, a study by Harris and colleagues indicated that multiple fibroblasts exert a tractional
force, same as that of a treadmill, on the collagen fibres across the wound matrix. Another
study by Ehrlich and Rajaratnam (1990) demonstrated that wound contraction was caused by
fibroblast locomotion. To a collagen lattice populated by fibroblasts, the addition and removal
of myofibroblasts did not change the rate of wound closure or the collagen organisation. A
subsequent study by Ehrlich et al., (1999), in which he treated rats with vanadate, showed that
the control and vanadate-treated rats had a similar degree of contraction. Moreover, vanadate
altered the collagen fibres into “a more orderly arrangement”. Ehrlich et al., (1999), concluded
by saying that the myofibroblasts may contribute to wound contraction, but are not vital for
wound closure to occur. This statement is synonymous with findings by Wrobel and colleagues
(2002) in which they displayed that, similar forces are produced by both fibroblasts and
myofibroblasts during wound repair and Ibrahim and colleagues (2015) who also stated that

myofibroblasts are not required for wound contraction but contribute to it.

During normal wound healing, the polarisation of M1 to M2 macrophages marks the transition
from the early inflammatory phase to the late inflammatory phase and the beginning of the

proliferative phase. This is an important phenomenon as the transition from the inflammation
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phase to the proliferation phase during chronic and impaired wound is either inhibited or

prolonged in pro-inflammatory diseases such as T2DM.

From our results, it was demonstrated that the J774A.1 macrophages used were already partly
polarised to the M1 macrophage phenotype as they expressed the CD86 surface marker; this
was despite not having been previously exposed to LPS. However, Zhao et al., (2017) indicated
that CD86 is expressed by MO, M1 and M2 macrophages by varying degrees depending on
their states of activation. The cells were then treated with LPS to further activate the M1
macrophage phenotype, which was successful. Activation of M2 macrophages via the
alternative pathway using IL-4 proved however to be unsuccessful. It should also be noted that
there was a lack of a positive M2 macrophage control. Hence, without this positive control, it
is difficult to be sure of what positive arginase staining looks like. In in vivo assays conducted
by Shahbazi, et al., (2018), polarisation to M2 macrophage phenotype required large doses of
IL-4 due poor access to target cells and IL-4 instability. Hence, they utilised high molecular
weight hyaluronic acid attached to the I1L-4 to target the CD44 receptors found on macrophages.
They noticed a change in the activity of arginase 1, release of TNF-a and secretion of 1L-10
which was thought to be due to the polarisation of the macrophages to the M2 phenotype. More
recently, Lin and colleagues (2020) demonstrated that culturing macrophages in high doses of

glucose contributes to the polarisation of macrophages to the M2 phenotype (Lin, et al., 2020).

When co-cultured with LPS-activated M1 macrophages, myoblasts migrated significantly
slower indicating that these activated M1 macrophage cells could delay wound healing. In
chronic wounds, approximately 80% of the macrophages within the wound bed are M1
macrophages (Khanna, et al., 2010). A study by Sindrilaru and colleagues (2011), in which
they used macrophages with “an unrestrained pro-inflammatory M1 activation state”, showed
that the polarisation to the M2-phenotype does not advance as it normally would. Furthermore,
a study by Frost, et al., (2003) stated that expression IL-6 (an important pro-inflammatory
cytokine) by skeletal muscle cells (C2C12) was stimulated when cultured in the presence of
LPS.
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5.  Limitations and Future Perspectives

Broadly, whilst in vitro studies provide the means to be able to control single parameters within
a study, it does not accurately reflect in the physiological environment, hence, it may not be an
absolute representation of what may occur within the host. Contrastingly, in vivo studies are
more complex and are more difficult to decipher due to the many components involved in the

various process.

The plasticity of the fibroblast and macrophage phenotypes should be further studied to better
understand the intercellular communication that occurs between these cell types during normal
and chronic/impaired wound healing. It could be of importance to conduct BioPlex analysis,
and or inhibitor studies, to gain further knowledge on the growth factors and cytokines released
by these cell types and how they affect each other. Alternatively, study of the exosomes can be
advantageous in the identification of unknown molecular and cellular intercellular

communication that occurs during wound healing.

Furthermore, once an in-depth understanding of how the fibroblast population phenotypes and
macrophage population phenotypes interact and stimulate each other and the wound
environment, it would be important to assess the interactions of these cell types in an in vivo
environment. This will then aid to provide future therapeutics to aid in eradicating impaired

and chronic wounds.

63



6. Conclusion

The different fibroblast phenotypes were successfully established and characterised within the
different experimental parameters in vitro. When cultured in SFM for 6 days, L929 cells
showed a decrease in cell circularity and appeared more elongated with a decrease in the
expression of a-SMA, indicative of the fibroblast phenotype. When cultured in SCM, the cells
differentiated into myofibroblasts with an increase in cell circularity; cells appeared rounder
with an increase in expression of a-SMA. The macrophage population used was already
polarised to the M1 phenotype prior to treatment with LPS (M1-LPS") . After treatment with
LPS the M1 macrophage phenotype was further activated (M1-LPS®) . However, the
polarisation of the cells to the M2 phenotype was unsuccessful. Thereafter, the co-culture
method was used to evaluate the intercellular interactions between the fibroblast phenotypes,
macrophages phenotypes and myoblasts during wound healing. Double co-culture results
showed that myofibroblasts migrated significantly faster when in the presence of myoblasts
(Figure 26). Contrastingly, myoblasts migrate significantly faster when in the presence of
proto-myofibroblasts (Figure 26). Myoblast wound closure was significantly slower in the
presence of fibroblasts and myofibroblast than when cultured alone (Figure 26). This indicates
that during the proliferative stage, the fibroblast phenotypes (i.e. fibroblasts and
myofibroblasts) hinder the migration of the myoblasts within the wounded area. Finally,
myoblasts migrate significantly faster in the presence of macrophages not treated with LPS.
This underscores the importance of being specific on our description of the phenotypic stage
of cells utilised in vitro when trying to understand the effect of the cellular role players on
processes such as wound closure. It is therefore, imperative to then establish the M2
macrophage phenotype, to wholly understand the effect of each phenotype during the early and
late stages myoblast wound closure. This will ultimately aid in understanding the difference
between normal and impaired skeletal muscle wound healing, such as seen in diabetics, which
will then assist in the establishment of specific therapeutic approaches to manage serve non-

healing skeletal muscle injuries.
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Figure 26: Summary of study. Arrow heads show the cells that have been affected. Green arrows
indicate a positive effect of the cell causing a significant increase in wound closure, whilst red arrows
indicate a negative effect of the cell causing a significant decrease in wound closure.
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7. Conference

A Co-culture Model to Investigate the Effect of a Pro-Inflammatory Diabetic

Microenvironment on Fibroblast Differentiation and Wound Healing In Vitro.
Ramklowan, D.S.H., van de Vyver, M. & Niesler, C.U.
Abstract

Diabetes mellitus is a pro-inflammatory, chronic disease affecting 7% of the South African
population. Non-healing foot ulcers are a common complication of diabetes. Fibroblasts
differentiate to myofibroblasts and are critical for wound repair; their absence impairs normal
tissue regeneration. Diabetic wounds show a distinct absence of myofibroblasts, which may
underlie the impaired wound repair observed. The aim of the current study was to establish
fibroblast and myofibroblast cultures in vitro in order to 1) analyse the effect of fibroblasts
versus myofibroblasts on wound repair and 2) analyse the effect of a pro-inflammatory diabetic

microenvironment on fibroblast differentiation and wound repair.

Detection of a-smooth muscle actin (a-SMA) using fluorescence microscopy and circularity
was used to confirm the presence of myofibroblasts versus fibroblasts. Co-culture assays and
the scratch assay were used to determine wound healing in vitro. Conditioned media was
generated and analysed (Bioplex) following culture of mesenchymal stem cells from wildtype

versus ob/ob diabetic mice.

Myofibroblasts dedifferentiated to fibroblasts when cultured in serum-free medium for six-
days as confirmed by the loss of a-SMA and the decrease in circularity of the cells. Myoblast
wound closure was not significantly different in the presence of myofibroblasts vs. fibroblasts.
Surprisingly, conditioned media representing a pro-inflammatory diabetic microenvironment
resulted in an increased expression of a-SMA, suggesting increased fibroblast differentiation.
Myoblast wound closure however was not significantly altered in the presence of a diabetic

pro-inflammatory microenvironment compared with control conditioned media.

Fibroblast and myofibroblast populations were successfully established and characterized
using the detection of a-SMA and circularity analysis. Myoblast wound closure occurred at the
same rate in the presence of fibroblasts versus myofibroblasts. The presence of a diabetic pro-

inflammatory microenvironment resulted in an increase in fibroblast differentiation, but no
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significant effect on myoblast wound closure. This may suggest that the lack of myofibroblasts

in diabetic wounds is not the sole cause of the observed impaired wound healing.
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