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Summary

Burns are highly dynamic injuries characterized by an initial zone of necrosis that progresses
to compromise surrounding tissue. Acute inflammation and cell death are the two main factors
contributing to burn progression. These processes are modulated by Connexind3 (Cx43)
hemichannels and gap junctions in traumatic injuries such as burns and chronic wounds.
Particularly, Cx43 hemichannel mediated ATP release interacts with P2X7 to activate the
NLRP3 inflammasome pathway. This study used a rat burn model to evaluate the effect of a
gap junction modulator, Cx43 antisense oligodeoxynucleotides, or Cx43 hemichannel blocker,
Tonabersat, for the inhibition of inflammasome activation and use as a potential treatment for
burn injury. In Chapter 3, | described our rat burn model, which was created with a hand-held
soldering iron, and wounds were subjected to a scoring matrix that best mimicked features of
human burn wounds. In the following chapter, burn wounds were treated with topical Cx43
antisense oligodeoxynucleotide or Tonabersat using the characterized rat burn model. 1
evaluated the immunofluorescence expression levels of Cx43, hemichannels, inflammasome
markers (NLRP3, Cas-1, and IL-1p), inflammatory markers MPO and CD68, and skin fibrosis
markers aSMA and HSP47 at various timepoints. To evaluate the overall effects on burn
wound healing, quantitative analysis with H&E and Masson’s trichrome was performed. Our
data showed that sustained release of Cx43 antisense oligodeoxynucleotide reduced protein
expression of Cx43 hemichannels and gap junctions, and Tonabersat at high concentrations
reduced Cx43 gap junctions protein expression. This concomitantly reduced inflammation and
NLRP3 inflammasome complex assembly in rat burn injuries, leading to improved wound
healing and reduced scarring. In the final two chapters, a preliminary study was conducted on

a porcine scald burn model. Tonabersat and Cx43 antisense oligodeoxynucleotide were applied



topically or in a form of scaffold dressing to treat porcine scald burn wounds. | evaluated the
immunofluorescence expression levels of Cx43, hemichannels, inflammasome markers
NLRP3 and Cas-1, inflammatory markers MPO and CD68, and skin fibrosis makers aSMA
and HSP47 at various timepoints. Finding from this study shows that Cx43 hemichannels and
gap junctions play a central role in the amplification and perpetuation of inflammation in burn
injury. The Cx43-targeted therapeutics mitigating burn progression might reduce the healthcare

cost of burn care and allow for better functional recovery in burn patients.
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Chapter 1: Literature Review

1.1 Burn Injury

The World Health Organization (WHO) has defined a burn injury as an injury to the skin or
other tissues largely caused by heat, radiation, electricity, or chemicals (WHO, 2018). Burns
are a global health problem. Annually, 11 million people worldwide are estimated to be burned
severely enough to require medical attention. These burns result in 180,000 deaths (WHO,
2018). Almost half occur in the Southeast Asia region. In Singapore alone, there are around
4,000 reported burn injuries and about 220 admissions to hospitals every year requiring surgical
intervention (Hwee et al., 2016; Ngim & Ghulam, 1994). A cost analysis of burn treatment by
an Australian burns centre estimated USD73,532 per admitted burns patient. The length of stay,

operative cost, dressing, and staffing are the most significant components (Ahn & Maitz, 2012).

1.2 Burn Pathophysiology

Before focusing on the pathophysiology of burns, it is important to understand the structural
anatomy of the skin (Figure 1.1). The epidermis is the outermost protective layer of the skin
that mainly comprises epithelial cells and keratin (Hossler, 2014). Beneath the epidermis lies
the dermis, which contains interwoven collagen bundles and elastin fibres (Wong et al., 2016).
Additionally, it contains skin appendages such as hair follicles and sebaceous glands, sweat
glands, nerves, stromal cells such as fibroblasts, and a vascular network to provide nutrients
and oxygen to the skin (Lindberg & Lamps, 2018). The dermis is further divided into two
distinct layers: the papillary dermis and the reticular dermis. The upper papillary dermis
contains thin collagen fibres (average 38um) with numerous small capillary vessels at the

superficial plexus (papillary/reticular dermis interface) (Wong et al., 2016). The reticular
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dermis lies beneath this and is composed primarily of thick, dense collagen fibres (average
length of 80 um) with relatively larger blood vessels, multiple adnexal structures, and nerves
(Lindberg & Lamps, 2018; Wong et al., 2016). Under the dermis is the subcutaneous tissue,
which is made of fat and loose connective tissue that insulates and protects the skin (Wong et

al., 2016).
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Figure 1.1 Anatomy of Skin.
A three-dimensional illustration of the skin. Created using Biorender.com.
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It is important to note that the presence of skin appendages such as hair follicles, sebaceous
glands, and sweat glands acts as a great source of regenerative stem cells to maintain
homeostasis (Morgun & Vorotelyak, 2020). In the concept of burn injury and wound healing,
if the skin appendages are undamaged, there is considered to be an ample supply of epithelial
cells to repopulate the injured site and influence the rate and quality of healing (Shakespeare,
2001). On the other hand, if the injury causes the skin appendages to be destroyed, it requires
debris clearance and replacement, and wound closure is likely to occur from the wound edges.
This typically requires a longer time for the wound to heal and may require surgical
intervention to remove necrotic tissue and preserve healthy dermis for wound recovery

(Shakespeare, 2001).

Understanding the pathophysiology of burn injuries is important for effective medical
treatment and management (Hettiaratchy & Dziewulski, 2004). Depending on the extent of
damage caused to one or more layers of skin, it can cause a significant physiological imbalance
and even death (Church et al., 2006). Typically, burns are classified according to depth of
injury, including first degree burn: superficial, second degree burn: superficial-partial thickness
and deep-partial thickness, third degree burn: full-thickness, and subdermal burns involving
deeper structures such as fascia, muscles, and bone (Table 1.1) (Vaughn & Beckel, 2012;

Warby & Maani, 2020).
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Table 1.1 Classification by burn depth.

Classification

Description

Superficial Damage to epidermal layer. Heals over few days without scarring.
Thickness

Superficial- Forms blister between epidermis and dermis. Initially damage appears to
Partial be only epidermal in depth but may be determined to be partial thickness
Thickness 12 to 24 hours later.

Deep-Partial Damage to deeper dermis, hair follicles and glandular structures. Could
Thickness potentially turn into full thickness burn if intervention is not introduced.

Invariably causes hypertrophic scarring.

Full Thickness

Damage extends through all layers of the dermis and often injures the

underlying subcutaneous tissue.

Subdermal

Damage to all layers of skin and potentially life-threatening injuries that

extend into underlying soft tissue, muscle and/or bone structures.

Adapted from (Vaughn & Beckel, 2012; Warby & Maani, 2020).
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The Jackson’s burn wound model was designed to understand the pathophysiology of a burn
wound. It describes the three concentric zones of a burn, namely; the zone of coagulation,
stasis, and hyperemia (Jackson, 1953) (Figure 1.2). The central zone of coagulation sustains
the greatest amount of thermal trauma, resulting in irreversible tissue damage and denaturing
of proteins. This is surrounded by the zone of stasis; whereby cellular damage is less severe
with viable tissues. Here, inflammatory mediators cause systemic capillary leak and
intravascular fluid loss leading to decreased tissue perfusion or oedema. As such, burn
resuscitation that refers to maintaining adqueate fluids and tissue oxygenation is key to combat
hypovolemia and hypoperfusion (Schaefer & Nunez Lopez, 2023). The ischaemic zone of
stasis may convert into full necrotic zone of coagulation if burn resuscitation and wound care
are suboptimal, leading to burn wound conversion (Figure 1.3). The zone of hyperaemia
surrounds the zone of stasis and is characterised by minimal cell damage and increased tissue

perfusion, resulting in natural recovery (Jackson, 1953).

Zone of Stasis
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' Coagulation
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’
Subcutaneous
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Figure 1.2 Schematic representation of Jackson’s Burn Model.
Image modified from (Jackson, 1953) and created using Biorender.com.
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Figure 1.3 Burn wound conversion in bilateral feet burn.
(a) initial superficial burn converted into (b) deep dermal burn. (c) Burn progressed into full

thickness burn and eventually involved (d) subcutaneous tissue and fascia.

1.3 Inflammation and cell death in burn wounds

The acute inflammatory response in burn wounds is dominated by neutrophils, leading to
persistently increased levels of pro-inflammatory cytokines such as TNF-a and IFN-f (Lateef
et al., 2019). The acute inflammation is perpetuated by high levels of extracellular adenosine
triphosphate (ATP), secreted by activated neutrophils and thus recruiting more circulating
neutrophils (Eltzschig et al., 2006). This response causes collagen degradation, keratinocyte
cell death, microvascular compromise, disruption of plasma membranes, DNA cross-links and
strand breaks, and peptide fragmentation (Pober & Sessa, 2014; Rijken & Bruijnzeel, 2009;
Shupp et al., 2010). Aside from acute inflammation, cell death is frequently observed during
burn progression. In partial thickness burns, almost half of the dermal cells surrounding the
zone of coagulation undergo cell death in the first week and 20% more in the third week
(Gravante et al., 2008). A similar process is observed in other injuries, including brain trauma,
radiation injury, and cardiac ischaemia injury, where healthy cells undergo cell death after
receiving death signals from their dying neighbours (Garcia-Dorado et al., 2004; Mancuso et
al., 2011; Spray et al., 2013). Pyroptosis ("pyro" for fire and "ptosis" for falling in Greek) is
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an inflammatory mode of programmed cell death (McKenzie et al., 2020). The orchestration
of pyroptosis is mediated by pro-inflammatory caspases, including caspase-1 (humans and
rodents), caspase 4/5 (humans), and caspase 11 (rodents) (Basile et al., 2012; Liu et al., 2021;
McKenzie et al., 2020; J. Ye et al., 2021). The activation of caspase-1 facilitates the maturation
and release of interleukin-1p (IL-1p) and interleukin-18 (IL-18) (Pelegrin, 2021). Additionally,
Gasdermin D (GSDMD), a newly identified pyroptosis executioner, is activated and releases
the N-terminal fragment (GSDMD-NT) (Bae et al., 2017). The GSDMD-NT oligomerizes and
forms a pore in the cell membrane, which leads to cell swelling, loss of cell membrane integrity,
and the release of pro-inflammatory cytokines IL-1B and IL-18 and other intracellular

components (Bae et al., 2017).

1.4 Current treatment strategies for burns

1.4.1 Debridement and Skin Graft

Typically, superficial burn wounds are dressed and left to heal on their own. Partial thickness
burns, which may seem to heal naturally, could convert into a deeper burn because of the burn
wound conversion phenomena. Hence, providing a definitive treatment for burn injury remains
a great challenge. Early burn wound debridement (also known as escharotomy) and skin grafts
remain as key standard of care for deep partial thickness and full thickness burn wounds. Local
inflammatory factors and tissue ischaemia can cause further necrosis and, eventually, organ
failure. In a timely manner, escharotomy must be performed to restore perfusion to prevent
further loss of tissue viability (Butts et al., 2020). However, it is inevitable that debridement
could involve removal of some surrounding healthy tissue and cause damage. In addition, such
procedures could cause haemorrhagic shock resulting in suboptimal hemostasis after extensive

debridement. Therefore, precise techniques such as enzymatic debridement and hydrosurgical
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debridement system (e.g., Versajet) could counter this problem (Kakagia & Karadimas, 2018;
Ziegler et al.,, 2020). Enzymatic debridement with collagenase clostridiopeptidase or
Bromelain-based (Debrase) are shown to be less painful and improve collagen formation and
vasculature in burn wounds (Legemate et al., 2018; Ozcan et al., 2002; Singer et al., 2011).
Hydrosurgery uses a powerful water jet that flushes a narrow stream of water through a nozzle
that causes a localised vacuum to cut accurately, irrigate, and suction tissue simultaneously
without damaging viable tissues (Legemate et al., 2022). Skin grafting after hydrosurgery is
shown to preserve viable dermis and improve scar quality in patients compared to conventional
debridement (Legemate et al., 2018; Ziegler et al., 2020). Skin grafting is a commonly used
wound closure technique in burn patients. Skin graft application aids in promoting faster wound
healing and better aesthetic outcomes. In addition, it reduces complications and provides a
shorter hospital stay for patients. Using a dermatome, a thin layer of skin, including epidermal
and dermal layers is harvested to replace and cover affected burn areas. If the surface area to
be covered is large, additional tiny slits are made in the grafted skin using a meshing technique
to allow it to be stretched and applied over a larger surface area. This procedure is typical of
split-thickness skin grafting (Braza & Fahrenkopf, 2022; Browning & Cindass, 2022). Full-
thickness skin grafts are highly effective in achieving closure of skin defects where primary
closure or healing is not possible (Prohaska & Cook, 2022). A well prepared, vascularized
wound bed without infection is vital for full-thickness skin graft application and survival. Since
full thickness skin grafts are obtained from another healthy part of the body, the amount of skin
graft that could be obtained is limited. Hence, it is useful to cover small, affected areas (Ramsey
etal., 2022) such as the nose as well as the eyelids and the ears (Trufant et al., 2016). However,
the rate of failure for full thickness skin grafts remains high as the dermal component fails to

absorb oxygen and nutrients from the prepared wound bed (Braza & Fahrenkopf, 2022).
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1.4.2 Tissue engineering

1.4.2.1 Stem Cell Therapy

When conventional burn care strategies fail, tissue engineering helps with the repair and
replacement of damaged tissue and organs. With the development of stem cell therapy, several
types of stem cells have prevented burn progression and salvaged the zone of stasis. Singer and
colleagues have reported that the delivery of mesenchymal stem cells (MSCs) intravenously in
a rat brass comb model reduced the area of necrosis by approximately 20%, thus preventing
burn progression (Singer et al., 2013). Another group has found that subcutaneous injection of
MSCs into the zone of stasis reduced apoptotic cell death counts, increased tissue perfusion
and tissue viability in the zone of stasis (Oksuz et al., 2013). Abbas and colleagues reported
similar findings, along with reduced neutrophil infiltration, downregulated proinflammatory
cytokine production, and upregulation of anti-inflammatory cytokines after MSC subcutaneous
delivery. Furthermore, they reported that MSCs reduced oxidative stress and enhanced tissue
perfusion through the production of proangiogenic factors and CD31 positive blood vessels,
suggesting the involvement of these underlying mechanisms in the MSC treated zone of stasis
(Abbas et al., 2018). Transplantation of keratinocyte derived, induced pluripotent stem cells
(iPSCs) in murine models of cutaneous burn injury led to enhanced re-epithelialisation, scarless
wound healing, and reduced skin fibrosis markers (Choudhury et al., 2021; Wu et al., 2019;
Yan et al., 2019). An alternative to stem cell therapy in burn wounds would be the use of
exosomes secreted by cultured cells. Studies have shown that human iPSC exosomes or iPSC
derived MSC secreted exosomes accelerated fibroblast migration and proliferation, collagen
synthesis, and angiogenesis in diabetic and non-diabetic excisional wound models (Choudhury

et al., 2021; Kobayashi et al., 2018; Zhang et al., 2015).
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1.4.2.2 Topical dressings

Topical dressings are widely used in burn care management. Biobrane™ is a biosynthetic
dressing made of porcine dermal collagen-bonded nylon membrane on a silicon scaffold, that
was first suggested for superficial partial thickness burn treatment (Farroha et al., 2013).
Biobrane™ prevents moisture loss, and its transparency allows for wound inspection. One of
the advantages of Biobrane™ is its stretchable properties which allow it to be used in areas
with complex body contours (Feng et al., 2018; Kiong et al., 2015). As a result, pain and
discomfort associated with daily dressing changes are reduced (Feng et al., 2018). Biobrane™
facilitates wound reepithelization to complete within a couple of weeks. However, Biobrane™
is not suitable for use on deep or full thickness burns (Zeng et al., 2011) and does not have anti-
microbial properties to reduce infection (Sharma et al., 2019). Nanosilver dressing on burn
wounds in patients has been shown to reduce pro-inflammatory cytokines TNFa and IL-1p,
reduce bacteria colonisation rate, and improve healing compared to wounds treated with
Sulfadiazine Silver Cream, which is an antimicrobial agent for burn wound treatment (Wu et
al., 2021). Although, sulfadiazine silver cream has good antimicrobial effects, severe irritation

is a big limitation that could lead to scar formation (Saeidinia et al., 2017).

As the burn wound healing process is rather complex, the properties of a dressing or an
application should factor in the dynamic changes that happen as a wound heals. It is widely
accepted that a warm and moist environment is essential for optimal wound healing to take
place (Ousey et al., 2016). Current strategies revolve around the “wet wound” environment to
facilitate the growth of granulation tissue, reduce the inflammatory response, promote cell
migration and angiogenesis, and accelerate wound healing (Junker et al., 2013). Besides
eliminating excess exudates, an ideal dressing must retain moisture at the wound site. In

addition, it must also be comfortable and made of non-toxic and non-allergenic materials.
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Moreover, it should allow oxygenation, protect against infection, and yet be cost-efficient

enough to serve as a promising wound dressing (Stoica et al., 2020).

Hydrogels can be used as dermal substitutes that allow cell migration and proliferation. They
also retain sufficient moisture in the environment, which is crucial for burn wound healing.
Moreover, they can encapsulate stem cells or bioactive compounds to deliver to the wound bed
to enhance wound healing (Choe et al., 2018). Various groups have experimented with different
natural polymers, such as chitosan (Alven & Aderibigbe, 2020; T. Wang et al., 2012), dextran
(Sun et al., 2011), hyaluronan (Li et al., 2018), alginate (Xu et al., 2019), collagen, and gelatin
(T. Wang et al., 2012) for the production of hydrogels. Others have used synthetic materials
such as polyglycolide, polylactide, and polylactide coglycolide (Metcalfe & Ferguson, 2007).
These studies have shown that wide application of such hydrogels has a close resemblance to
the extracellular matrix (ECM), which allows cell migration and proliferation, reduces
inflammation, promotes angiogenesis, enhances granulation tissue formation, and accelerates
wound healing (Stoica et al., 2020). However, the main disadvantage of such hydrogels is their
poor mechanical properties, which make them non-adherent and can dislodge from their initial
placement on the wound. In addition, when hydrogels swell rapidly, they could have a burst
release, which may not be ideal for applications that require controlled drug release
(Ghasemiyeh & Mohammadi-Samani, 2019). Some of these available products come from
animal sources that carry the inherent risk of causing immune rejection (Zeng et al., 2011). To

date, no products are available that completely mimic the healthy skin.

The transfer of nutrients, metabolites, and regulatory molecules from cells to the extracellular
environment, as well as the reverse, can be controlled by the structure of biomaterials or

scaffolds. As a result, new technology such as electrospinning is being developed to turn
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biomaterials into porous intricate structures. This method processes polymeric solutions made
with various solvents and polymers using the electrostatic principle. The resulting fibers have
a diameter that varies from a few micrometres to nanometres (Steffens et al., 2014). MSCs
were seeded onto electrospun nanofiberous scaffolds of poly-D,L-lactic acid (PDLLA) coupled
with Spirulina biomass (PDLLA/Sp), which were implanted in a murine model of third degree
burns. It was reported that no difference in ulceration, inflammation, and fibrosis was observed
across all treatments seven days following the creation of lesions. However, the macroscopic
study of the scaffold-using groups revealed improved wound contraction in contrast to the

control group (Steffens et al., 2014).

Polyethylene glycol (PEG), a key excipient in numerous types therapeutic treatments that are
already in clinical use and FDA approved is one of the most widely used biocompatible
polymeric substances in recent times (Dethe et al., 2022; Hoang Thi et al., 2020). PEG is known
for its safety and tolerance when administered to the body through multiple routes (Hoang Thi
et al., 2020). When compared to nonfunctionalized nanoparticles, PEGylated nanoparticles
have two key advantages: a significantly longer circulation period and significantly better
hydrophilicity (Dethe et al., 2022). Some examples of FDA approved products are Genexol®-
PM and OncoGel™ for anti-cancer therapy (Wang et al., 2023), COSEAL for urologic
procedures and DuraSeal® for cranial procedures to facilitate natural wound healing (Wheat
& Wolf, 2009). Polycaprolactone (PCL), on the other hand, has good mechanical strength with
steady and slow biodegradability, and biological compatibility, making it a good wound
healing material. When PCL matrix is combined with bioactive materials, very good drug and
protein delivery properties result, which is an additional promising property for applications to
wound healing and infection control (Al Samad et al., 2016). Gold nanoparticles (Au NP) have

been shown to decrease inflammatory markers, enhance pro-angiogenic factors, and promote
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wound healing in cutaneous studies (Kim et al., 2015; Leu et al., 2012). To increase the activity
in the application to rat burn wound healing, the biosynthesized Au NPs were further modified
and electrospun into Au-PEG/PCL scaffold. Because polymers and nanoparticles interact so
strongly, mixing bioactive nanoparticles with these polymeric materials has been shown to
increase nanoparticle activity. The results show that the Au-PEG/PCL scaffold was effective
in promoting keratinocyte proliferation while also preventing the formation of scars. Notably,
the polymeric Au-PEG/PCL scaffold demonstrated a decrease in inflammation of the injured
area, supporting its use as a secure and highly effective biological wound healing agent (Wang
et al., 2018). Another study showed that electrospun ibuprofen-loaded polyethylene (PEG) or
nanofibrous scaffolds had no negative effects on fibroblasts viability and increased
proliferation in vitro (Kheilnezhad & Hadjizadeh, 2022). These findings suggest that it could
act as a suitable barrier to prevent abdominal adhesions, while the release of ibuprofen from a
scaffold could reduce inflammation and prevent post-operative peritoneal adhesions

(Kheilnezhad & Hadjizadeh, 2022).

In a rat model of full thickness burn wounds, delivery of the non-ionic surfactant Pluronic F-
127 (F-127) intravenously showed a striking improvement in the rate of wound closure and
decreased vascular necrosis, inflammation, and thrombosis (Paustian et al., 1993). Topical
application of F-127 Pluronic gel has been shown to enable the progressive release of
therapeutics that lead to improved wound healing outcomes in animal models of cutaneous,
burn, spinal cord injury, and peritoneal adhesion. (Chua et al., 2022; Coutinho et al., 2005;
Cronin et al., 2006; Paustian et al., 1993; Y. Zhou et al., 2022). As reviewed by Palackic and
colleagues, in recent times, research has been focused on novel treatment approaches targeting

detrimental inflammatory mediators and signalling pathways (Palackic et al., 2022). To
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understand this further, it is important to understand how these effects could take place and the

available treatments to tackle this.

1.5 Gap Junctions and Connexins (Cx)

Cellular communication is critical for the continual maintenance of tissue homeostasis (Vinken
et al., 2006). Gap junctions are formed by proteins known as connexins. There are 21 connexin
family members in the human genome. Each connexin is a four-pass transmembrane protein
containing two-extracellular loops, one cytoplasmic loop, and N and C-terminal cytoplasmic
tails (Figure 1.4 a) (Laird, 2006). Six connexin subunits oligomerize to form a connexon or
hemichannel, that docks to another in an adjacent cell to form a gap junction channel (Figure
1.4 b) (Laird, 2006; Nielsen et al., 2012). These channels facilitate intercellular communication
between cells for the direct cytoplasmic exchange of calcium (Ca?*), sodium (Na*), potassium
(K*) ions, and small molecules (<1 kDa), and allow electrical and biochemical coupling
between cells (Goodenough et al., 1996; Valiunas et al., 2005). This function is crucial in
maintaining skin homeostasis by regulating the transport of ions and other small molecules
between cells (Martin & van Steensel, 2015). Gap junctional channels can also contribute to
the collapse of the cell membrane by allowing entry of ions and potentially toxic molecules
from neighbouring cells as a result of the bystander effect (Contreras et al., 2004; Spray et al.,
2013) (Figure 1.4 b). In addition to intercellular communication, undocked connexin
hemichannels can open to allow the passage of molecules (such as ATP and Ca?*) from the
cytoplasm to the extracellular space (Contreras et al., 2004). While the opening of these
channels is tightly controlled under resting state (Contreras et al., 2003), hemichannels are
triggered to open in response to proinflammatory cytokines (Retamal et al., 2007), metabolic

inhibition (Contreras et al., 2002), or increase in cytoplasmic Ca?* or decrease in extracellular
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Ca?* concentration (Lagos-Cabre et al., 2018; Lopez et al., 2016). Although, gap junctional
coupling is important for cell survival, excessive opening of the hemichannel can trigger the

release of inflammatory cytokines (Contreras et al., 2004).

In skin, gap junctions are widely expressed. Connexins found in the mammalian skin include
Cx26, Cx30, Cx30.3, Cx31, Cx32, Cx37, Cx40, Cx43 and Cx45 (Di et al., 2001; Fitzgerald et
al., 1994; Goliger & Paul, 1994; Richard, 2000; Risek et al., 1992; Wiszniewski et al., 2000;
Zhang & Cui, 2017). These connexins are differentially expressed in various cell types in the
layers of the epidermis and dermis (Scott & Kelsell, 2011; Scott et al., 2012). Cx43 is
ubiquitously expressed in all skin cell types such as keratinocytes, fibroblasts, skin appendages,
endothelial cells, melanocytes, dermal papilla cells and adipocytes (Becker et al., 2012; Burke
etal., 2014; Zhang & Cui, 2017). Findings from several studies have reported increased Cx43
expression in cutaneous injuries such as chronic wounds (Becker et al., 2012; Sutcliffe et al.,
2015), pressure ulcers (Kwek et al., 2021), and ex vivo diabetic skin (Pollok et al., 2011).
Moreover, these studies suggest that Cx43 is essential for cell proliferation, cell migration, and
regulating the production of extracellular matrix (ECM) during wound healing (Becker et al.,
2012; Mori et al., 2006; Qiu et al., 2003). These studies indicate that Cx43 is important for the
maintenance of skin homeostasis, skin barrier function and responses to environmental stimuli.
In our lab, we have identified that Cx43 is upregulated in burn injury and that it plays a role in
the passage of cell death signals and inflammation following burn injury (Coutinho et al., 2005;
Feng et al., 2020). However, this limited knowledge in relation to Cx43 and the possible

pathway that may be involved in burn injury is yet to be further explored.
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Figure 1.4. Structure and function of Connexin based channels.
(@) Structure of connexin containing four transmembrane domains with intracellular N-

terminus: NT and C-terminus: CT connected by two extracellular loops: E1 and E2 and one
cytoplasmic loop: CL. (b) schematic diagram representation gap junction channel allowing ion
and small molecules exchange between two cells and hemichannel convey ion and small
molecules between cytosol and extracellular space. ATP: Adenosine triphosphate. CAMP:
Cyclic adenosine monophosphate. 1Pz Inositol 1,4,5-triphosphate. Na*: Sodium. Ca?*":
Calcium. K*: Potassium. NAD: nicotinamide dinucleotide. PGE2: Prostaglandin E2. Modified
from (Vinken, 2015) and created using BioRender.com.
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1.6 Hemichannel associated inflammasome activation

Lipopolysaccharide (LPS) priming in the first signal required for the activation of NLRP3
inflammasome. LPS binding to Toll-like receptor 4 (TLR4) triggers the release of pro-
inflammatory cytokines like tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) by
immune cells (Gombault et al., 2012). This priming step is necessary to sensitize the cell to the
secondary stimulus for NLRP3 activation. The second signal required for NLRP3
inflammasome activation is often provided by extracellular ATP, which is released from
damaged cells during infection or injury. ATP serves as a damage-associated molecular pattern
(DAMP) and activates the NLRP3 inflammasome (Gombault et al., 2012). The persistent
pathologic opening of Cx43 hemichannels mediates the release of ATP into the extracellular
environment (W. Chen et al., 2019). The released ATP then binds to its receptors and facilitates
autocrine activation of P2X purinergic receptors such as P2X4, P2X7 and P2Y 12 receptors,
as a physiological cellular communication resulting in a flux of Na*, Ca?* and K* ions across
the pore (Acosta et al., 2021; Lohman & Isakson, 2014; Mugisho, Rupenthal, et al., 2019). The
activated P2 purinergic receptors trigger a signalling molecule, the NOD-like reception pyrin
domain-containing protein 3 (NLRP3) inflammasome, which recruits the adaptor apoptosis-
associated spec-like protein (ASC) and pro-caspase-1 to form the inflammasome complex.
Assembly of the inflammasome complex results in activation of caspase-1, and cleaves pro-
inflammatory cytokines to their active forms and releases IL-1p and IL-18 (Pelegrin, 2021;
Wang et al., 2020) (Figure 1.5). Cleavage of Caspase 1 also promotes Gasdermin D (GSDMD)
pore formation that translocates and binds to the plasma membrane and initiates pore
formation, resulting in the loss of membrane integrity and the release of cellular contents,
leading to cell death by pyroptosis (Bae et al., 2017). Exposure to oxidative stress in mouse

peritoneal macrophages via LPS and ATP exposure increased Cx43 expression and activated
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the NLRP3 inflammasome which was abolished upon Cx43 inhibition (Huang et al., 2019).
This finding was consistent in a heterozygous Cx43* mouse model compared with the Cx43
wild type (WT) mouse (Huang et al., 2019). Moreover, acute renal injury induced by LPS in
the Cx43* mouse model showed significantly lower blood IL-1B, renal NLRP3 and NOX4
expression, resulting in improved renal pathological changes (Huang et al., 2019). Activation
of NLRP3 is a key mediator of neuroinflammation in peripheral nerve injury. Elevated Cx43
expression was observed in models of spinal cord injury (Cronin et al., 2008; Tonkin et al.,
2018). Spinal delivery of Peptide 5, an E2 Cx43 mimetic peptide, reduced Cx43 expression,
improved mechanical pain hypersensitivity, and reduced spinal glial activation, suggesting that
Cx43 hemichannel blockade has protective action against neuropathic pain in a mouse model

of spinal cord injury (Tonkin et al., 2018).
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Figure 1.5. Schematic diagram of Cx43 hemichannel roles in the inflammasome pathway.
ATP is released via hemichannels into the extracellular environment during pathophysiological

situations such as from injury and cellular death. Extracellular ATP activates cell surface P2
purinergic receptors (E.g., ligand gated cationic P2X7 receptors). ATP binding to the P2XR
receptor trigger a flux of Na*, Ca®* ions influx and K* ions efflux ions across the pore.
Activation of P2X7 receptor triggers NLRP3 inflammasome complex formation by recruiting
apoptosis-associated ASC and pro-caspase 1. Activated caspase-1 cleaves pro-1L-1f and pro-
IL-18 to their active forms, IL-1p and IL-18. In addition to the purinergic receptor mediated
pathway, pathogen-associated molecular patterns (PAMPs — such as irritants, peptidoglycans,
or bacterial LPS) and cell-derived damage-associated molecular patterns (DAMPs — such as
inflammatory cytokines or chemokines) bind to specific receptors such as the Toll-like
receptors (TLRs). Activation of these receptors initiates the pro-inflammatory nuclear factor
(NF-xP) pathway to initiate cytokine release. Mitochondria are also at the centre of the cell
death pathway that can be triggered by stimuli such as DAMPs, leading to elevation of reactive
oxygen species (ROS) and the activation of the NF-«xf3 pathway. Inflammation alters gene
expression, including upregulation of Cx43 mRNA, resulting in greater numbers of
hemichannels at the cell surface where increased hemichannel opening leads to further ATP
release and regulates the release of inflammatory cytokines. These cytokines may not pass
through hemichannels directly, but hemichannel block significantly reduces their levels
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relative to untreated tissues. Image modified from (Acosta et al., 2021; Y. Kim et al., 2016)
and created using BioRender.com.

1.7 Therapeutic potential of Cx43 targeted therapeutics

Inhibiting Cx43 hemichannels is a potential therapeutic strategy to reduce the progression of
injuries and diseases (Laird & Lampe, 2018). However, some connexin hemichannel blockers
such as glycyrrhetinic acid and carbenoxolone can benon-specific and can also block gap
junctions and pannexins (Buckley et al., 2021; Sahu et al., 2014). At least three distinct
strategies can be employed to downregulate Cx43 hemichannels: 1) antisense
oligodeoxynucleotides — prolonged use of this approach will ultimately reduce the amount of
Cx43 protein available for gap junction couplings, 2) small molecule hemichannel inhibitors
such as Tonabersat (Kim, Griffin, Nor, et al., 2017; Mat Nor et al., 2020) and 3) mimetic
peptides such as Gap19, Gap26, Gap27, Peptide 5 and ACT1 (Coutinho et al., 2020; Ghatnekar

et al., 2009; O'Quinn et al., 2011; Qing et al., 2021).

1.7.1 Cx43 antisense oligodeoxynucleotide (Cx43asODN)

Cx43 can be targeted using a very specific antisense oligodeoxynucleotide (asODN) approach.
Antisense molecules are designed to reduce specific protein expression and rely on the ability
of short segments of complementary DNA or modified DNA, to target specific sequences of
endogenous mRNA (Rinaldi & Wood, 2018). The resulting RNA-DNA heteroduplex is then
the target of endogenous RNase H endonuclease activity that cleaves the duplex and ultimately
results in a significant reduction of the target protein (Di Fusco et al., 2019). The asODNSs are
usually synthesized in lengths of thirteen to thirty-five nucleotides. The asODN in the body are

complementary to the relevant mRNA strand, and a minimum ODN size of 12 to 15 bases is

30



required to recognise a specific gene (Mahato et al., 2005). Our Cx43asODN is a 30 base long
unmodified asODN sequence that has been tested in humans in various cutaneous wounds such
as venous leg ulcers and diabetic foot ulcers, as well as persistent corneal epithelial defects
(Becker et al., 2012; Gilmartin et al., 2016; Grupcheva et al., 2012; Laird & Lampe, 2018).
Downregulation of Cx43 or blocking these channels has been shown to reduce the propagation
of the death signals and prevent cellular apoptosis of the healthy neighbouring cells in brain
trauma, radiation injury, and cardiac ischaemia (Du et al., 2017; Frantseva et al., 2002; Lin et
al., 1998; Mancuso et al., 2011). However, as an unmodified oligonucleotide, efficient and
often sustained delivery is critical as Cx43asODNs are rapidly broken down in the systemic
circulation (Agrawal et al., 1995; McDouall et al., 2022; Myers & Dean, 2000). Hence, most
research groups employ topical application of Cx43asODN incorporated into a thermo-
reversible gel, Pluronic F-127, to sites of injury and this remains in practice to date (Cronin et
al., 2006; Kwek et al., 2021; Law et al., 2006). In recent times, Cx43asODN was delivered in
combination with cell-penetrating peptide such as Xentry-KALA (XK) or Xentry-Protamine
(XP), which aided stability and bioavailability (Coutinho et al., 2018). It was found that this
coupling method decreased Cx43 expression in ARPE-19 cells when introduced to hypoxic
and physiologic conditions (Coutinho et al., 2018). However, further validation in animal
models is required to determine if this stability and bioavailability stands true for systemic

delivery.

1.7.2 Tonabersat

Tonabersat, a benzopyran compound (cis-6-acetyl-4S-(3-chloro-4-fluoro-benzoylamino)-3,4-
dihydro-2,2-dimethyl-2H-benzo [b]pyrane-3 S-ol (SB-220453), was first developed as an
antimigraine agent (Chan et al., 1999a; Dahlof et al., 2009; Sarrouilhe et al., 2014; Silberstein,

2009). Tonabersat has potent anticonvulsant activity with good therapeutic potential in several
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rat and cat seizure models of focal and generalised epileptic seizures (Chan et al., 1999b;
Herdon et al., 1997; Parsons et al., 2001; Upton et al., 1997). The pharmacological profile from
numerous studies encouraged the use of Tonabersat as a potential treatment for migraine
headache. A preclinical study has shown that Tonabersat can prevent increased gap junctional
activity in cortical spreading depression and reduce neurogenic inflammation associated with
migraines (Damodaram et al., 2009). While the clinical trials have demonstrated good safety
profiles, they have failed to progress beyond Phase Il for the treatment of migraine (Goadsby
et al., 2009). Recent studies that explored gap junctional activity in retinal disease have found
that Tonabersat acts as a Cx43 hemichannel blocker with the potential to reduce inflammation,
restore and improve overall functionality (Kim, Griffin, Nor, et al., 2017; Louie et al., 2021,
Mat Nor et al., 2020; Mugisho, Rupenthal, et al., 2019). In vitro hyperglycaemia stimulation
with inflammatory cytokines IL-1p and TNFa in human retinal pigment epithelial cells (ARPE-
19) to mimic diabetic retinopathy, induced NLRP3 and cleaved-caspase 1 inflammasome
complex formation. Treatment with 100 UM Tonabersat prevented NLRP3 complex formation,
reduced cleavage of caspase-1 into its active form and prevented the release of cytokines (Lyon
et al., 2020). A light damaged retina animal model of age-related macular degeneration and a
spontaneous diabetic retinopathy rat model exhibited increased Cx43 protein expression,
inflammation, and clinical features of retinal damage. Oral delivery of Tonabersat closed
connexin hemichannels, suppressed macrophage-mediated inflammation and inhibited
inflammasome assembly leading to better retinal function, vasculature, and anatomical
integrity (Mat Nor et al., 2020). Human retinal ex vivo model of diabetic retinopathy exposed
to high glucose and pro-inflammatory cytokines IL-1p and TNFa expressed increased
inflammation and activation of the NLRP3 inflammasome pathway, but this was abolished
with the treatment of Tonabersat suggesting that the use of Cx43 hemichannel blockers may

be beneficial in disease models (Louie et al., 2021). Since Cx43 is found to be upregulated in
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burn wounds in human tissues and mouse burn model (Coutinho et al., 2005; Feng et al., 2020),

Tonabersat could potentially be a novel therapeutic for treatment of burn injury.

1.7.3 Mimetic peptides

1.7.3.1 Gap19

There are several mimetic peptides that act as hemichannel blockers. One of them is Gap19,
which is derived from the cytoplasmic loop of Cx43, which does not interfere with gap junction
function. Gapl9 (Sequence: KQIEIKKFK) peptide is known to specifically block Cx43
hemichannels without affecting gap junctions By blocking Cx43 hemichannels, Gap19 can
prevent the flow of ions and molecules between the extracellular environment and the
cytoplasm of a cell without significantly interfering the ability of hemichannels to dock and
form gap junctions (Acosta et al., 2021; King et al., 2021) (Figure 1.6). However, the precise
mechanism of Gap19 on Cx43 hemichannel is being explored by researchers to gain deeper
understanding of its effects and potenital therapeutic applications. Oxygen glucose deprivation
to in vitro astrocytes, increased dye uptake of Ethidium bromide via Cx43 hemichannels and
reduced cell viability. Treatment with the Gap19 peptide inhibited Cx43 hemichannel activity
and protected against astrocytic cell death via the JAK2/STAT3 signalling pathway (B. Chen
et al., 2019). In addition, in a mouse model of brain ischaemia/reperfusion injury, Gapl19
decreased cleaved caspase-3 and Bax protein levels and prevented cellular damage and
protected against neurological deficits post ischaemia (B. Chen et al., 2019). Gap19 is
commonly linked to HIV-derived transactivator of transcription (TAT) internalisation
sequence that promotes membrane permeability and reduces the concentration that is required
for half-maximal Cx43 hemichannel inhibition (Ramadan et al., 2020). lonizing radiation is
commonly used for diagnostic and therapeutic purposes in cancer treatment. However, it also
causes some radiation toxicity to healthy tissues during treatment and can lead to the
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breakdown of endothelial cells (Hoorelbeke et al., 2020; Ramadan et al., 2020). In addition,
irradiation induced Cx43 hemichannel opening and thus increased extracellular ATP release,
ROS production, and cellular uptake of propidium iodide in irradiated brain endothelial cells
(Hoorelbeke et al., 2020). Treatment with TAT-Gap19, abolished ATP release via Cx43
hemichannel blocking and prevented DNA damage in brain endothelial cells (Hoorelbeke et
al., 2020). In addition, Ramadan and colleagues have reported that application of TAT-Gap19
blocked heart endothelial Cx43 hemichannels and reduced oxidative stress, cell death,
inflammatory responses, and senescence and thus preventing ionizing radiation induced
endothelial cell damage (Ramadan et al., 2020). Furthermore, blocking Cx43 hemichannel
function with TAT-Gap19 reduced pro-fibrotic genes including extracellular matrix proteins,
cell contractility related molecules and promoted scarless gingival wound healing (Tarzemany
etal., 2017). In vascular eye conditions, hypoxic injury can stimulate the opening of the Cx43
hemichannel and result in increased proinflammatory cytokines. Gapl9 conjugated to cell
penetrating peptide, Xentry (XG19) was shown to reduce Cx43 hemichannel mediated ATP
release in retinal epithelial cells exposed to hypoxic conditions (Coutinho et al., 2020).
Moreover, Cx43 hemichannel blocking with XG19 improved cell survival during hypoxic
conditions, suggesting it to be a potential treatment for hypoxic disease conditions (Coutinho
et al.,, 2020). Gapl9 has been shown to have protective effects against cardiac
ischaemic/reperfusion injury, cardiomyocyte cell death, and neuroinflammation (Abudara et

al., 2014; N. Wang et al., 2013; Yin et al., 2018).

1.7.3.2 Gap26

Gap26 (Sequence: VCYDKSFPISHVR) is a hemichannel blocker that targets the extracellular
loop 1 (E1) of Cx43. Gap26 peptide is not connexin specific and has equal effects in Cx43,

Cx40 and Cx26 (King et al., 2021) (Figure 1.6). This non-selective connexin peptide was
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shown to inhibit hemichannel docking that is essential for gap junction formation. In human
keratinocytes and dermal fibroblasts, Gap26 successfully inhibited gap junction intercellular
communication. However, this effect was more prominent in migrating keratinocytes as they
express a variety of connexins, and due to the non-selective target, Gap26 may be more
effective in preventing function in these migrating cells (Wright et al., 2009). Hyperoxia
exposed Type Il alveolar epithelial cells of rats and neonatal rats, expressed increased ROS
production and Cx43 expression and communication. Upon treatment with Gap26, oxidative
stress, via the ASK1-JNK/p38 pathway, was abolished, and Cx43 gap junction mediated cell
death was prevented in in vitro and in vivo neonatal rats, resulting in improved alveolar
development (Qing et al., 2021). Cx43 involvement in ischaemic stroke is widely reported
(Nakase et al., 2003; Orellana et al., 2014; Schulz et al., 2015). Cx43 expression in neonatal
rats subjected to hypoxia/ischaemia brain injury increased in a time dependent manner and
peaked at day 7. Administration of Gap26 after ischaemia injury promoted internalization and
accelerated degradation of Cx43 in the cytoplasm via the ubiquitin proteasome pathway and
decreased extracellular glutamate and cleaved caspase-3 expression. This suggests that Cx43
hemichannels play an important role in protecting against neuronal cell death, resulting in

improved brain functional activities and motor coordination (Li et al., 2015).

1.7.3.3 Gap27

Gap27 (Sequence: SRPTEKTIFII) derived from the E2 of Cx43 hemichannel functions (amino
acids 204-214) (Evans & Boitano, 2001) (Figure 1.6). In human fibroblasts and keratinocytes,
Gap27 increased cell migration and proliferation, without altering Cx43 protein levels (Evans
& Boitano, 2001). Treatment with Gap27 has been reported to accelerate wound healing and
enhance cell proliferation in in vitro skin models (Faniku et al., 2018), ex vivo skin models

(Pollok et al., 2011), and human dermal fibroblasts in vitro hyperglycaemic/hyperinsulinemia
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conditions (Wright et al., 2012). Gap27 treatment of oral mucosal in vitro promoted cell
migration and reduced matrix metallopeptidase (MMP) and transforming growth factor beta 1
(TGFP1) expression involved in ECM turnover and downregulated pro-fibrotic ECM
molecules such as collagen type | (Tarzemany et al., 2015). Cx43 is also involved in corneal
wound healing (Elbadawy et al., 2016; Grupcheva et al., 2012). Treatment with Gap27
enhanced in vitro wound closure of human corneal epithelial cells from 6 hours to 24 hours
post injury and accelerated wound closure after 3 days. It also improved epithelium
stratification by day 5 post treatment in human corneas ex vivo (Elbadawy et al., 2016). A single
bolus application of Gap27 injection into the jugular vein reduced infarct size up by 61% in a
rat model of myocardial infarction relative to control rats. However, co-administration of
Gap26/27 did not confer additional protective action to ischaemic hearts suggesting that a
saturating level of Gap26/27 protection was reached (Hawat et al., 2012). Continuous
administration of Gap27 for 4 weeks via osmotic minipumps in a rat model of a high-output
heart failure resulted in significantly improved cardiac mechanical functions, reduced cardiac

hypertrophy and decreased arrhythmogenesis (Lucero et al., 2020).

1.7.3.4 Peptide 5

Peptide 5 is a synthetic peptide corresponds to the extracellular loop 2 (EL2), Sequence:
VDCFLSRPTEKT of Cx43 and overlaps with Gap27 by seven amino acids (O'Carroll et al.,
2008). This peptide was created by evaluating the ability of different Cx43 EL domain
sequences for their best ability to prevent neuronal death in an in vitro model of spinal cord
injury (O'Carroll et al., 2008). It can selectively target either gap junction or hemichannel. In
an early study using rodent ex vivo spinal cord injury treated with Peptide 5 showed reduced
swelling in a dose depenedent manner. Low concentration of 5uM Peptide 5 selectively

inhibited hemichannels while high concentration 500puM inhibited both hemichannel opening
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and gap junctional communication (O'Carroll et al., 2008). Kim and colleagues have
demonstrated that for blocking of hemichannels, the precise sequence specificity of Peptide 5
is crucial but less so for the uncoupling of gap junction channels in human cerebral
microvascular endothelial cells and human retinal pigment epithelial cells under ischaemia-
reperfusion conditions. Although, the seven overlapping Gap27 amino acids, SRPTEKT motif
is essential to Peptide 5 function, it is insufficient to prevent hemichannel inhibition. However,
Peptide 5 and SRPTEKT motif both reduced gap junction communication (Kim, Griffin,
Harris, et al., 2017). In addition, it can selectively target pathological opening of hemichannels
without affecting normal functions of gap junctions. Administration of Peptide 5 to lumbar
spinal injury abatement model lowered NLRP3 protein expression and thus led to reduction in
neuroinflammation (Tonkin et al., 2018). In addition, Peptide 5 treatment to IL-1p and TNF-
a intravitreally injected mouse model to induce diabetic retinopathy reduced Cx43 protein
expression and prevented upregulation of inflammasome complex markers, NLRP3 and ASC.
Concomitantly, the treatment lowered the vascular beading and dilation, signs observed in an
advanced condition of diabetic retinopathy (Mugisho, Green, et al., 2019). Even though Peptide
5 has been reported to targets inflammatory condtion of retinal and spinal diseases, there are

no studies that reported on skin diseases and burn injury.

1.7.35ACT1

Alpha-connexin carboxyl-terminal (ACT1) peptide (Sequence: RPRPDDLEI) corresponds to
a short sequence located in the Cx43 C-Terminus. When linked to an antennapedia
internalization sequence (Figure 1.6), treatment with ACTL1 in cutaneous injury reduced
neutrophil accumulation at the wound bed, improved epidermal structural integrity and reduced
granulation tissue formation with minimal scarring in mouse and pig models at 10 days and 30

days, respectively post treatment (Ghatnekar et al.,, 2009). Myocardial infarction and
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dysfunctional cardiac pumping can result in heart failure. Cx43 gap junction reorganization
during myocardial infarction was shown to promote deadly cardiac arrhythmias (Kieken et al.,
2009). ACT1 application to cryoinjured myocardial infarcted hearts in mice enhanced Cx43-
pS368 and was associated with stabilization of Cx43 and reduced arrhythmias and left
ventricular dilation (O'Quinn et al., 2011; Ongstad et al., 2013). This was also reported in
ischaemia-reperfusion injury (Jiang et al., 2019). In corneal wounds in a diabetic rat model,
ACT1 delivered in F-127 Pluronic gel or using polymeric alginate-poly-I-ornithine (A-PLO)
microcapsules for sustained delivery promoted wound closure compared to control groups, and
reduced interferon inducible T-cell alpha chemoattractant (ITAC) and TNFo and reduced EMT
markers such as TGFB2, Keratin 8 and Glut4 (Moore et al., 2014). Grek and colleagues
evaluated the efficacy and safety of ACT1 in a multi-center, within patient-controlled trial.
Patients with two bilateral incisional wounds were randomised to early application of ACTI
delivered in F-127 Pluronic gel after wound creation and 24 hours later. They found that ACT
1 treatment of human laparoscopic incisional wounds significantly improved scar
pigmentation, thickness, and surface roughness at 9 months post treatment (Grek et al., 2017).
Subsequently, the group went on to test ACT1 incorporating the zonula occludens-1 (ZO-1)
binding domain of Cx43 (Granexin Gel) in phase 11 clinical trials in chronic wounds (National

Library of Medicine, 2016, January 28 - 2020, May 27).
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Figure 1.6 Schematic diagram of Cx43 and Cx43 mimetic peptides deriving from E1, E2,

CL & CT regions.
Image adapted from (Abudara et al., 2014) and Created using BioRender.com.

Early downregulation of Cx43 function or expression may be beneficial for wound healing.

Hence, | aim to deliver Cx43 targeted therapeutics as a topical application and incorporate them

into a scaffold dressing to cover the wound and provide a physical barrier.
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1.8 Hypothesis

That Cx43 plays an important role in the response to a burn injury that promotes inflammation
and that treatment with Cx43asODN or Tonabersat will either transiently reduce Cx43 gap
junction protein or directly block Cx43 hemichannel activity, respectively, to mitigate burn

progression and improve wound healing.

1.9 Aims

1. To characterise deep partial thickness rat burn model.

2. To characterise the effect of Cx43 therapeutics on burn wound progression and healing
outcomes in a rat burn model.

3. To characterise the effect of Cx43 therapeutics on the burn wound inflammatory
response and inflammasome activation in a rat burn model.

4. Investigate the role of Cx43 and its therapeutic downregulation to reduce the
inflammatory response, and NLRP3 inflammasome activation in a pig burn model.

5. In addition, to explore the use of Cx43 therapeutics incorporated scaffold dressing in

pig burn model.
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1.10 Thesis structure

In this thesis, reviewing existing literature in Chapter 1 paved the pathway to first identify the
research gaps in relation to Cx43, burn injury and existing treatment strategies for burn wounds.
Chapter 2 contains a detailed description of the materials and methodologies used to achieve
the goals. The purpose of Chapter 3 is to characterise the rat burn model using a scoring matrix
that closely resembles the description of the depth of burn described in humans, as well as to
evaluate the Cx43 protein expression pattern following burn injury. Using the characterised
model, the role of Cx43 in relation to inflammasome activation in rat burn injury is investigated
in Chapter 4. It also details the changes that occur during the early phase of burn wound
healing such as the inflammatory response and inflammasome activation upon rat burn injury.
Furthermore, to determine the significant contribution of Cx43 in rat burn injury, evaluation of
protein levels of Cx43 and inflammasome markers upon treatment with topical application
Cx43asODN or Tonabersat are described in detail. Similarly, the role of Cx43 in a porcine burn
model was addressed in Chapter 5 whereby, Cx43asODN or Tonabersat were delivered to
burn wounds and protein levels of Cx43, inflammatory response and inflammasome activation
were evaluated. In Chapter 6, the scaffold delivery method was used in an effort to sustainably
improve the delivery of Tonabersat and Cx43asODN to porcine burn wounds. The effects of

the scaffold therapeutic release were evaluated in a similar manner as in the previous chapter.
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Chapter 2: Materials and Methods

2.1 Rat Burn Model

2.1.1 Rat

The animal study was conducted in accordance with National Advisory Committee for
Laboratory Animal Research (NACLAR) guidelines. All animal protocols were approved by
Institutional Animal Care and Use Committee (IACUC) of the Animal Research Facility (ARF)

of Nanyang Technological University, protocol number: A19039.

Sprague Dawley (SD) rats weighing 200-250g were purchased from InVivos Pte Ltd
(Singapore) and allowed to become acclimatized for 7 days before conducting burn
experiments. G*Power analysis was performed to determine the number of animals required
per group to achieve signifance. Sample size of four animals per group is required to achieve
significance and additional one to two animals were added to each group to account for
unforesseable circumstances. For the rat burn model characterisation, five animals were used
to characterise superficial and deep partial thickness rat burns. Six animals per group were used
for the study of topical application of Cx43 therapuetics. However, due to the quality of
harvested tissues that is compromised by burn creation and tissue processing, tissues from four
to six animals were quanitifed during analysis. All animals were individually housed after burn

creation.

2.1.2 General anaesthetia and monitoring

Prior to burn induction, rats were anaesthetized with isoflurane at 1.5 to 2.5% with oxygen flow
rate at 1-2 L/min via an induction chamber. Rats were attached to an anaesthesia nose cone and

placed on a heat pad throughout the procedure. Subcutaneous injection of Buprenorphine at
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0.01-0.05 mg/kg and Meloxicam at 1.0-2.0 mg/kg was given to all animals for pain
management. Postoperatively, all animals received a Buprenorphine subcutaneous injection at
0.01-0.05 mg/kg for pain management for 3 to 4 days or more if animals appeared in pain.
Animals were monitored daily. The animals were euthanized via CO2 inhalation on respective

harvest time points as indicated in Figure 2.4.

2.1.3 Rat burn creation

To characterise the rat burn model, five rats were used, and eight contact burns were created
using a hand-held soldering iron with a round tip 8mm diameter probe as shown in (Figure 2.1)
on each rat. First the hair was shaved off the back and hair removal cream Nair (Church &
Dwight Co., Inc, US) was applied for 4 min. Nair was then wiped away with a wet gauze.
Then eight wounds with a range of burn temperatures were tested out on the back of each rat,
with applications for 10 s at the following temperatures: 50, 55, 60, 65, 70, 75, 80 and 85°C.
For burn creation, the soldering iron was rested on the back of rat without any physical pressure
being applied. The animals were euthanised at post burn day (PBD) 4 and burnt skin tissues

were harvested to study the extent of burn depth into the skin layers.

Figure 2.1 Representative image of burn creation on rat model.

43



2.1.4 Scoring Matrix

Hematoxylin & Eosin (H&E) stained burn sections were subjected to a simple scoring matrix
adapted and modified from Medina et al., 2018 based on a visual assessment of the tissue
sections (Medina et al., 2018) (Figure 2.2) . These histological assessments have been paired

with accurate burn classification (Vaughn & Beckel, 2012). The scoring parameters are as

described in Table 2.1.
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Figure 2.2 Histological images taken from Medina et al., 2018 to show burn depth scores.
(A) Normal Skin; Score-0. (B) Score-1; note the burn depth (BD) does not extend past the

epidermis. (C) Score-2; the burn depth extends through the epidermis and into the dermis but
does not extend past the base of the hair follicle (HF). (D) Score-3; the burn depth extends
beneath the hair bulbs, but not completely through the dermis. Some dermal collagen (DC)
remains. (E) Score-4 the burn depth extends through the dermis (D) and into the hypodermis
(HD). (F) a table listing the number of animals used in experiment and how they were scored
(Medina et al., 2018).
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Table 2.1 Scoring matrix for assessing burn depth (adapted and modified from Medina

et al., 2018 and Vaughn & Beckel, 2012).

Score

Histological Features

Normal Skin

Burn Classification

Normal skin

Cellular damage to epithelial cells within
epidermis

Basement membrane remains intact

Superficial thickness burn

Cellular damage extends beyond basement
membrane into the dermis

Hair bulbs remain intact
Some collagen denaturation

Some infiltration of leukocytes

Superficial partial thickness

burn

Complete cellular damage to hair follicle

Collagen denaturation does not extend past the
deeper dermis

Cellular damage to fibroblasts and endothelial
cells

Some migration of adipocytes into mid-dermis,
large and rounded adipocytes

Deep partial thickness burn

Complete damage to epidermis and dermis

Severe collagen denaturation, extend beyond
deeper dermis into panniculus carnosus

Cellular damage to fibroblast and endothelial
cells

Extended migration of adipocytes into dermis,
large and rounded adipocytes

Full thickness burn
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2.1.5 Inflammatory Score

An in-house scoring criteria was determined based on the histology obtained from the various
burn temperature testing conducted on rat burn wounds. The region was defined within the
burn area identifying for leukocytes with multi-lobed, bi-lobed or large spherical nucleus with
deep hematoxylin staining (purple). Score 0: Little/no recruitment of leukocytes. Score 1:
Some recruitment of leukocytes to burn area. Score 2: Moderate recruitment of leukocytes to
dermis within burn area. Score 3: Large recruitment of leukocytes (focal accumulation around
hair follicles and adipocyte). Score 4: Extensive recruitment of leukocytes from deep dermis

to upper dermis.

Figure 2.3 Scoring matrix for leukocyte recruitment in burn dermis.
Scoring matrix reference images graded for inflammatory response in rat burn dermis scored

on PBD 1,4 & 7. Score 0: Little/no recruitment of leukocytes. Score 1: Some recruitment of
leukocytes to burn area. Score 2: Moderate recruitment of leukocytes. Score 3. Large
recruitment of leukocytes (focal accumulation around hair follicles and adipocyte). Score 4:
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Extensive recruitment from deep dermis to upper dermis. Black arrows: leukocyte recruitment
in dermis, hair follicles and adipocytes.

2.1.6 Evaluation of Cx43 targeted therapeutics in rat burn model

Using the characterised rat burn model, 55°C 10 s burn wounds were created as decribed in
2.1.3. after burn creation, wounds were debrided with a gauze for penetration of therapeutics
into wound. Subsequently, topical application was delivered for four consecutive days as
shown in Figure 2.4. For treatment, topical application of 50l of Cx43asODN (300 UM, AS-
300, Rat sequence: 5° — GTA ATT GCG GCA CGA GGA ATT GTT TCT GTC — 3, Sigma,
USA)) or Tonabersat (100 UM, Tona-100, MedChemExpres, USA) was delivered in 30%
Pluronic F-127® in MilliQ H20. 50pl of 30% Pluronic F-127® was used a vehicle control. A
debrided burn was the untreated (UN) control. All wounds were dressed with Tegaderm™
(3M) transparent film dressing and OPSITE transparent waterproof film. Tissues were
harvested at PBD 1, 4, 7, 14 and 21 and processed for downstream analysis (Figure 2.4).
Animals recovered and were returned to individual cages after treatment application and were

monitored daily.
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Figure 2.4 Experimental design of Topical application of Cx43asODN or Tonabersat in a
rat burn model.
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2.2 Porcine Burn model

2.2.1 Pig

The animal study was conducted in accordance with National Advisory Committee for
Laboratory Animal Research (NACLAR) guidelines. All animal protocols were approved by
Institutional Animal Care and Use Committee (IACUC) of Innoheart Pte Ltd, Singapore,
protocol number INH2019/014. Three mixed breed female pigs weighing 50 to 60 kg +5 kg
were transported from Culindo Livestock (1994) Pte Ltd (Singapore) and allowed to become
acclimatized for 14 days before conducting burn experiments. All procedures were performed
under a general anaesthetic and all efforts were made to minimise suffering. All animals were

housed individually after burn creation.

2.2.2 General anaesthetic and monitoring

Animals were anaesthetized with an intramuscular injection of Atropine (50ug/kg) and a
cocktail containing Tiletamine (250mg), Zolazepam (250mg), Ketamine (2.5ml of 200mg/ml),
Xylazine (2.5ml of 100mg/mg) at a final concentration of 0.05ml/kg. For maintenance,
isoflurane was maintained at 1-2.5% in oxygen (1-3 L/min flow). Intramuscular injection of
Tramadol (2-4mg/kg) was given to all animals for postoperative pain management. Blood
pressure, heart rate, and body temperature were monitored during anaesthesia. An IV cannula
was placed in the lateral auricular vein and intravenous fluids (0.9% NaCl) were administered
at a rate of 5ml/kg/h throughout the procedure. Animals underwent the same general
anaesthetic regime at each biopsy collection time point. On PBD 21, the animals were
euthanised under anaesthesia, with Pentobarbital sodium, 100mg/kg intravenously

administered.
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2.2.3 Burn creation

The burn creation set up was adapted from Prof Cuttle’s 2016 publication (Andrews et al.,
2016) (Figure 2.5 & Figure 2.6) that consisted of a water source from a heated water bath
(Grant Instruments, Cambridge, UK), a submersible water pump (EBANG, China) a stainless-
steel pipe (scald burn device), weighted lead rings and portable medical suction pump

(Shanghai SMAF, China).

The device is well insulated with a thick rubber hose and the bottom edge was sealed with a
rubber ring to ensure that there is no direct contact between the stainless-steel pipe and the skin
surface. The aperture of the bottom edge of the device for direct contact between the water and
skin surface was approximately 45mm. Weighted lead rings sat on top of the device to provide
uniform downward pressure. The water from the heated water bath was pumped into the device
at a rate of ~2 L/min, using a submersible pump, and aspirated out at an equivalent rate with a
portable medical suction pump. A hand-held digital type-K thermocouple probe thermometer
(Fluke Australia Pty Ltd., Australia) was used to measure the temperature of the water bath and
water within the scald burn device. Every second of burn creation was logged once heated
water was applied to create the scald burn. Eight burn wounds, each 45mm diameter, were
created on the flank of the pig. Water temperature set at 60°C was applied for 1 min to each
of the burn wounds. 30 min after of burn creation, wounds were debrided, and topical
applications of treatments or scaffold delivery were applied to wounds as described in section

224 &225.
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Figure 2.6 Porcine burn creation.
(a) Scald burn creation workflow. Water from heated water bath flows into the burn device and

suctioned out into a water collection bottled attached to a suction pump. (b) debridement of
burn wound. (c) Electrospun scaffold removal from aluminum foil sheet. (d) application of
scaffold onto debrided wound. (e) Wet scaffold upon contact with burn wound exudates. (f)
Topical gel application onto debrided wound dressed with Tegaderm™,
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2.2.4 Topical application of Cx43asODN or Tonabersat to a porcine scald burn
model

Based on the in vitro cell assays and previously established treatment conditions, three pigs
were subjected to Cx43asODN (Pig Sequence: 5° — GTA ATT GCG GCA GGA AGA ATT
GTT TCT GTC - 3’, Sigma, USA) and Tonabersat (MedChemExpress, USA) treatment either
in the form of topical gel application or scaffold dressing as described in Table 2.2.
Cx43asODN (Sigma-Aldrich, USA) was dissolved in MilliQ H.O at a stock concentration of
3mM. Tonabersat (Medchem Express, USA) was dissolved in dimethyl sulfoxide (DMSO,
Sigma) at a stock concentration of 100mM. 500ul of Topical application of low and high
concentrations of Cx43asODN (30pM and 300 uM) and Tonabersat (30ptM and 100 UM) was
delivered in 30% Pluronic F-127® in MilliQ H.O to cover the surface area of burn wounds.
500ul of 30% Pluronic F-127® was used a vehicle control. Topical treatments were applied
directly to debrided wound (DeCtrl). DeCtrl was also included as a control (Table 2.2). The
high concentrations of Cx43asODN were used based on our previous work where we have
shown that 300uM improved wound healing outcomes (Chua et al., 2022). The high
concentration of Tonabersat was chosen based on Kim and colleagues publication where they
have shown that low concentration of Tonabersat was able to block hemichannels and higher
concentration of Tonabersat uncoupled gap junctions (Kim, Griffin, Nor, et al., 2017). All
wounds were then dressed with Tegaderm™ transparent film dressing and OPSITE transparent

waterproof film.
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2.2.5 Scaffold delivery of Cx43asODN or Tonabersat to a porcine scald burn model

The scaffold dressings were fabricated using an electrospinning technique. Electrospinning
allows polymers to possess great mechanical strength, flexibility and stiffness (Liu etal., 2019).
In this study, | used a cocktail of polycaprolactone (PCL, Sigma, USA,) and polyethylene
glycol (PEG, Sigma, USA) at 8:2 ratio, loaded with 6mM and 10mM of Cx43asODN or
Tonabersat, respectively. The polymer solution was loaded into a 1ml Luer lock syringe and
connected to the infusion pump (KD Scientific, USA). The polymer was then charged with
high voltages +8 and 4kV that was applied to the needle tip and rotating drum collection as

shown in Figure 2.7.

The polymer solution was electrospun onto an aluminium foil sheet (Diamond, Reynolds
Consumer Products, USA) attached to a rotating drum collector rotating at 500rpm (X-Tech
Engineering, Singapore). A total of 2.5ml of polymer solution produced 2 pieces of 6 x 6 cm
scaffold dressing with an average of 0.1mm thickness. The scaffold dressings were freeze-dried
using a freeze dryer (Labcono Corporation, USA) and UV sterilised in a biosafety cabinet prior
to experimental use. After scald burn wound creation, the scaffold dressing was removed from

the foil sheet and applied to the debrided wound (Table 2.2).
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Figure 2.7 Schematic diagram of basic set up of electrospinning.
Set up consists of syringe filled with PCL/PEG polymer solution connected to an infusion

pump. The base of the needle nozzle end contains the charged surface of the solution. High
voltage is utilised to draw the polymer jet that stretch and split to form nanofibers in a
controlled manner and collected onto an aluminium foil attached around the rotating drum.

2.2.6 Scanning Electron Microscopy

The structure of P-S, AS-S and Tona-S (Table 2.2) scaffold were evaluated by Variable
Pressure-Scanning Electron Microscopy (VP-SEM) (FlexSEM 1000 II, Hitachi, Japan), at
pressure 30Pa and accelerating voltage of 10kV, using a backscattered electrons (BSE)
detector. SEM imaging was assisted and performed by a member of staff at Nanyang
Technological Univeristy, Optical Bio-Imaging Centre (NOBIC). To quantify scaffold fiber
diameter, I meaured 50 fibers from each SEM image on Image J (National Institutes of Health,

USA). Six fields of view of each scaffold were measured for fiber diameter.
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2.2.7 Scaffold Release Profile

Scaffold release profile was performed to determine daily concentration of Cx43asODN and
Tonabersat eluted from the scaffold dressing. Briefly, three 6mm circular scaffold dressings
were incubated in 50ul of 1X phosphate buffered saline (PBS) in a microcentrifuge tube for 7
days at 37°C. Daily, the 1X PBS was removed from microcentrifuge tube containing the
scaffold and replenished with fresh 1X PBS. At specific intervals, 1ul of liquid from the
collected samples was assayed in a NanoDrop UV spectrophotometer. Data were collected to

produce daily elution graphs.

Table 2.2 List of control and treatment used on porcine burn wounds.
Topical Application Scaffold dressing

Treatment | AS-30 (Cx43asODN 30uM), | Treatment | AS-S (Cx43asODN

n=3 scaffold), n=3
AS-300 (Cx43asODN Tona-S (Tonabersat
300uM), n=3 Scaffold), n=2
Tona-30 (Tonabersat 30uM)
n=2
Tona-100 (Tonabersat
100uM), n=3

Control Veh (30% Pluronic), n=2 Control Plain Scaffold, n=1

Control: DeCtrl (Debrided Control), n=3
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2.3 Histology

2.3.1 Tissue processing and microtome sectioning

Harvested tissue samples were bisected and stored in 4% (w/v) paraformaldehyde at 4°C
overnight for paraffin wax processing. Skin tissues were transferred into 70% (v/v) ethanol and
processed overnight using the HistorCore PEARL (Leica, Germany) tissue processor.
Subsequently, the processed tissues were embedded into paraffin blocks using the HistoCore
Arcadia C embedder (Leica, Germany). Paraffin blocks were sectioned at 5pum thickness using

a Leica RM2245 microtome (Leica, Germany) and mounted onto Poly-Lysine coated slides.

2.3.2 Hematoxylin & Eosin Staining

Tissue sections were stained for histological examination of Hematoxylin & Eosin (H&E)
using the pre-set programme on Leica Autostainer XL (Leica, Germany). Briefly, slides were
deparaffinized as shown in steps 1 to 7 and stained with Hematoxylin and Eosin (steps 8 to 14,
Leica, Germany) and dehydrated with increasing percentages of alcohol and into Clearene™
(Lecia, Germany). Slides were mounted with Organo/Limonene™ mounting medium (Sigma,

USA) (Table 2.3).
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Table 2.3 Set programme for H&E staining on Leica Autostainer.

Step Station Time Reagent Step Station Reagent
1 1 5 min Clearene™ 12 Wash 3 2 min Deionised
H.0
2 2 5 min Clearene™ 13 10 5s Scott’s
Water
3 3 2 min 100% Ethanol 14 Wash 4 2 min Deionised
H.0
4 4 2 min 100% Ethanol 15 11 2 min 70%
Ethanol
5 5 2 min 95% Ethanol 16 12 30s Eosin
6 6 2 min 95% Ethanol 17 13 2 min 70%
Ethanol
7 7 2 min 70% Ethanol 18 14 2 min 95%
Ethanol
8 Wash 1 2 min Deionised 19 15 2 min 95%
H.O Ethanol
9 8 1 min Hematoxylin 20 16 2 min 100%
Ethanol
10 Wash 2 3 min Deionised 21 17 2 min 100%
H.0 Ethanol
11 9 3s Acid Alcohol 22 18 2 min Clearene™
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2.3.3 Masson’s Trichrome Staining

Tissue sections were stained for Masson’s Trichrome for the examination of collagen bundles.
The composition of the respective Masson’s Trichrome reagents is described in Table 2.4.
Briefly, the paraffin slides were deparaffinized (steps 1 to 7 as stated in Table 2.3) and
submerged in Bouin’s solution overnight. The next day, the slides were rinsed in running tap
water for 12 min until the yellow colour on samples disappeared. To differentiate the nuclei,
slides were immersed into modified Weigert’s Hematoxylin working solution for 5 min,
followed by 3 min of running tap water and transferred to Biebrich Scarlet working solution
for 2.5 min. Subsequently, the slides were rinsed in four changes of 1% glacial acetic acid until
the solution is clear and then differentiated in 5% Phosphomolybdic-tungstic acid working
solution for 30 min. Excess solution was drained off the slide and it was immediately
submerged into 2% light green for 20 min and rinsed with deionised water. The stained slides

were dried at room temperature for 45 min and mounted with Organo/Limonene™ mounting

medium (Sigma, USA).
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Table 2.4 List of reagents and preparation to working solution of Masson’s Trichrome

staining.
Reagent

Company/Catalog

Reagent preparation to working

solution

Bouin's solution

Sigma, HT10132

Used directly, reusable within the day

Weigert’s Iron

Merck Millipore,

Used according to manufacturer's

Hematoxylin kit working | 1.15973.0002 protocol. Mixed one part of solution A
solution to one part of solution B

Biebrich scarlet working Sigma, B6008 1% Ponceau BS

STl Sigma, F8129 1% Fuchsin Acid

Merck Millipore, 1.00062

1% Glacial Acetic acid

5% Phosphomolybdic-
tungstic acid working

solution

Sigma, P4006 10% Phosphotungstic acid solution in
DI water
Sigma, 79560 10% Phosphomolybdic acid solution in

DI water

1% Glacial Acetic Acid

solution

Merck Millipore, 1.00062

Glacial Acetic Acid

Deionised water

2% Light Green solution

Sigma, L5382

Light Green SF Yellowish

Merck Millipore,

2.5% Acetic acid

2.3.4 Picrosirius red staining

Briefly, the paraffin slides were deparaffinized and washed in deionised water (steps 1 to 7 as
stated in Table 2.3). Slides were then immersed in Picrosirius red (Abcam, UK) for 1 h. Slides
were then transferred into two changes of 0.5% acetic acid (Abcam, UK) for 5 s each followed
by two changes of 100% (v/v) ethanol (Sigma, USA) for 2 min each. Slides were cleared again
with two changes of Clearene (Leica, Germany) for 2 min each. Finally, slides were mounted

using Organo/Limonene™ mounting medium (Sigma, USA).
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2.3.5 Immunofluorescence

For immunofluorescence staining, paraffin section slides were deparaffinized in Clearene™
(Leica, Germany) and rehydrated with decreasing concentrations of ethanol in water (steps 1
to 7 as stated in Table 2.3). Antigen retrieval was performed with heated sodium citrate buffer
(pH 6.0) at 99°C for 20 min in a water bath, followed by 20 min of cooling at room temperature.
Slides were then permeabilized in 0.2% (v/v) Triton-X 100 in PBS for 20 min and blocked in
1% bovine serum albumin (BSA) — 0.02% Sodium Azide blocking buffer for 1 h. Primary
antibodies were reconstituted in blocking buffer and incubated overnight at room temperature
as indicated in Table 2.5 for rat burn model and Table 2.6 for porcine burn model. Controls
without primary antibody were incubated with blocking buffer. Following removal of primary
antibody solution, two washes of 1xPBS-T (0.1% Tween® 20) for 5 min followed by 1xPBS
wash for 5 min were performed before 1 h of secondary antibody incubation in blocking buffer
at room temperature as stated in Table 2.7. After incubation, slides were washed three times in
1xPBS for 5 min before counterstaining with DAPI (1:10,000, Cat: D1306, Life Technologies,
USA). Finally, slides were washed with two washes of 1XPBS-T (0.1% Tween® 20) for 5 min
followed by 1xPBS wash for 5 min prior to mounting with Citifluor AF1 (Electron Microscopy
Sciences, USA) anti-fade mounting medium. Slides were imaged using TCS SP8 confocal

microscope (Leica, Germany).
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Table 2.5 List of antibodies uses for rat burn model.

Name

Catalogue no / Brand

Antigen Retrieval

Dilution

Rabbit anti- C6219 (Sigma, USA) Histozyme (Sigma, | 1:1000
Connexin-43 USA), PIER
Rabbit anti-a ab5694 (Abcam, UK) EDTA buffer, 1:500
smooth muscle pH8.5, HIER
actin (aSMA)
Rabbit anti- PA5-105049 (ThermoFisher Scientific, EDTA buffer, 1:500
Cleaved-Caspase | USA) pH8.5, HIER
1 (Cas-1)
Rabbit anti- Purified custom made antibody, AB3000, | EDTA buffer, 1:2000
Hemichannel — against a highly conserved portion of the | pH8.5, HIER
Cx43* E1 domain of Cx43 amino acid between
42 and 61, Sequence:
ESAWGDEQSAFRCNTQQPGC
(ThermoFisher Scientific, USA) (Glass,
2014)
Rabbit anti-1L-1p | P420B (ThermoFisher Scientific, USA) EDTA buffer, 1:200
pH8.5, HIER
Rabbit anti- ab76003 (Abcam, UK) EDTA buffer, 1:200
MMP-9 pH8.5, HIER
Rabbit anti- PA5-16672 (ThermoFisher Scientific, EDTA buffer, 1:200
Myeloperoxidase | USA) pH8.5, HIER
(MPO)
Rabbit anti- NBP2-12446 (Novus Biologicals, USA) EDTA buffer, 1:500
NLRP3 pH8.5, HIER
Rabbit anti-P2X7 | PA5-77665 (ThermoFisher Scientific, EDTA buffer, 1:400
USA) pH8.5, HIER
Mouse anti-rat MCA341R (Bio-Rad Laboratories, USA) | EDTA buffer, 1:400
CD68, clone ED1 pH8.5, HIER
Mouse anti- sc-13150 (Santa Cruz, USA) Histozyme (Sigma, | 1:500
HSP47, E-1 USA), 5 min

* Rabbit anti-Hemichannel — Cx43 is a purified custom made antibody. This antibody will only bind to
E1 and prevent gap junctions and therefore only stain for non-docked hemichannels.
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Table 2.6 List of antibodies used for porcine burn model.

Catalogue no / Brand

Antigen

Retrieval

Dilution

Rabbit anti-Connexin- | C6219 (Sigma, USA) Histozyme | 1:1000
43 (Sigma,
USA),
PIER
Rabbit anti-a smooth ab5694 (Abcam, UK) EDTA 1:500
muscle actin (aSMA) buffer,
pH8.5,
HIER
Rabbit anti-Cleaved- PA5-105049 (ThermoFisher Scientific, EDTA 1:500
Caspase 1 (Cas-1) USA) buffer,
pH8.5,
HIER
Rabbit anti- Purified custom made antibody, AB3000, EDTA 1:2000
Hemichannel against a highly conserved portion of the E1 | buffer,
domain of Cx43 amino acid between 42 and | pH8.5,
61, Sequence: HIER
ESAWGDEQSAFRCNTQQPGC
(ThermoFisher Scientific, USA) (Glass,
2014)
Rabbit anti- PA5-16672 (ThermoFisher Scientific, USA) | EDTA 1:200
Myeloperoxidase buffer,
(MPO) pH8.5,
HIER
Rabbit anti-NLRP3 NBP2-12446 (Novus Biologicals, USA) EDTA 1:500
buffer,
pH8.5,
HIER
Rabbit anti-P2X7 PAB-77665 (ThermoFisher Scientific, USA) | EDTA 1:400
buffer,
pH8.5,
HIER
Mouse anti-rat CD68, MCA341R (Bio-Rad Laboratories, USA) EDTA 1:400
clone ED1 buffer,
pH8.5,
HIER
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Mouse anti-HSP47, E-1

sc-13150 (Santa Cruz, USA)

Histozyme
(Sigma,
USA), 5
min

1:500

* Rabbit anti-Hemichannel — Cx43 is a purified custom made antibody. This antibody will only bind to
E1 and prevent gap junctions and therefore only stain for non-docked hemichannels.

Table 2.7 List of secondary antibodies used in this study.

Name Catalogue no / Brand Dilution Reactivity
Goat anti-mouse Alexa A-11001 (ThermoFisher Scientific, USA) | 1:500 Mouse
Fluor™ 488

Goat anti-rabbit Alexa A-21428 (ThermoFisher Scientific, USA) | 1:500 Rabbit

Fluor™ 555
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2.4 Microscopic Assessment

2.4.1 Brightfield Microscopy

H&E and Masson’s Trichrome stained tissue slides were scanned using an automated high-
speed digitization AxioScan.Z1 slide scanner (Zeiss, Germany) imaged with 20x NA 0.8
objective. Digitally scanned images were visualised and extracted using the Zen 3.3 software

(Zeiss, Germany).

2.4.1.1 Quantification of percentage of collagen content from Masson’s Trichrome

stained tissues

PBD 21 Masson’s trichrome stained sections were used for collagen content measurements in
both rat and porcine burn models (Chapter 4, 5 & 6). H&E digitally scanned images were
visualised using the Zen 3.5 software (Carl Zeiss, Germany) and three 3000um x 3000um
regions of interest from the centre of the rat burn injury were cropped and exported. Three
3000um x 3000um regions of interest from each of the upper dermis, mid dermis and deep
dermis of porcine burn injury were exported. These exported images were quantified for
collagen content using ImageJ software (version 1.53t, National Institutes of Health, USA).
First, the image was loaded onto the software and scale bar and area measurement settings were
selected. Then, the image was processed for colour deconvolution with vectors for Masson’s
Trichrome. Colour 3 (green) was selected, and threshold “Li” was utilized. %Area of collagen

content was measured using “Analyze Particles” function.

2.4.1.2 Nascent Epidermal Thickness measurements

PBD 14 and 21 H&E tissue sections were used for nascent epidermal thickness measurements

for both rat and porcine burn models (Chapter 4, 5 & 6). H&E digitally scanned images were
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visualised using the Zen 3.5 software (Carl Zeiss, Germany). To measure nascent epidermal
thickness, the line tool was used from Zen 3.5 software to draw full thickness of epidermis
excluding stratum corneum and rete like ridges. Six-line region of interest (ROI) were
measured 150um apart from one another (Ippagunta et al., 2016). These measurements were

averaged to determine the thickness of nascent epidermis for each sample (Figure 2.8).

Figure 2.8 Example of Nascent epidermal thickness measurement performed on Zen 3.5
software (Carl Zeiss, Germany) using the “Line” function.

2.4.1.3 Rate of Re-epithelialisation measurement

To determine the rate of re-epithelialisation, the area of site of burn injury was first determined
using H&E digitally scanned images on Zen 3.5 software (Carl Zeiss, Germany). Using the
curve line tool, the total length of the burn injury site without hair follicles was mesaured. Next,
using the curve tool, the gap between the nascent epidermis outgrowth from burn wound edges

was measured. Then, the rate of re-epithelialisation was calculated using for the following
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formula: total length of burn injury — gap between nascent epidermis outgrowth / total length

of burn injury x 100%.

2.4.2 Confocal Microscopy

Immunostained slides were visualised using an upright confocal microscope TCS SP8 (Leica,
Germany) with 40X 1.2 NA Plan-Apochromat or 63X 1.4 NA Plan-Apochromat. Five optical
sections of 3 um Z-Stacks were captured with a depth of 0.7um of each Z was maintained for
all images. Lasers were used sequentially to excite at 405, 488 and 555nm wavelengths. All
images were acquired in 8-bit greyscale at 1024 x 1024 pixels with a frame average of 2 or 3.
A minimum of 3 to 4 fields of view per tissue was obtained. All images were taken with
identical parameters to allow for direct comparison of staining intensity. All images were
subjected to max projection on the LasX Software (Leica, Germany) and exported for image

analysis.
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2.4.3 Image analysis

2.4.3.1 Reqion of interest (ROI) for early and late phase of burn wound healing

Early Phase

Post burn day (PBD) 1, 4, & 7 are considered as early stages of burn wound healing. As
described in chapter 1, the zone of stasis is the most vulnerable area of burn injury that could
convert into a zone of coagulation. To locate the zone of stasis, the zone of coagulation was
identified first from H&E-stained slides that depict areas with necrosis. The area closest to zone
of coagulation with surviving cells was identified as zone of stasis (Figure 2.9). Four field of

view were acquired from each sample from zone of stasis for protein level quantification.

Figure 2.9 Example of chosen area of zone of stasis.

67



The area closest to zone of coagulation and furthest area with inflammatory zone and increased
perfusion is identified as zone of stasis. All readouts for immunofluorescence were taken from

this region and kept consistent for confocal imaging and analysis.

Late Phase

PBD 14 and 21 are late phases of burn wound healing. As the wound heals, the three zones of
the Jackson model become indistinguishable. The centre of the wound tissue that was most
damaged and recovered was identified for image analysis. Three fields of view were acquired
from each sample for protein level quantification and percentage of collagen content (Figure

2.10).

Figure 2.10 Examples of chosen area of for late phases.
Region of interests indicated in red boxes chosen at centre of burn wound on PBD 21.
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2.4.3.2 Protein level quantifications

Quantification of protein levels were determined by using in-house quantification algorithms
using ImageJ software (version 1.53t, National Institutes of Health, USA). As mentioned
above, four fields of view were chosen to study protein levels in zone of stasisat PBD 1,4 &
7, and three fields of view were acquired for image analysis at PBD 14 & 21. An image is
uploaded onto ImageJ software (Figure 2.11 a). The respective channel, red (Alex Fluor 555)
or green (Alexa Fluor 488), of that image is selected after splitting (Figure 2.11 b). A specific
threshold was set to include positive signals as described in Table 2.8 & Table 2.9. After
thresholding, the image was converted into a binary image and protein levels were determined
by analysing all particles (Figure 2.11 c¢). The threshold for settings were kept constant
throughout image analysis. Table 2.8 and Table 2.9 shows the threshold used for each antibody

for the rat burn model and porcine burn model respectively.

Figure 2.11 Example of image analysis workflow for Immunostained images on ImageJ
software). (a) Example of original Immunofluorescence-stained image loaded. (b) Example of
red channel of original image after channel splitting on ImageJ software. (c) Example of binary
image of original image after threshold setting (40-255) is applied.
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Table 2.8 List of threshold settings applied to each of interest of protein in rat burn model.

Early Phase Late phase

Protein of interest | Threshold settings | Protein of interest | Threshold settings
Cx43 40-255 aSMA 50-255

Cas-1 40-255 HSP47 40-255
Hemichannel 30-255 MMP-9 40-255

IL-1B 30-255

NLRP3 10-255

P2X7 10-255

Table 2.9 List of threshold settings applied to each of interest of protein in porcine burn

model.
Early Phase Late phase
Protein of interest | Threshold settings Protein of interest | Threshold settings
Cx43 20-255 aSMA 40-255
Cas-1 30-255 HSP47 20-255
Hemichannel 30-255
MPO 30-255
NLRP3 40-255
P2X7 10-255
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2.5 Molecular and biochemistry techniques

2.5.1 RNA extraction

To extract RNA from the experimental samples, harvested tissues that were previously stored
in RNALater™ (Invitrogen, USA) at -80°C, were thawed and transferred into recommended
amounts of TRIzol™ (Invitrogen, USA). Tissues were homogenised using the Qiagen
TissueLyser 1l (Germany) with an autoclaved metal ball added into the tube to ensure complete
homogenization. The homogenization step was kept at 30 Hz for 5 min. Subsequently,
chloroform was mixed with the homogenate and was rested at room temperature (RT) for 10
min followed by a spin at 12,000 x g for 15 min at RT. For RNA extraction the upper aqueous
phase was collected and transferred into a fresh tube. 3M sodium acetate pH 5.2 and
isopropanol was added to the aqueous phase and was allowed to precipitate at -20°C for 30
min. After precipitation, the samples were spun at 12,000 x g for 15 min at 4°C. The supernatant
was carefully aspirated, and the pellet was gently washed with cold 70% molecular grade
ethanol. After a flash spin for 2 min, the previous step was repeated. The pellet was air dried

and 20 to 50ul of RNase-free water was added and mixed well.

2.5.2 Determination of RNA quantification

The RNA contents from tissue homogenates were determined using Nanodrop™ 2000/2000c
Spectrophotometer (Thermo Fisher scientific, Massachusetts, USA). Briefly, 1ul elution buffer
was loaded on the pedestal and blank reading for RNA quantification programme was executed
as auto zero. Subsequently, 1l of purified RNA was loaded for automatic concentration

measurement.

71



2.5.3 cDNA synthesis

To generate cDNA from purified RNA contents, each sample was reverse-transcribed by using
the ReverTra Ace™ cDNA synthesis kit with gDNA remover (FSQ-301, TOYOBO).
Following the manufacturer’s protocol, the master mix reagent contains random and oligo dT

primers, optimized for efficient reverse transcription, was added and cDNA was synthesized.

2.5.4 Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

cDNAs were then subjected to real-time PCR analysis using Luna® Universal gPCR Master
Mix (New England BioLabs, USA) according to the manufacturer’s instructions. Briefly, 10l
of Luna Universal gPCR Master Mix, 0.5ul of 10uM of forward and reverse primers, 1ul of
cDNA template were mixed, and nuclease free water was used to top up to a final reaction
volume of 20ul. Using the specific PCR primers (Table 2.10) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a housekeeping gene were purchased from IDT (Integrated DNA
Technologies, USA) (Kim et al., 2020; Peinnequin et al., 2004). Two technical replicates were
prepared for all samples and loaded into the Applied Biosystems QuantStudio 6 thermocycler.
Thermal cycling conditions were applied as: 95°C for 10 min; followed by 40 cycles of 95°C
for 15 s, and 60°C for 1 min following the manufacturer’s protocol. After hybridization of
specific primers, the technical values were averaged, and relative fold change of gene
expression was calculated by using 2-AACt values. First, the gene of interest Ct (cycle
threshold) was normalised to the housekeeping gene Ct value and subsequently, the difference
between an experimental sample and an experimental control calculated. From which, the

expression fold change was determined and plotted on a graph for statistical analysis.
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Table 2.10 List of primer sequences used for collagen I, collagen 111 & housekeeping
genes.

Gene Primer Sequences

Col Ial F:5-GCT CCT CTT AGG GGC CAC T-3’

R:5°-CCA CGT CTC ACC ATT GGG G-3°

Col 111 F: 5°-GTT CTA GAG GAT GGC TGT ACT AAACAC A-3

R: 5’>-TTGCCT TGC GTG TTT GAT ATT C-3’

GAPDH | F:5-GTATTG GGC GCC TGG TCA CC-3°

R:5°-CGC TCC TGG AAG ATG GTG ATG G-3°

2.6 Statistical Analyses

2.6.1 Rat burn

All statistical analysis was performed on GraphPad Prism® 8.4 software (GraphPad Software
Inc., USA). In general, all statistical comparison were made between normal skin (NS) vs
untreated (UN) to establish if there was any difference between normal and injury.
Subsequently, statistical comparison was made between controls and treatment as follows: UN
vs Cx43asODN 300uM (AS-300), UN vs Tonabersat 100uM (Tona-100), Vehicle control
(Veh) vs AS-300 & Veh vs Tona-100. Hence, data sets were subjected to One-way analysis of

variance followed by Sidak’s multiple comparisons test. All data are presented as means *
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S.E.M. and n represents the number of animals used for each time point indicated below each

graph. A p-value of 0.05 was considered statistically significant.

2.6.2 Porcine burn

All statistical analysis was performed on GraphPad Prism® 8.4 software (GraphPad Software
Inc., USA). In general, all statistical comparison were made between normal skin (NS) vs
Debrided control (DeCtrl) to establish if there is any difference between normal and injury.
Subsequently, for data sets under topical application, statistical comparison was made between
controls and treatment as follows: DeCtrl vs Cx43asODN 30uM (AS-30), DeCtrl vs
Cx43asODN 300uM (AS-300), DeCtrl vs Tonabersat 30uM (Tona-30), DeCtrl vs Tonabersat
100uM (Tona-100), Vehicle control (Veh) vs AS-30, Veh vs AS-300, Veh vs Tona-30 & Veh
vs Tona-100. For scaffold treatment analysis, statistical comparison was made between DeCtrl
vs Cx43asODN Scaffold (AS-S), DeCtrl vs Tonabresat Scaffold (Tona-S), Plain Scaffold (P-
S) vs AS-S & P-S vs Tona-S. non-parametric test Kruskal-Wallis was used for sample size
three and below. All data are presented as median and interquartile range (IQR). and n
represents the number of animals used for each time point indicated below each graph. A p-

value of 0.05 was considered statistically significant.
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Chapter 3: Characterisation of the rat burn model

3.1 Introduction

Burn injuries are complex and underappreciated injuries that are associated with substantial
mortality and morbidity (Jeschke et al., 2020). Burn injury involves multifactorial and
pathophysiological events that cause structural and functional deficits to organs post injury.
For instance, large surface area burns are followed by systemic problems such as
hypermetabolism (Jeschke, 2016; Knuth et al., 2021; Williams et al., 2009) and sepsis (Zhang

etal., 2021).

Due to the complex nature of burn injury and the involvement of various organs, in vitro models
are limited in their ability to recapitulate the diverse pathophysiology and wound healing
mechanisms. Although in vitro models provide insights on how a certain type of cell responds
to stimulus or crosstalk in coculture studies, investigations addressing wound healing are
constrained by the lack of inflammatory and vascular components in in vitro models (Lebeaux
et al., 2013). The construction of animal models helps in understanding the cause and
progression of human diseases and injuries and have proven to be of great use in discovering
therapeutic agents. A plethora of animals have been employed to study burn injury, including
mice, rats, dogs, rabbits, sheep, and pigs (Aijaz et al., 2022). All organisms share the underlying
ability of their skin to act as a barrier against the environment. However, the structure and
anatomy of the skin vary greatly between species (Table 3.1). Despite these differences, animal
models have significantly enhanced our knowledge of the origins and development of many
human diseases and have been shown to be a valuable tool for the development of therapeutic

agents. In this chapter, I primarily focus on rodent burn models.
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Table 3.1 Characteristics of skin structure of human, pig, rat, and mouse.

Trait Human Pig Rat Mouse
Hair Coat Sparse Sparse Dense Dense
Epidermis 50-120 pm —0-140 pm 35-75um <25 pm
Dermis Thick Thick Thin Thin
Panniculus None None Present Present
Carnosus

Skin architecture | Firmly attached Firmly attached Loose Loose
Wound healing | Re-epithelialisation | Re-epithelialisation | Contraction | Contraction
mechanism

Adapted from (Abdullahi et al., 2014).

3.1.1 Rodent models used for skin healing studies

Understanding histological differences in skin architecture is crucial if researchers want to
create a model that closely resembles the human skin. Mouse and rat skin contains the major
layers (epidermis and dermis) of human skin. However, the mouse skin is distinctly thinner
than human skin. Unlike the mouse skin, which has a flat interphase between the epidermis and
dermis, the human interphase is extremely undulated (Wong et al., 2011). When it comes to
cutaneous healing studies, rats are consistently preferred for experimentation over mice.
However, it is important to note that the rat skin morphology is different from human skin
(Table 3.1). Rat skin is elastic and loose, unlike human skin, which is firmly attached to the
underlying structures. It is because of this difference, rat wound contraction can significantly
contribute to the healing of skin wounds as opposed to humans, who heal via re-
epithelialisation and granulation tissue formation (Cross et al., 1995). As a result, wound
contraction in rats, which is often faster than re-epithelialization shortens the total amount of

time taken for wound healing. In addition, rats possess a subcutaneous panniculus carnosus
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muscular layer, which is absent in human skin (Wong et al., 2011). This muscle contributes to
wound healing by contracting and producing collagen. Although there are some key differences
between humans and rats, finding a suitable animal model to recapitulate all features of a burn
injury remains challenging. Moreover, the selection of species also depends on other factors
such as the purpose of the study and restrictions on costs. Rats have been used in numerous
wound healing models due to their widespread availability, small size, and tractable nature.
Rats are large enough to provide an appropriate area of skin for wound studies, and smaller
research animals require lesser maintenance expenses. Another reason to consider using rats
for skin wound healing models is the extensive body of knowledge on rat wound healing that

has been accumulated over many years of prior study (Dorsett-Martin, 2004).

To gain a comprehensive understanding of burn wound healing, there is a need for an animal
model that adequately mimics these pathological states. Hence, it is ideal to use clinically
relevant methods for burn wound creation in animal models. Currently, there are several
methods to create burn injuries in rodent models, including scalding, contact burns, and
electrical burns. Most reported skin burns are contact and scald burns; depending on the extent
of the damage, the injuries are categorized as superficial, partial-thickness, full-thickness, or

subdermal (Monstrey et al., 2008).

3.1.2 Scald burn

The scald burn model in rodents was first described by Walker and Mason for large area burn
infliction (Walker & Mason, 1968). This method can be used to create burns with or without
bacterial infection. Some studies have reported immersing the dorsal skin rat model in boiling
water to create full thickness burns (Fagan et al., 1999). Although this method seemed to

provide relatively reproducible burns, immersing animals in hot water remains an ethical
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concern. In addition, a review by Menegat et al, reported that there were some discrepancies in
burn creation that were reported in scald burn models (Menegat et al., 2019). Furthermore,
creating multiple wounds on an animal with this methodology is challenging. Although rats
may withstand burn wounds with more than 60% total burn surface area (TBSA), doing so

leads to decreased survival and is not practical for experimentation (Kulp et al., 2012).

3.1.3 Contact Burn

The type of treatment is dependent on the degree of the burn, thus knowing this information is
crucial. Skin grafts and early excision are required for full-thickness burns. With the use of
wound dressings, superficial and partial-thickness burns can be treated conservatively (Cai et
al., 2014). Creating contact burns with a simple set up can produce uniform and reproducible
burn wounds. However, this requires proper characterisation of the burn wounds with
histological evidence and testing of various temperatures with time durations to ensure the burn
creation protocol is standardized prior to testing of interventions. Numerous studies have

reported contact burn strategies, and | performed a database search.

The PubMed-NCBI database was searched between 1968 to 2019 to collect information on
contact burns created on rat models that best recapitulate the features of different levels of burn.
This was done using the following key words: “rat contact burn”, yielding a total of 98 entries,
of which only full-text English and MEDLINE articles were identified. Each abstract from this
search was reviewed, and only experimental studies containing rat contact burns were
considered. Full inclusion and exclusion criteria are listed in Table 3.2. Other review articles,
articles of burn injury created on other species, and articles that poorly described the
methodology of burn creation were excluded. This narrowed the field to 33 articles that best

presented the information on rat contact burns (Table 3.3).
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Table 3.2 Inclusion and exclusion criteria for eligible studies.

Inclusion Criteria Exclusion Criteria

Rat only

In vivo Ex vivo

Skin contact burn Paw contact burn or systemic burn model

Method of contact burn eg., brass rod or
comb

Histological evaluation of depth of burn
injury for at least 1 time point (within 7 days)
post-burn

Contact burns expressed as temperature Chemical burns, laser burns, radiation burns,
cold burns

Novel method or material for burn infliction = Studies quoting use of previously described
and/or if method is based on previous model = burn infliction method

(quoted) but material is significantly altered
or modified

English Full text unavailable in English
Most of the articles used either a brass or aluminium metal plate that was preheated in boiling
water without any temperature control system (Table 3.3). Studies have shown that such
methodologies have resulted in variation in the burn creation and no one temperature or
duration was chosen for either partial thickness or full thickness burns. The anatomical region
of the burn is typically the back of the rats. Some have used a combination of locations that
included the back, scapular, temporal extremities, lumbar and abdomen. Some studies did not
mention the location of the wound (Mitsunaga Junior et al., 2012). None of these studies
reported the use of a scoring matrix to describe full thickness or partial thickness burn. Some
studies also lacked the use of histological evidence to support their results. Any researcher who
conducts an experiment on a burn injury animal model, should understand their experimental
set up and characterise the conditions to select those that best achieve the required depth of the

burn.
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Table 3.3. Summary list of publications between 1968 to 2019 reporting use of contact burns to create a skin injury.

1996)

Title (reference) Burn Size of | Rat Strain Rat Location | Temperature | Duration Definitio | Histology

Year Mechanism material Weight | on the rat (Seconds) | n of burn | present?

(Brass or (gm) (deep or
different partial)
contact

method)

1982 | Genetics of natural | Heated metal | 4mm ACI, 250 to | Back & | 250 2 sec for | Full Yes, but
resistance to thermal | plate Buffalo (BUF), | 300 Abdomina the  back | thickness | no figures
injury (Rapaport et al., Fisher(F344), I skin 1 sec for | burn published
1982) Lewis(L), abdominal

Brown-Norwegian skin
(BN),

Osborne-

Mendel(OM)

Wistar Furth(WF)

Sprague

Dawley(SD)

Wistar(W)rats

1996 | Effects of recombinant | Stainless steel | 8 cm X 5.8 | Wistar(W)rats 200 to | Dorsal 250 7 Full No
bactericidal/permeability | template cm X 0.4 cm 300 thickness
-increasing protein burn
(rBPI23) on neutrophil
activity in burned rats (J.

Hansbrough et al., 1996)

1996 | Neutrophil activation | Stainless steel | 8 cm X 5.8 | Wistar(W)rats 200- Dorsal 250 7 Full No
and tissue neutrophil | template cm X 0.4 cm 300 thickness
sequestration in a rat | preheated burn
model of thermal injury | using a
(J. F. Hansbrough et al., | thermistor
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1997 | Hypernatremia deepens | Round 2cm Wistar(W)rats 280 to | Dorsal 70 5 Partial Yes
the demarcating | aluminium 300 thickness
borderline of leukocytic | templates 2nd deg
infiltration in the burn | preheated in burn
wound (Kuroda et al., | water bath
1997)

1999 | Effects of  topical | Brass rat - | 55X 19mm Sprague 450 Dorsal Full No
nitroglycerin and | comb Dawley(SD) thickness
flurbiprofen in the rat burn
comb  burn model
(Gorman et al., 1999)

2000 | Role of nitric oxide in the | electrically 1cm2 Sprague 250 to | Dorsal 55 Duration Full No
control of burn perfusion | heated Dawley(SD) 300 taken  for | thickness
(Lindblom et al., 2000) aluminium temperatur | burn

rod e reached
55°C  the
probe was
put in
contact
with  the
abdominal
skin  until
the
temperatur
e reached
45°C, at
which time
the probe
was
removed
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2001 | Microvascular Milled 2x2cm Sprague 460 Dorsal 100 various partial to | Yes
assessment of burn depth | aluminium Dawley(SD) full
conversion during | plates thickness
varying resuscitation
conditions (Kim et al.,

2001)

2004 | Determination of burn | cylindrical lcm Sprague 250 to 75 various Full No
depth by polarization- | brass rod Dawley(SD) 300 thickness
sensitive optical | preheated in burn
coherence tomography | water bath
(Srinivas et al., 2004)

2005 | Topical treatment of | Round metal | 2.5cm Wistar(W)rats 232 Dorsal 80 14 Partial to | Yes
standardised burns with | seal heated in full
herbal remedies in model | water bath thickness
rats (Becic et al., 2005)

2008 | Apoptosis and necrosis | brass comb | brass comb | Sprague 300- Dorsal 100 30 Full Yes
in the ischaemic zone | with four | were 20 x20 | Dawley(SD) 325 thickness
adjacent to third degree | prongs x55 mm with burn
burns (Singer et al., | preheated in | four 10x25-

2008) boiling water | mm
rectangular
prongs,
separated by
three 5-mm-
wide grooves

2009 | Morphological Aluminium 2x2cm Sprague 460 Dorsal 100 various Partial No
parameters for | branding irons Dawley(SD) thickness

assessment  of  burn
severity in an acute burn
injury rat model
(Meyerholz, Piester,
Sokolich, et al., 2009)

preheated in
boiling water
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2009 | Pharmacologic Aluminium 2x2cm Sprague 460 Dorsal 100 various Partial Yes
modification to | branding irons Dawley(SD) thickness
resuscitation fluid after | preheated in burn
thermal injury--is | boiling water
drotrecogin  alfa  the
answer to arrest burn
depth progression?

(Meyerholz, Piester,
McNamara, et al., 2009)

2010 | Apoptosis is | Aluminium 2x2cm Sprague 460 Dorsal 100 various Partial Yes
differentially regulated | branding irons Dawley(SD) thickness
by burn severity and | preheated in burn
dermal location | boiling water
(McNamara et al., 2010)

2010 | Effect of photodynamic | "Punch"” NA Wistar(W)rats 180- Dorsal 80 30 Full Yes
therapy on the healing of | heated  with 220 thickness
cutaneous third-degree- | blue flame of burn
burn: histological study | a Bunsen
in rats (Garcia et al., | burner
2010)

2011 | Propolis and amnion | heated brass | 5cm2 NA 264 Dorsal 130 5 2nd Yes
reepithelialise  second- | Plate degree
degree burns in rats burn
(Pessolato et al., 2011)

2012 | Invivo terahertz imaging | Rectangular 5mm Sprague 200- Dorsal 100 20 Deep Yes
of rat skin burns (Tewari | brass bar Dawley(SD) 300 partial
etal., 2012) preheated in thickness

boiling water burn

2013 | Phases of the cutaneous | cone shaped | 1cm Wistar(W)rats 280- Dorsal 100 5 Full Yes
angiogenesis process in | stainless steel 310 thickness
experimental third- burn Grd

degree  skin  burns:
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histological and degree
immunohistochemical burn)
study - rat burn (Busuioc

etal., 2013)

2014 | Digital photogrammetry | test-tube 2.44cm Wistar(W)rats 250- Dorsal 100 20 Full Yes
and histomorphometric | containing 275 thickness
assessment of the effect | boiling water burn (3rd
of non-coherent light degree
(light-emitting  diode) burn)
therapy (A640 £ 20 nm)
on the repair of third-
degree burns in rats
(Neves et al., 2014)

2014 | Effect of local | flat-bottom 4cm Albino Rats 200- Dorsal 100 30 Full no
application of epidermal | vial made of 220 thickness
growth factor on innate | chemical glass burn (3rd
immunity and  cell | containing degree
composition of | boiling water burn)
destruction  focus in
experimental thermal
injury (Osikov et al.,

2014)

2015 | Beneficial effects of | Brass comb | 20mmx10m | Sprague 250- Dorsal 100 20 Full yes
hydrogen-rich saline on | heading in | m Dawley(SD) 300 thickness
early burn-wound | boiling water burn
progression in rats (Guo
etal., 2015)

2016 | Preparation of Partial- | Electronically | 1cm or 2cm Fischer 344 (F344) | 200 Dorsal 80 variable Partial yes
Thickness Burn Wounds | -controlled and full
in Rodents Using a New | heating stamp thickness
Experimental ~ Burning burn
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Device (Sakamoto et al.,
2016)

2016 | Preventing Scars after | Preheated lcm2 Sprague 250 >05 10 Full yes
Injury  with  Partial | brass block Dawley(SD) thickness
Irreversible burn
Electroporation (Golberg
et al., 2016)

2016 | Anti-inflammatory and | Copper block | 2x2cm Wistar(W)rats 400- dorsal 165 10 Full yes
burn  injury  wound | preheated in 450 thickness
healing properties of the | dry bath burn
shell of Haliotis
diversicolor (Chen et al.,

2016)

2016 | Active Dynamic | Preheated 20x25mm Sprague NA dorsal 100 30 Full yes
Thermography is a | brass comb Dawley(SD) thickness
Sensitive Method for burn
Distinguishing Burn
Wound Conversion
(Prindeze et al., 2016)

2016 | Interaction between | Aluminium 2cm Wistar(W)rats 310- dorsal 100 20s Full yes
Macrophages and | cylindrical 360 thickness
Fibroblasts during | block heated burn (3rd
Wound Healing of Burn | in boiling degree
Injuries in Rats (Oka et | water burn)
al., 2016)

2017 | A new apparatus for | Electronically | 10mm Sprague 275- Dorsal 60/80 10s Partial to | yes
standardization of | powered Dawley(SD) 300 full
experimental burn | copper thickness
models (Arda et al., | cylinder bar

2017)
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2017 | Terahertz Imaging of | Rectangular 2mmx19mm | Sprague 180- Dorsal 200/130 10s Partial to | yes
Cutaneous Edema: | brass bran Dawley(SD) 200 full
Correlation With | preheated on a thickness
Magnetic Resonance | hot plate
Imaging in Burn Wounds
(Bajwa et al., 2017)

2017 | Protease loaded | Solid 10mm Sprague NA Dorsal 95-100 13s Partial yes
permeation enhancer | aluminium bar Dawley(SD) thickness
liposomes for treatment | preheated
of skin fibrosis arisen | boiling water
from second degree burn
(Sahu et al., 2017)

2018 | Early intervention by | Brass stamp | 2x2cm Wistar(W)rats 280- Dorsal 100 10 Partial yes
Captopril  does  not | preheated 291 thickness
improve wound healing
of partial thickness burn
wounds in a rat model
(Akershoek et al., 2018)

2018 | Beneficial effects of | Brass bar | 3x2cm Sprague 258- Dorsal 100 20 Full yes
Salvia miltiorrhiza in the | preheated in Dawley(SD) 379 thickness
healing of burn wounds: | boiling water
an experimental study in
rats (Irmak et al., 2018)

2018 | Effects of carbomer 940 | Brass comb | 10x20mm Wistar(W)rats 300- Dorsal 100 20 Full yes
hydrogel on burn | preheated in 350 thickness
wounds: an in vitro and | boiling water
in vivo study (Hayati et
al., 2018)

2019 | Developing a Simple | metal column | 1cm Sprague 100- Dorsal 100 various Partial to | yes
Burn Model in Rats of | preheated in Dawley(SD) 795 full
Different Ages (Zheng et | boiling water thickness

al., 2019)
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3.1.4 Scoring matrix for burn wound assessment

Several studies have reported the use of histological scoring matrices in relation to burn wound
healing that feature the rate of re-epithelialisation, granulation tissue formation, inflammatory
cells, and the presence of angiogenesis (Hazrati et al., 2010). Typically, these scoring matrices
are used to describe histological changes that occur on PBD 14 and 21 when wounds undergo
remodelling. To succinctly understand the histological changes that occur after a burn and the
depth of burn progression, Medina and colleagues, with the help of a board of certified
pathologists, described a scoring matrix as shown in Table 3.4 (Medina et al., 2018). These
histological features closely reflect the human burn depth classification as reported by Vaughn
and colleagues (Vaughn & Beckel, 2012). The classification of human burns was based on
clinical indicators as well as their corresponding histology diagnosis and prognosis (Latarjet,
1995). In this study, | have adapted the incorporated scoring matrix to score the depth of burn

wound to identify the classification of rat burns.
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Table 3.4 Scoring matrix for assessing burn depth (adapted and modified from Medina et
al., 2018 and Vaughn & Beckel, 2012).

Score Histological Features (Medina et al., 2018) Burn Classification (Vaughn &
Beckel, 2012)

0 Normal Skin Normal skin

1 Cellular damage to epithelial cells within epidermis | Superficial thickness burn

Basement membrane remains intact

2 Cellular damage extends beyond basement Superficial partial thickness burn
membrane into the dermis

Hair bulbs remain intact
Some collagen denaturation

Some infiltration of leukocytes

3 Complete cellular damage to hair follicle Deep partial thickness burn

Collagen denaturation does not extend past the
deeper dermis

Cellular damage to fibroblasts and endothelial cells

Some migration of adipocytes into mid-dermis,
large and rounded adipocytes

4 Complete damage to epidermis and dermis Full thickness burn

Severe collagen denaturation, extend beyond deeper
dermis into panniculus carnosus

Cellular damage to fibroblast and endothelial cells

Extended migration of adipocytes into dermis, large
and rounded adipocytes
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3.1.5 Aims

The main aim of this chapter is to identify the ideal conditions to study deep partial thickness
burns that best recapitulates the zone of stasis. Using a soldering iron as a burn creation setup,
it is important to characterise the depth of burn with histological evidence to ensure a consistent
burn is created. In addition, combining the Medina et al scoring system with well-established
histological features of depth of burn (Table 3.4) | will evaluate the burn wounds. This
assessment comprises of key features of thermal injury to different layers of the skin
comprising, epidermis, dermis, hair follicles, sebaceous glands, and subcutaneous fat. In
addition to that, an inflammatory scoring system is also applied that details the presence of
neutrophils around the damaged area. To study the role of Cx43 expression, immunostaining
analysis will be performed. The optimal conditions were then used to investigate the
progression of burn injuries in rats. Collectively, these assessments facilitate the identification

of the ideal model to study the role of Cx43 in rat burn injury.
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3.2 Results

3.2.1 Histological changes with various temperatures tested

The histological appearance of wounds was consistent between replicates of the same burn
condition (Figure 3.1). A gradient of tissue injury into the deeper layers of rat skin was observed
with increasing temperature (Figure 3.1). By PBD 4, conditions of 50, 55, 60 and 65°C for 10
s show evidence of complete cellular damage to the epidermis, papillary dermis, and upper
layers of the reticular dermis but did not completely damage all hair follicles (Figure 3.1). Wave
like infiltration of inflammatory cells distinguished the areas of burn damage from normal
tissue. For higher temperature conditions 70, 75, 80 and 85°C for 10 s showed deeper tissue
injury extending into the subcutaneous tissue layer (Figure 3.1 & Figure 3.2). Since, the
histological features of 50, 55, 60 and 65°C 10 s burn were found to be similar, 55°C 10 s burn
was chosen as the lower temperature for in-depth descriptive analysis. Likewise, the
histological features of 70, 75, 80 and 85°C 10 s burn were very similar, hence 85°C 10 s burn
is described in detail as a high temperature burn. High magnification images were taken of
normal skin, the burn area and burn edge of lowest and highest temperature tested for 10 s.
Epidermal keratinocytes in the burn area were severely damaged by PBD 4. Wound edge
epidermis was significantly hyper-thickened compared to normal skin (Figure 3.2). The dermis
in the burn area was coagulated with minimal collagen interspaces in the 55°C and 85°C 10 s
burns. Leukocytes were seen in a wave like zone to differentiate between the more damaged
and less damaged burn areas (Figure 3.1 & Figure 3.2). Interestingly, in the 85°C burn, pockets

of adipocytes can be observed in the dermis. Compared to normal skin, more inflammatory
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cells are present along with fibroblasts in the burn edge region (Figure 3.2). Blood vessels
appeared to be congested and nuclei of endothelial cells were condensed in the burn area of
55°C and 85°C conditions. Whereas in the burn edge of both 55°C and 85°C 10 s injuries blood
vessels were packed with red blood cells and leukocytes, and endothelial cells appear normal
(Figure 3.2). Minimal red blood cells can be observed in the blood vessels of normal skin
(Figure 3.2). The size of hair follicles and sebaceous glands in burn edges area appeared normal
except for some condensation of nuclei in the centre of hair follicles, indicative of cell death.
In contrast, a complete loss of hair follicles and sebaceous glands was seen in the burn area of
the 85°C burn for 10 s condition. In the 55°C burn, almost all sebaceous glands were damaged
with partial loss of hair follicles (Figure 3.2). Interestingly, big round adipocytes were seen in
the burn area of 55°C and 85°C on PBD 4. With increasing temperature, more and larger
adipocytes were seen in the centre of dermal layer of the burn area. When compared to the
normal skin, where the adipocytes were smaller and loosely organised residing in the
subcutaneous layers. In the burn edge, several adipocytes were close to normal skin and also

had some rounded adipocytes in the dermis (Figure 3.2).

The scoring matrix adapted from Medina and colleagues, was used to score the rat burn wounds
(Table 3.4) (Medina et al., 2018). It revealed that 55°C burn is optimal to create a deep partial
thickness burn, which has the 3 zones of burn injury (zone of coagulation, zone of stasis and
zone of hyperemia) as described in the Jackson’s burn model as shown in Table 3.5 (Jackson,
1953). Although many rat burn models have been reported (Campelo et al., 2011; Guo et al.,
2017), here | was able to create consistent burns with a range of temperatures tested, and report

with a histological scoring matrix and accurate burn classification. Based on this, | selected to
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use 55°C and 85°C to study burn progression with histological changes that occurs on PBD 1,

4,7 & 14.
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50°C 10s 55°C 10s

Figure 3.1 Burn depth using various temperatures for 10 s on PBD 4.
Black dotted lines represent the extent of dermal injury to deeper layers of burn tissue. Scale

bar: 100pm.
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Figure 3.2 Histological H&E observations of rat normal skin and burn skin (burn and
burn edge) at 55°C and 85°C for 10 s.
Coloured squares indicate representative histological images taken for epidermis (red square,

scale bar: 10um), dermis (orange square, scale bar: 100um), blood vessel (blue square, scale
bar: 100um), hair follicle and sebaceous gland (purple square, scale bar: 100um), and
adipocytes (green square, scale bar: 100um) in subcutaneous layer. First row: normal skin.
Overview images scale bar: 100um. Second row: 55°C for 10 s, burn area. Third row: 55°C
for 10 s, burn edge area. Fourth row: 85°C for 10 s, burn area. Fifth row: 85°C for 10 s, burn
edge area.

Table 3.5 Score table of 10 s burn creation using different temperatures (adapted and
modified from (Medina et al., 2018).

Pathology | 50°C 55°C 60°C 65°C 70°C 75°C 80°C 85°C
Score
0 0 0 0 0

4

1 1 1 1 3 3 3 4

Scoring was performed on n=5 burn wounds of each temperature conditions tested. Red box
indicates 55°C condition is ideal for partial thickness burn creation.
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3.2.2 Burn Progression in rat burn injury

To confirm that the methodology used in this study is capable to producing progressive burn
depth with increasing temperatures | harvested burn wounds of 55°C and 85°C (10s duration)
and examined the histological changes and depth of burn on PBD 1, 4, 7 & 14 (Figure 3.3,
Figure 3.4, Figure 3.5 & Figure 3.6). Here | show the histological differences and burn depth
progression into the deeper layers. On PBD 1, histological appearances reveal immediate
necrosis of the epidermis and dermis of 55°C and 85°C burn wounds (Figure 3.3 a & d). There
are some immune cell infiltrates into the dermis (Figure 3.3 b, c e & f). Vascular occlusion was
also present (Figure 3.3 b & f). Furthermore, cellular condensation was observed in hair
follicles and sebaceous glands of 55°C and 85°C wounds and blood vessels deep in the dermis
(Figure 3.3 b & e). In addition, leaky blood vessels were also observed with extravasated red
blood cells in the dermis (Figure 3.3 ¢ & g). However, there were no obvious differences

observed in the two temperature conditions.

On PBD 4, | observed a clear difference in depth of burn and structure in the two conditions
(Figure 3.4 a & d). As described in section 1.2.1, the dermis of 55°C and 85°C was coagulated
in the upper dermis. Some surviving hair follicles and some infiltration of leukocytes in the
deep dermis of 55°C burn wounds was observed. Whereas 85°C burn wounds had complete
damage to hair follicles and increased number of leukocytes were visible in dermis (Figure 3.4
b & e). The presence of large and rounded adipocytes with some small adipocytes were
prominent in 55°C burn wound but 85°C burn had mostly large and rounded adipocytes
indicating adipocyte hypertrophy (Figure 3.4 ¢ & f). Furthermore, the depth of burn had
progressed into the deeper layers of dermis in 85°C burn wounds, much more than 55°C (Figure

3.4a&d).
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On PBD 7, the burn depth extended further into the dermis in the 55°C and 85°C wounds
caused by burn progression (Figure 3.5 a). In addition, | observed increased leukocyte
infiltration and cell death in the dermis as shown by nuclear condensation. A similar pattern
was observed in 85°C burn wounds (Figure 3.5) with coagulated dermis in the deeper dermis.

Blood vessel occlusion was also observed in both conditions (Figure 3.5).

On PBD 14, no re-epithelisation was observed in the centre of 55°C and 85°C burn wound
conditions (Figure 3.6 b & e). Large blood vessels were observed in 55°C whereas 85°C had
some small blood vessels (Figure 3.6 b & €). Some remodelling in the deep dermis and
fibroblast migration was observed in both conditions (Figure 3.6 ¢ & f). Increased leukocyte

infiltration was seen in 85°C as compared to 55°C burn wounds (Figure 3.6 ¢ & ).

In summary, | have shown burn progression based on histological differences at two
temperatures. These observations indicate that our method of burn creation is able to create

wounds in a temperature dependent and consistent manner.
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Figure 3.3 55°C and 85°C burn progression in rat burn injury on PBD 1.
(a) Representative H&E image of overview of 55°C burn wound taken from centre of wound.

PBD 1 burn depth as indicated by black dotted lines. Gray arrow: damage to epidermis. Green
arrow: collagen denaturation. Red boxes indicate zoomed region of interests of (b) & (c). (b)
Zoomed image of 55°C burn wound. Blue arrow: damage to hair follicle. Red arrow: damage
to sebaceous gland. Black arrow: blood vessel occlusion. (c) Zoomed image 55°C burn wound
at deeper layers. Yellow arrow: large and rounded adipocytes. Purple arrow: leukocyte
infiltration. (d) Representative H&E image of overview of 85°C burn wound taken from the
centre of the wound. PBD 1 burn depth as indicated by black dotted lines. Gray arrow: damage
to epidermis. Green arrow: collagen denaturation. Red boxes indicate zoomed region of
interests (e), (f) &(g). (¢) Zoomed image of 85°C burn wound. Blue arrow: damage to hair
follicle. Red arrow: damage to sebaceous gland. Purple arrow: leukocyte infiltration. (f)
Zoomed image of 85°C burn wound showing blood vessels (black arrow) and leukocyte
infiltration (purple arrow). (g) Zoomed image 85°C burn wound at deeper layers. Yellow
arrow: large and rounded adipocytes. Purple arrow: leukocyte infiltration. Scale bar 100pum.
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Figure 3.4 55°C and 85°C burn progression in rat burn injury on PBD 4.
(a) Representative H&E image of overview of 55°C burn wound taken from centre of wound.

PBD 4 burn depth as indicated by black dotted lines. Gray arrow: damage to epidermis. Green
arrow: collagen denaturation. Red boxes indicate zoomed region of interests of (b) & (c). (b)
Zoomed image of 55°C burn wound. Blue arrow: damage to hair follicle. Red arrow: damage
to sebaceous gland. Purple arrow: Leukocyte infiltration. (c) Zoomed image 55°C burn wound
at deeper layers. Yellow arrow: large and rounded adipocytes. Purple arrow: leukocyte
infiltration. (d) Representative H&E image of overview of 85°C burn wound taken from centre
of wound. PBD 4 burn depth as indicated by black dotted lines. Gray arrow: damage to
epidermis. Green arrow: collagen denaturation. Red boxes indicate zoomed region of interests
(e) & (f). (e) Zoomed image of 85°C burn wound. Blue arrow: damage to hair follicle. Red
arrow: damage to sebaceous gland. Purple arrow: leukocyte infiltration. (f) Zoomed image
85°C burn wound at deeper layers. Yellow arrow: large and rounded adipocytes. Purple arrow:
leukocyte infiltration. Scale bar 100pm.
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Figure 3.5 55°C and 85°C burn progression in rat burn injury on PBD 7.
(a) Representative H&E image of overview of 55°C burn wound taken from centre of wound.

PBD 7 burn depth as indicated by black dotted lines. Gray arrow: damage to epidermis. Green
arrow: collagen denaturation. Red boxes indicate zoomed region of interests of (b), (¢) & (d).
(b) Zoomed image of 55°C burn wound. Blue arrow: damage to hair follicle. Red arrow:
damage to sebaceous gland. (c) Zoomed image 55°C burn wound at centre showing coagulated
dermis with leukocyte infiltration (purple arrows). (d) Zoomed image 55°C burn wound at
deeper layers. Yellow arrow: large and rounded adipocytes. Purple arrow: leukocyte
infiltration. (e) Representative H&E image of overview of 85°C burn wound taken from centre
of wound. PBD 7 burn depth as indicated by black dotted lines. Gray arrow: damage to
epidermis. Green arrow: collagen denaturation. Red boxes indicate zoomed region of interests
of (f), (g) & (h) (f) Zoomed image of 85°C burn wound. Blue arrow: damage to hair follicle.
Red arrow: damage to sebaceous gland. (g) Zoomed image of 85°C burn wound showing
coagulated dermis with blood vessel occlusion (black arrows). (h) Zoomed image 85°C burn
wound at deeper dermis. Yellow arrow: large and rounded adipocytes. Purple arrow: leukocyte
infiltration. Scale bar 100pm.
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Figure 3.6 55°C and 85°C burn progression in rat burn injury on PBD 14.
(a) Representative H&E image of overview of 55°C burn wound taken from centre of wound.

(b) Zoomed image of 55°C wound at superficial layer of dermis. Gray arrow: no re-
epithelisation. Black arrow: blood vessels. Red boxes indicate zoomed region of interests of
(b) & (c). (c) Zoomed image of 55°C burn wound taken from centre of dermis. Purple arrow:
Presence of leukocytes. (d) Representative H&E image of overview of 85°C burn wound taken
from centre of wound. () Zoomed image of 85°C wound at superficial layer of dermis. Gray
arrow: no re-epithelisation. Black arrow: blood vessels. Red boxes indicate zoomed region of
interests (e) & (f). (f) Zoomed image of 55°C burn wound taken from centre of dermis. Purple
arrow: Presence of leukocytes. Scale bar: 100um.
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3.2.3 Inflammatory score in rat burn injury

To understand the presence of inflammatory cells in rat burn injury, I performed the following
a scoring analysis based on histological analysis of rat burn wounds. An in-house scoring
criteria was determined based on the histology obtained from the various burn temperature (50,
55, 60, 65, 70, 75, 80 and 85°C) testing conducted on rat burn. Score 0: Little/no recruitment
of leukocytes. Score 1: Some recruitment of leukocytes to burn area. Score 2: Moderate
recruitment of leukocytes to dermis within burn area. Score 3: Large recruitment of leukocytes
(focal accumulation around hair follicles and adipocyte). Score 4: Extensive recruitment of
leukocytes from deep dermis to upper dermis. By scoring | found that on PBD 1, there was no
difference in immune cell infiltration between 55°C and 85°C burn condition. On PBD 4, there
were significantly more immune cell infiltration into the dermis of 85°C burn than 55°C burn.

However, there was no difference on PBD 7 (Figure 3.7).
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Figure 3.7 Comparing immune cell penetration using inflammatory score.
Graph showing comparison in immune cell recruitment to rat burn injury on PBD 1, 4 & 7.

Score 0: Little/no recruitment of leukocytes. Score 1: Some recruitment of leukocytes to burn
area. Score 2: Moderate recruitment of leukocytes. Score 3: Large recruitment of leukocytes
(focal accumulation around hair follicles and adipocyte). Score 4: Extensive recruitment from
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deep dermis to upper dermis. Data is presented as mean value = S.E.M. Statistical comparisons
were made using a One-way ANOVA, post-hoc Tukey. (*p<0.05, ns: not significant, n=6 burn
wounds for each burn condition on PBD 1 & 4, n=5 burn wounds for each burn condition on
PBD 7).

3.2.4 Elevated expression of Cx43 in rat burn injury
3.2.4.1 Epidermis

To understand the Cx43 expression within the rat burn injury, | performed Cx43
immunostaining analysis on PBD 4. Here | studied the expression of Cx43 in various parts of
epidermis comprising the leading edge of the epidermis as well as the hyper-thickened
epidermis that is located at the wound edge of the rat burn, and the intact far edge epidermis. |
observed a significant increase in Cx43 expression in the leading edge epidermis of 55°C and
85°C as compared to normal skin (p<0.01) (Figure 3.8 a, b & g). In hyper-thickened wound
edge epidermis, | observed significantly elevated expression of Cx43 in 55°C and 85°C
compared to normal skin (p<0.0001) (Figure 3.8 ¢, d & g). As Cx43 expression is involved in
cell-to-cell communication, we wanted to understand if the distal far edge epidermis had
elevated expression of Cx43. | noted significant increases of Cx43 in far edge epidermis of
55°C and 85°C burn condition as compared to normal skin (p<0.01 and p<0.001, respectively)

(Figure 3.8 e, f & Q).
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Figure 3.8 Cx43 expression in epidermis of rat burn injury on PBD 4.
(a) Representative immunofluorescence image of Cx43 expression in leading edge epidermis

of 55°C and 85°C burn condition. White dotted line represents demarcation of leading edge
epidermis from dermis. (b) Image analysis graph represents Cx43 expression in leading edge
epidermis of normal skin, 55°C and 85°C burn condition. (c). Representative
immunofluorescence image of Cx43 expression in hyper-thickened epidermis of 55°C and
85°C burn condition. White dotted line represents demarcation of hyper-thickened epidermis
from dermis. (d) Image analysis graph represents Cx43 expression hyper-thickened epidermis
of normal skin, 55°C and 85°C burn condition. (e) Representative immunofluorescence image
of Cx43 expression in far edge epidermis of 55°C and 85°C burn condition. White dotted line
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represents demarcation of far edge epidermis from dermis. (f) Image analysis graph represents
Cx43 expression far edge epidermis of normal skin, 55°C and 85°C burn condition. (g)
Representative immunofluorescence image of Cx43 expression in normal skin epidermis.
Magnification: 40x. Data is presented as mean value + S.E.M. Statistical comparisons were
made using a One-way ANOVA, post-hoc Tukey (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001, ns: not significant, n=5 animals per condition). Scale bar: 50um.

3.2.4.2 Dermis

| performed Cx43 expression analysis on rat burn injury and studied the expression pattern in
various parts of the dermis such as the zone of stasis (ZOS) within burn dermis, the far edge
dermis and the deep dermis of rat burn 55°C and 85°C on PBD 4. | observed that there was a
significant increase in Cx43 expression zone of stasis of 55°C and 85°C (p<0.01) compared to
normal skin (Figure 3.9 a, b & g). As Cx43 is involved in cell-to-cell communication, | wanted
to understand if there is a transient effect of burn injury in distal far edge dermis. No increase
in Cx43 expression in 55°C and 85°C burn was observed as compared to normal skin (p=0.8400
and p=0.2206, respectively) (Figure 3.9 ¢, d & g). | also looked at the expression of Cx43 in
deep dermis of rat burn injury and have found that 55°C and 85°C burn condition did not
change in Cx43 expression compared to normal skin (p=0.3133 and p=0.7084, respectively
(Figure 3.9 ¢, f & g). In summary, an elevated Cx43 expression was observed in wound edge

dermis upon rat burn injury.
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Figure 3.9 Cx43 expression in the dermis of a rat burn injury on PBD 4.
(a) Representative immunofluorescence images of Cx43 expression in the zone of stasis (ZOS)

at the wound edge dermis of 55°C and 85°C burn conditions. (b) Image analysis graph
represents Cx43 expression in the zone of stasis (ZOS) at the wound edge dermis of 55°C,
85°C burn condition and normal skin. (c) Representative immunofluorescence image of Cx43
expression in far edge dermis of 55°C and 85°C burn condition. (d) Image analysis graph
represents Cx43 expression in normal skin, far edge dermis 55°C and 85°C burn condition. (e)
Representative immunofluorescence image of Cx43 expression in deep dermis of 55°C and
85°C burn condition. (f) Image analysis graph represents Cx43 expression of normal skin, deep
dermis 55°C and 85°C burn condition. (g) Representative immunofluorescence image of Cx43
expression in normal skin dermis. Magnification: 40x. Data is presented as mean value *
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S.E.M. Statistical comparisons were made using a One-way ANOVA, post-hoc Tukey
(**p<0.01, ns: not significant, n=5 animals per condition). Scale bar: 50pum.

3.2.5 Elevated percentage of MPO positive cells in rat burn injury

To assess the inflitration of immune cells, I perform immunofluorescence staining to stain for
MPO positive cells. I observed significant increase in MPO positive cells in 55°C and 85°C
burn condition as compared to normal skin in the wound edge dermis of rat burn injury on PBD
4 (p<0.0001). However, there was no difference in percentage of MPO positive cells between

the two burn conditions (p=0.900) (Figure 3.10).
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Figure 3.10 Percentage of MPO positive cells in the dermis of a rat burn injury on PBD
4.
(a) Representative immunofluorescence images of Cx43 expression in the zone of stasis (ZOS)

at the wound edge dermis of normal skin, (b) 55°C,(c) 85°C burn conditions. (d) Image analysis
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graph represents perecentage of MPO positive cells in the zone of stasis (ZOS) at the wound
edge dermis of 55°C, 85°C burn condition and normal skin. Magnification: 40x. Data is
presented as mean value £ S.E.M. Statistical comparisons were made using a One-way
ANOVA, post-hoc Tukey (****p<0.0001, ns: not significant, n=5 animals per condition).
Scale bar: 50pum.
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3.3 Discussion

The purpose of this chapter was to create a rodent model of burn injury that was simple,
reproducible, predictable, and quantifiable. | characterised the rat burn model in two parts. In
the first part, | studied the histological changes in the rat burn using various temperatures and
kept the duration constant at 10 s. Using a scoring system adopted from Medina et al 2018, |
scored the injuries (Medina et al., 2018). Although in their paper, they described the
histological features using a mouse burn model to score the depth of burn, it was closely related
to the burn features that were found in the rat burn injury. Furthermore, the description of the
scoring matrix closely resembled human burn classification (Vaughn & Beckel, 2012). As a
result, 1 applied this scoring matrix to the rat burn wounds and discovered that a 55°C for 10 s
burn was sufficient to produce deep partial thickness burns on PBD 4. The 60°C burn condition
showed differing histological evidences between animals as compared to 55°C burn condition
hence 55°C was chosen to study the burn burn progression. | also compared this temperature
to an 85°C 10 s burn wound. This confirmed there were distinct differences in the depth of
burn and histological features to indicate that the burn creation method successfully delivers
progressive depths of burn with increasing temperature settings. These histological features of
55°C 10 s burn include immediate damage to epidermis, and coagulated dermis. In addition,
infiltration of neutrophils into the burn area that demarcates the necrotic tissue area and
possibly surviving area with large and round adipocytes in dermis depicts zone of stasis. In
85°C 10 s burn dermis, increased number of adipocytes larger in size were seen in the centre
of dermal layer of the burn area. Additionally, increased number of inflammatory cells were
present along with fibroblasts in the burn edge region of 85°C 10 s burn. In the second part, |
studied the burn progression of 55°C and 85°C burn conditions and have found that the 55°C

10 s burn that was initially a partial thickness burn progressed into a deep partial thickness burn
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on PBD 4. Subsequently, the burn conditions progressed into deeper dermis on PBD 7 without
turning into a full thickness burn. However, the 85°C burn condition resulted into a full
thickness burn by PBD 4. My research has shown that it is not possible to identify the depth of
burn on PBD 1, and that this information must be obtained at a later timepoint, such as PBD 4.
Early burn depth assessment is difficult and may not be reliable, according to some research

(Karim et al., 2020).

3.3.1 Histological changes in burn injury

The depth of a burn impacts the likelihood of successful wound healing because the skin
appendages in the reticular dermis contain keratinocyte reservoirs with the capacity to
repopulate the epidermis (Shakespeare, 2001). Thermal injury causes complete damage to the
epidermis. In superficial and partial thickness wounds, the intact hair follicles, sweat glands,
and sebaceous glands produce a plentiful supply of new epithelium throughout the injured area.
The destruction of the deep structures and extracellular matrix (ECM) causes the loss of stem
cells and requires clearance and replacement of the ECM in deep partial thickness and full
thickness burn wounds (Shakespeare, 2001). As a result, the supply of new epithelium will
effectively be restricted to the edges of the wound and take more time for wound healing to
take place (Shakespeare, 2001). Hence, it is critical to structure the wound care and
management regimen required for each patient based on an estimate of the time required for

re-epithelialization based on the depth of the wound (Tenenhaus et al., 2007).

| observed nuclear condensation in hair follicles, sebaceous glands, blood vessels, and
fibroblasts as an indication of cell death. Gravante and colleagues have reported positive
staining of deoxynucleotide transferase-mediated dUTP nick-end labelling (TUNEL) and

FasL, with 44% of dermal cells undergoing apoptosis and the presence of apoptotic cells
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persisting up to 13 days after injury in deep partial thickness burn wounds of humans (Gravante
et al., 2007). In another study of theirs, a comparison between superficial partial thickness
burns and deep partial thickness burns revealed 5.6% and 44.5% apoptotic cells, respectively.
In contrast 0% apoptotic cells were reported in full thickness burns as thermal injury Killed all
the cells, suggesting that deep burns sustain an ischaemic damage that forces cells to undergo
apoptosis and may serve as the strong basis for conversion into full-thickness burns (Gravante
et al., 2006). Utilizing a rat comb burn model, Singer and colleagues carried out
immunostaining of cleaved caspase-3 to mark for apoptosis and high mobility group box 1
(HMGB1) to mark for necrosis. At 30 min after burn injury, they reported cleaved caspase-3
positive cells in the epidermis, dermal fibroblasts, dermal follicles, and dermal sebaceous
glands. Additionally, at 24 and 48 hours, HMGB1-positive cells were discovered in the
epidermis, sebaceous glands, and follicles, indicating that early apoptosis and delayed necrosis
are present in the zone of stasis and are contributing to burn progression (Singer et al., 2008).
Although cleaved caspase-3 and HMGB1 immunostaining were not carried out in the current

investigation, H&E observations show cellular death in the zone of stasis after burn injury.

Cell death is a common and effective promoter of sterile inflammation. In vivo cell death results
in the fast infiltration of the tissue by leukocytes, initially composed of neutrophils and
thereafter accumulating as monocytes (Rock & Kono, 2008). | observed leukocyte infiltration
in the rat burn models from PBD 1 to PBD 14. Even though, inflammation is a key element in
promoting wound healing, it can also slow down the recovery time. Local inflammation has
advantageous consequences such as cellular debris removal and antimicrobial defence in burn
injuries (Chitnis et al., 1996). However, a prolonged inflammatory response can result in
persistently elevated levels of proinflammatory cytokines such as TNFao and I1L-6 (Summer et

al., 2008), which can cause cell death in keratinocytes and bring about collagen degradation
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(Zhang et al., 2022). In addition, neutrophil adhesion to the venular endothelium can
compromise microvascular function, and the production of oxygen-derived free radicals can
damage plasma membranes (Parihar et al., 2008; Wang et al., 2021). Although, | did not
quantify the rat burn wounds with specific markers for macrophages in this chapter, I can
recognise the presence of these cells in H&E stained tissues. In addition, there was a significant
increase in MPO positive cells that marks for neutrophils in the wound edge dermis of burn
wound conditions on PBD 4. In particular, using the inflammatory scoring system, there was
significantly more leukocyte inflitration in the dermis of 85°C than 55°C burn condition which
may be contributed by the influx of various immune cell types in a temperature dependent
manner. Unfortunately, one limitation of this study is that a single marker (MPQO) was used for
leukocyte infiltration and requires additional marker for further validation of the leukocyte
infiltration. In the upcoming chapters, I will investigate and discuss in depth in relation to the
inflammatory response in rat burn wounds with and without treatment with Cx43asODN or
Tonabersat as potential therapeutics. As burn injuries are accompanied by cellular damage and
increased inflammatory mediators, changes in histamine, bradykinin, and platelet-activating
factor (PAF), cytokines such as vascular endothelial growth factor (VEGF), metabolic factors
such as ATP, and activated neutrophils can affect vascular permeability (Alves et al., 2018). A
compromised vascular endothelial barrier increased permeability after burn injury, resulting in
the release of red blood cells from damaged blood vessels (Clark et al., 2018). In addition,
accumulation of albumin and plasma results in swelling or edema in burn wounds. This causes
the inflammatory response to become more aggravated and increase permeability of blood
vessels, which causes more tissue damage and organ failure (Chi et al., 2021). Increased
microvascular hyperpermeability, or the excessive leaking of proteins and fluids from the
intravascular area to the extravascular space, has been seen in several rat burn investigations

(Goto et al., 2006; Wiggins-Dohlvik & Tharakan, 2018). In addition, increased vascular hyper-
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permeability following ischaemia-reperfusion injury has caused loss of function in heart
endothelial cells (Hastie et al., 1997). These findings are consistent with the observations of

blood vessel occlusion and leaky blood vessels in rat burn injury.

3.3.2 Cx43 in rat burn injury

Elevated Cx43 gap junctional protein expression has been reported in chronic wounds such as
diabetic foot ulcers, venous leg ulcers and pressure ulcers (Kanapathy et al., 2018; Kwek et al.,
2021; Sutcliffe et al., 2015). Moreover, studies have shown that Cx43 plays a role in cell
migration, proliferation, inflammation and wound contraction, all events that are crucial for the
wound healing processes (D'Hondt et al., 2014; Saitoh et al., 1997; Wan et al., 2021; Yin et al.,
2018). In human burns, Cx43 expression was found to be elevated in dermal fibroblasts within
the zone of stasis (Feng et al., 2020). Moreover, they also found increased expression of cleaved
caspase-3 in the zone of stasis, suggesting that Cx43 may play an active role in burn conversion
(Feng et al., 2020). In addition, Cx43 is elevated in a mouse burn model (Coutinho et al., 2005).
Hence, | hypothesized that Cx43 is upregulated in rat burn injury and plays a role in burn
progression. In this study, | observed a significant increase in Cx43 in 55°C and 85°C burn
conditions compared to normal skin on PBD 4, however, Cx43 expression was not significantly
different between 55°C and 85°C burn conditions (Figure 3.8 & Figure 3.9). Histological
evidence has shown that burn progression occurs in the early phases of burn injury, and this
could possibly occur via Cx43 gap junctions and hemichannels. Hence, downregulating Cx43

could be a potential therapeutic option to prevent burn progression in rat burn injury.

3.3.3 Model selection

Choosing the right depth of burn for the type of treatment is crucial. Using a full thickness burn

model is not ideal for topical application as the cell and tissue viability is compromised, and
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the uptake of treatment might not be successful because of cell death. Full thickness burn
models are ideal for testing of full thickness scaffolds (Ramakrishnan et al., 2022). For
preliminary testing of topical agents, it is best to use partial or deep partial thickness burn
models (Becic et al., 2005). The findings of 55°C burn condition reveals that the initial partial
thickness burn has progressed in to a deep partial thickness burn. Therefore, using a 55°C burn
condition would be ideal to test topical application of Cx43 targetted therapeutics rather than
85°C burn that resulted in full thickness burn. Furthermore, 55°C temperature is a safe
temperature for operators to work with when creating burns on rats. Rats have been used widely
to investigate burn injury because they can be handled easily and can be studied with a large
sample size. Moreover, they are inexpensive, and have a faster rate of wound healing
(Abdullahi et al., 2014). Additionally, rats are less susceptible to systemic infections and
immunosuppression than larger animals (Dahiya, 2009). These factors make the rat model of

burn wound healing appealing for experimentation.

3.3.4 Challenges with rat burn injury

Although, there are notable differences in the structure and anatomy of skin of humans and
rats, years of research have shown that experimentation using rat models for burn wound
healing have provided great insights into the cause and progression of burn injury and has been
shown to be a valuable tool for the development of therapeutic agents. The arrangement and
number of hair follicles and the presence of the panniculus carnosus muscle layer distinguish
rat skin from human skin in a pronounced way. Instead of re-epithelialization as seen in
humans, the panniculus carnosus would make the wounds heal mostly through contraction
(Cross et al., 1995). It is important to note that the rat skin undergoes hair follicle cyclic
changes. This consists of a growing (anagen) phase and a resting (telogen) phase (Plikus &

Chuong, 2008). Using a standardized burn technique, skin undergoing the anagenic phase
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might sustain a more superficial burn with an increased percentage of hair survival than skin
undergoing the telogenic phase that results in damage to the deeper layers of skin (Zawacki &
Jones, 1967). Meyerholz and colleagues have reported that the detection of injury in deep burns
was hindered by hair follicle cell injury in a variety of anagen to telogen hair follicles among
animals (Meyerholz, Piester, Sokolich, et al., 2009). Hence, it is important to use a guide of the
anagen and telogen phases of rat skin to achieve consistent burn creation and reduce variability
in the depth of burn within an experiment (Morisaki et al., 2013). Prior to burn creation, a hair
removal technique should ensure complete removal of hair shafts, which resets the hair follicle
cycle (Cai et al., 2014). This will reduce any variability induced by hair follicle cycle. In this
study, | performed experiments while the hair follicle was in the telogen phase and ensured the

hair was removed completely before burn creation.

I employed a corrosion and rust resistant soldering iron metal rod in this study. Rust and
corrosion may begin to accumulate after a number of experiments, leaving the metal rod with
uneven surfaces. Care should be taken and irregular surface on rod should be checked to ensure
a uniform burn creation is achieved. In addition, during burn creation, the soldering iron rod
should be allowed to rest on its own weight (Tavares Pereira Ddos et al., 2012; Upadhyay et
al., 2009). This is the most practical and precise approach for standardizing the pressure that
the rod applies to the skin. Furthermore, no additional pressure should be applied on skin as
described by some studies (Gurung & Skalko-Basnet, 2009; Pessolato et al., 2011) as this will
introduce variable pressure exerted to each burn created. In addition, I limited burn creation to
the dorsal skin and loin area, as skin closer to the head and forelimbs was thinner and loose and
introduces variability (Zohdi et al., 2011). These steps should be taken when creating burn

injury rat models to minimize variations and achieve reproducible burn wounds.
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3.4 Conclusion

The rat burn model was selected based on burn creation reproducibility and the depth of burn
created to cause a significant increase in Cx43 expression. Particularly on PBD 4, | have shown
the histological changes that occur in a rat burn injury, such as immediate damage to the
epidermis, and coagulated dermis. In addition, infiltration of neutrophils into the burn area that
demarcates the necrotic tissue area and possibly the surviving area with large and round
adipocytes in the dermis depicts the zone of stasis. Furthermore, the results show that using our
burn creation setup, the 55°C 10 s burn condition reveals an initial partial thickness burn injury
that progresses to a deep partial thickness burn, suggesting that the initial zone of stasis is
converted into a zone of necrosis. In addition, elevated Cx43 in the rat burn injury suggests that
Cx43 may play a role in rat burn progression. Targeting Cx43 expression in rat burn injury
could be a future therapeutic target for burn progression prevention. In the following chapter,
topical application of Cx43 targeted therapeutics of Cx43asODN and Tonabersat will be

carried out using the selected burn model.
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Chapter 4: Targeted Cx43 therapeutics reduce inflammasome

activation in rat burn injury

4.1 Introduction

The impact of a major burn injury can give rise to serious complications , such as sepsis due to
bacterial infection (Zhang et al., 2021), shock caused by hypovolemia (a condition when the
body loses excess fluids like water or blood) (Rae et al., 2016), or deep tissue scarring after
improper wound healing that could affect quality of life (Chiang et al., 2016). A series of
overlapping steps occurs to achieve normal wound healing; homeostasis, inflammation at the
site of injury, cell migration, proliferation, differentiation, angiogenesis, re-epithelialisation,
collagen synthesis and remodelling of extracellular matrix (ECM) (Table 4.1) (Chiang et al.,

2016; Guo & Dipietro, 2010).

It is important to note that these wound healing events, such as inflammation, proliferation and
remodelling occur in all types of burn injuries. However, the period of each stage differs and
carries variable downstream effects depending on the condition, depth and extent of the burn
injury (Sakallioglu et al., 2006). In superficial burns, the time taken for recovery with minimal
scarring is within 14 days of injury. In partial thickness burn injuries, re-epithelialisation occurs
via migration of keratinocytes from viable skin appendages within the burn region (Shpichka
et al., 2019). In deeper burns where skin appendages are mostly damaged, healing therefore
generally takes place from the edges rather than from the centre of the wound, resulting in
wound contraction that helps wound closure be achieved (Mokos et al., 2017). Angiogenesis
occurs in burn injury and is induced by hypoxia-inducible-factor-1 and angiogenic cytokines

such as VEGF and CXCL12, as well as neovascularisation of endothelial progenitor cells. In
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addition to this phenomena, continuous activation of transforming growth factor beta (TGFp1),
stalls the remodelling phase and leads to hypertrophic scar formation (Chiang et al., 2016;

Sakallioglu et al., 2006).

Table 4.1 Cellular events in wound healing.

Phase Cellular events

Homeostasis | VVascular constriction

Platelet aggregation, degranulation, and fibrin formation

Inflammation | Neutrophil infiltration
Monocyte infiltration and macrophage differentiation

Lymphocyte infiltration

Proliferation | Re-epithelialisation
Angiogenesis
Collagen synthesis

ECM formation

Remodelling | Collagen remodelling
Vascular maturation and regression

Scar contraction

Adapted from (Guo & Dipietro, 2010).

Burn injury is dominated by the immune response. Immediately after burn injury, immune cells
at the site of injury release cytokines, chemokines, adipocytokines, as well as reactive oxygen
species (ROS), cortisol, and catecholamines that mediate a strong local inflammatory response

and systemic inflammation (Poranki et al., 2016; Strudwick & Cowin, 2017).
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The inflammasome is a family of multiprotein complexes that accumulate in the cytosol upon
detection of pathogen-associated molecular patterns (PAMPS) such as irritants, peptidoglycans,
or bacterial LPS, and damage-associated molecular patterns (DAMPS) like inflammatory
cytokines or chemokines. The inflammaomse are mainly composed of nucleotide-binding and
oligomerization domain-like receptor (NLR), with apoptosis-associated speck like proteins
containing a C-terminal caspase recruitment domain (CARD) (D'Arpa & Leung, 2017). They
have a key role in innate immunity and are activated in response to stress, cell damage, tissue
injury and infection (Sierawska et al., 2022). Recently, it has been shown that NLRP3
upregulation is positively correlated with mortality in burns, suggesting that NLRP3 could have
an important function during the acute phase of burn injury (Stanojcic et al., 2014; Vinaik et
al., 2018). Severe burns not only cause inflammation but also induce metabolic changes such
as hyperglycaemia, hyperinsulinemia, and hyperlipidaemia that stimulate the NLRP3
inflammasome (Stanojcic et al., 2014). NLRP3 oligomerization recruits ASC and pro-caspase-
1, part of the cysteine protease family to form a complex. The cleavage of active caspase-1
transforms pro-IL-1B and pro-I1L-18 to their mature and biologically active forms (Artlett,
2012; Sayan & Mossman, 2016). The production of circulatory IL-1p affects the metabolic
state of the tissues and increases insulin signalling and insulin resistance in stress-induced
diabetes patients with burn injuries, which results in increased mortality (Stanojcic et al., 2014).
Moreover, IL-1p is involved in extracellular matrix remodelling and fibrogenesis. Notably, IL-
1B is overexpressed in the early inflammatory phase of wound healing and increased in
impaired wound repair and hypertrophic scar formation (Salgado et al., 2012; Sierawska et al.,
2022). It has been reported that classically activated macrophages secrete NLRP3 and induce
the release of proinflammatory cytokine IL-1p, chemokine CCL2 and growth factors VEGF,
FGF2, and TGFp1, leading to the activation of the proliferative healing phase of burn wounds

(Vinaik et al., 2020). These cellular events and processes are known to happen at least in part
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via Cx43 and its associated hemichannels (Coutinho et al., 2020; Coutinho et al., 2005;
Delvaeye et al., 2019; Feng et al., 2020; Gilmartin et al., 2016; Mugisho, Green, et al., 2019).
Downregulating Cx43 in the mouse burn model has been shown to reduce neutrophil
accumulation, improve wound closure rate and prevent burn progression (Coutinho et al.,
2005). In brain injury, radiation injury, and heart ischaemia, it has been demonstrated that
downregulating Cx43 or blocking these channels can slow the spread of the death signals and
stop healthy neighbouring cells from undergoing apoptosis (Du et al., 2017; Frantseva et al.,
2002; Lin et al., 1998; Mancuso et al., 2011). Moreover, blocking of hemichannels with
mimetic peptides has been shown to accelerate wound healing and enhance cell proliferation
in in vitro skin models (Faniku et al., 2018), ex vivo skin models (Pollok et al., 2011) and human
dermal fibroblasts in vitro under hyperglycaemic/hyperinsulinemia conditions (Wright et al.,
2012). Furthermore, release of extracellular ATP from Cx43 hemichannels triggers P2X7
activation in tubular epithelial cells, which was shown to be blocked with Cx43 mimetic
peptides (Xu et al., 2022). Blocking Cx43 hemichannels with Tonabersat has the potential to
reduce inflammation, restore and improve overall functionality in retinal eye disease (Kim,
Griffin, Nor, et al., 2017; Louie et al., 2021; Mat Nor et al., 2020; Mugisho, Rupenthal, et al.,
2019). In light of this, early downregulation of Cx43 function or expression may be beneficial

for the prevention of burn progression and improving wound healing.
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4.1.1 Hypothesis

My hypothesis is that: Early intervention by reducing burn injury induced Cx43 expression in
zone of stasis with Cx43asODN or Tonabersat prevents burn progression and improves rat burn

wound healing.Aims

To test my hypothesis, | characterised a rat burn model (55°C, 10 s burn exposure) and treated
it with Cx43 targeted therapeutics, Cx43asODN or Tonabersat. The latter is a small molecule
drug that has been previously demonstrated to target Cx43 gap junction and hemichannels. The
effect of Cx43asODN or Tonabersat were analysed by investigating two broad components of

the response:

1. Immunostaining analysis was conducted to assess the Cx43 and protein hemichannel
expression along with P2X7 and markers of NLRP3 inflammasome complex and inflammatory

response in zone of stasis during the early phase of burn wound healing,

2. Analysis of skin fibrosis markers and histological analysis of collagen content and nascent

epidermal thickness in rat burn injury.
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4.2 Results

4.2.1 Cx43 Targeted therapeutics reduced the macroscopic burn wound size

As the burn wound heals, a scab forms on top of the wound region and obscures the actual size
of the wound. Hence, it is difficult to determine the size of wound for analysis from
macroscopic images. However, from gross observation, | observed a reduced red ring of
inflammation in wounds treated with either AS-300 or Tona-100 on PBD 7. At PBD 21, |
observed that the scab formation in wounds treated with AS-300 or Tona-100 was smaller

compared to UN and Veh wounds (Figure 4.1).
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Figure 4.1 Cx43 targeted therapeutics reduced burn injury in the rat burn model.
Representative macroscopic images of burn injury on the rat burn model on PBD 1, 4,7, 14 &

21. UN — untreated wound, Veh — Vehicle control wound, AS-300 — Cx43asODN 300um
treated wounds, Tona-100 — Tonabersat 100um treated wounds. Scale bar: 10mm
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4.2.2 Cx43 targeted therapeutics reduced Cx43 protein expression in the zone of
stasis

First, 1 confirmed there was an increase in Cx43 protein expression in the zone of stasis as a
pathological response to rat burn injury. Then the use of Cx43asODN 300uM (AS-300) or
Tonabersat 100uM (Tona-100) as a topical treatment was explored to investigate the role of

Cx43 in the zone of stasis.

Upon burn wound injury, there was a significant increase in Cx43 protein levels compared to
normal skin (NS) (p<0.001) on PBD 1 and it remained elevated on PBD 4 (p<0.0001) and 7
(p<0.0001) (Figure 4.2). Cx43 appears as puncta in the plasma membrane. At PBD 1, |
observed that Cx43 protein levels were significantly reduced in the zone of stasis of wounds
that were treated with AS-300 (p<0.01) or Tona-100 (p<0.05) compared to Veh control (Figure
4.2 b & e). On PBD 4, we observed a significant reduction in Cx43 protein level in AS-300
and Tona-100 treated groups compared to UN wounds (p<0.001). Even though there is no
significant difference between the Veh and treated wounds, it important to note that the
reduction in Cx43 protein expression levels were maintained on PBD 4 (Figure 4.2 ¢ & €). In
addition, the sustained delivery of topical application of either AS-300 or Tona-100,
significantly reduced Cx43 protein expression on PBD 7 when compared with UN and Veh
(p<0.01) (Figure 4.2d & €). The reduction of Cx43 protein level was observed in both immune

cells and fibroblasts in the zone of stasis with treatment in AS-300 or Tona-100.

In summary, these observations indicate that the treatment with either AS-300 or Tona-100 can

reduce the pathological increase of Cx43 protein levels in the zone of stasis.
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Figure 4.2 Cx43 targeted therapeutics significantly reduced Cx43 protein expression in
zone of stasison PBD 1,4 & 7.
(a) Representative immunofluorescence images of Cx43 expression in normal skin (NS) Cx43

labelled in red and dermal fibroblasts labelled with HSP47 in green. (b) The panel shows
representative immunofluorescence images of Cx43 protein expression in cells in zone of stasis
at PBD 1 (NS: n=6, UN: n=5, Veh: n=6, AS-300: n=5, Tona-100: n=6). (c) The panel shows
representative immunofluorescence images of Cx43 protein expression in zone of stasis at PBD
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4 (n=6 animals per group). (d) The panel shows representative immunofluorescence images of
Cx43 protein expression in zone of stasis at PBD 7 (n=6 animals per group). Magnification
used: 63X. Scale bar: 50um. UN — untreated wound, Veh — Vehicle control wound, AS-300 —
Cx43asODN 300uM treated wounds, Tona-100 — Tonabersat 100uM treated wounds. (e)
Image analysis graph shows an increased expression between NS vs UN on PBD 1, 4, & 7.
Image analysis reveals lower Cx43 protein expression in the zone of stasis of treated (AS-300,
Tona-100) compared to the UN and Veh control groups on PBD 1, 4 & 7. Data is presented as
mean value £ S.E.M. Statistical comparisons were made using a One-way ANOVA. (*p<0.05,
**p<0.01 & ***p<0.001).

4.2.3 Reduced hemichannel expression in zone of stasis observed on PBD 7

After confirming that the AS-300 and Tona-100 were able to reduce Cx43 expression in the
zone of stasis, | then explored hemichannel expression in the zone of stasison PBD 1,4 & 7
(Figure 4.3). The hemichannel antibody (AB3000, Table 2.5) is custom made generated from
peptides covering the extracellular loop region, E1 of Cx43 between amino acid residues 42
and 61, sequence: ESAWGDEQSAFRCNTQQPGC (Glass, 2014). As gap junctions are tightly
regulated channels with a limited interchannel space, the hemichannel antibody cannot get
access to epitopes located in the gap junctional plaques (Riquelme et al., 2013). Hemichannel
antibody gives strong perinuclear reactivity with vesicular, fine intracellular punctate staining
that appears to be a dust-like feature compared to the larger puncta of Cx43 gap junctions
recognized with Cx43 antibody (Siller-Jackson et al., 2008). Upon wound injury on PBD 1,
hemichannel expression in the zone of stasis of UN treated wounds did not reduce as compared
to NS (p=0.1542). However, the hemichannel expression was significantly elevated on PBD 4
& 7 (p<0.0001 & p<0.001, respectively) (Figure 4.3 a, ¢, d & €). On PBD 1 and 4, there was
no difference between treatment and controls (Figure 4.3 ¢ & €). On PBD 7, there was a
significant reduction in hemichannel expression in the wounds treated with AS-300 and Tona-

100 compared to UN in the zone of stasis (p<0.01). However, there was no difference between
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the Veh and AS-300 or Tona-100 in the zone of stasis was (p=0.9215 & p=0.9108, respectively)
(Figure 4.3 d & e). Overall, these observations suggest that the treatment with AS-300 and

Tona-100 has reduced the pathological increase in hemichannel expression in the zone of stasis.
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Figure 4.3 Cx43 targeted therapeutics significantly reduced hemichannel protein
expression in zone of stasis on PBD 7.
(a) Representative immunofluorescence image of hemichannel expression in normal skin (NS).

(b) The panel shows representative immunofluorescence images of hemichannel protein
expression in cells in zone of stasis at PBD 1 (NS: n=5, UN: n=6, Veh: n=6, AS-300: n=6,
Tona-100: n=6 animals per group) . (c) The panel shows representative immunofluorescence
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images of hemichannel protein expression in zone of stasis at PBD 4 (UN: n=5, Veh: n=6, AS-
300: n=6, Tona-100: n=6 animals per group). (d) The panel shows representative
immunofluorescence images of hemichannel protein expression in zone of stasis at PBD 7 (n=6
animals per group). Magnification used: 63X. Scale bar: 50um. UN — untreated wound, Veh —
Vehicle control wound, AS-300 — Cx43asODN 300uM treated wounds, Tona-100 —
Tonabersat 100uM treated wounds. (e) Image analysis graph shows an increased expression
between NS vs UN on PBD 1, 4, & 7. Image analysis reveals lower Cx43 protein expression
in the zone of stasis of treated (AS-300, Tona-100) compared to the UN and Veh control groups
on PBD 1, 4, & 7. Data is presented as mean value £ S.E.M. Statistical comparisons were made
using a One-way ANOVA. (*p<0.05, **p<0.01, ***p<0.001 & ****p<0.0001).
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4.2.4 NLRP3 inflammasome complex activation significantly reduced on PBD 4 in
treated wounds with Cx43 targeted therapeutics

To investigate if the NLRP3 inflammasome complex is activated and Cx43 targeted
therapeutics have an effect on targeting the inflammasome complex, | investigated the
expression of NLRP3, Cas-1 and IL-1p in the zone of stasis (Figure 4.4, Figure 4.5 & Figure
4.6). Upon activation of NLRP3, it exits the endoplasmic reticulum and enters the cytoplasm
to form the inflammasome complex. | analysed the cytoplasmic NLRP3 expression in the zone
of stasis. Upon rat burn injury, | observed that there was slightly increased in NLRP3
expression in UN wounds as compared to NS on PBD1, 4 and 7, though it was not significant
(p=0.6595, p=0.8239 and p=0.3284, respectively) (Figure 4.4 a, b, ¢ & e). | then analysed the
expression of NLRP3 between the control group and treatments. | observed that there was slight
but insignificant decrease in NLRP3 expression in the zone of stasis of wounds treated with
AS-300 as compared to UN and Veh controls on PBD 1 (p=0.5034 and p=0.3233, respectively)
(Figure 4.4 b & e). This pattern was also observed on PBD 4 AS-300 treated group as compared
to UN (p=0.7876). However, AS-300 was significantly reduced than Veh (p<0.05) (Figure 4.4
c & e). On PBD 7, there was no significant difference between the AS-300 and control groups
on PBD 7 (Figure 4.4 d & e). Wounds treated with Tona-100 did not appear to affect NLRP3
expression when compared to UN (p=0.9868) and Veh (p=0.9239) on PBD 1 (Figure 4.4 b &
e). On PBD 4, there was a significant reduction between Tona-100 treated wounds than Veh
control (p<0.05) (Figure 4.4c & ¢e). On PBD 7, Tona-100 treated wounds had a significant
decrease in NLRP3 expression as compared to UN wounds (p<0.05). However, there was no

difference between Tona-100 treated wounds and Veh control wounds (Figure 4.4 d & e).
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Figure 4.4 Cx43 targeted therapeutics significantly reduced NLRP3 protein expression in
zone of stasison PBD 1,4 & 7.
(a) Representative immunofluorescence image of NLRP3 expression in normal skin (NS). (b)

The panel shows representative immunofluorescence images of NLRP3 expression in cells in
zone of stasis at PBD 1 (n=6 animals per group). (c) The panel shows representative
immunofluorescence images of NLRP3 expression in zone of stasis at PBD 4 (n=6 animals per
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group). (d) The panel shows representative immunofluorescence of NLRP3 in zone of stasis at
PBD 7 (n=6 animals per group). Magnification used: 63X. Scale bar: 50um. UN — untreated
wound, Veh — Vehicle control wound, AS-300 — Cx43asODN 300uM treated wounds, Tona-
100 — Tonabersat 100puM treated wounds. (e) Image analysis graph represents cytoplasmic
NLRP3 expression on PBD 1, 4, & 7 is reduced in AS-300 and Tona-100 treated wounds in
the zone of stasis as compared to UN and Veh. Data is presented as mean value £ S.E.M.
Statistical comparisons were made using a One-way ANOVA. (*p<0.05).

During the NLRP3 inflammasome complex formation, Cas-1 is recruited and tightly regulated
and subsequently result in secretion of mature IL-1p. Here I observed that upon rat burn injury,
there was an increase in Cas-1 expression in UN wounds as compared to NS on PBD 1, though
it was not significant (p=0.1068) (Figure 4.5 a, b & e). In addition, no difference in Cas-1
expression was observed between control and treated groups on PBD 1 (Figure 4.5 b & e). On
PBD 4, there was a significant increase in Cas-1 expression in the zone of stasis in UN wounds
(p<0.01) (Figure 4.5 ¢ & €). On PBD 4, AS-300 and Tona-100 had a significant decrease in
Cas-1 expression as compared to UN (p<0.05 & p<0.001, respectively) and Veh control
(p<0.05 & p<0.01, respectively) (Figure 4.5 c & e). On PBD 7, there was no difference between

treated and control groups (Figure 4.5d & e).
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Figure 4.5 Cx43 targeted therapeutics significantly reduced Cas-1 protein expression in
zone of stasison PBD 1,4 & 7.
(a) The panel shows a representative immunofluorescence image of Cx43 expression in cells

of normal skin (NS). (b) The panel shows representative immunofluorescence images of Cas-
1 expression in zone of stasis at PBD 1 (n=6 animals per group). (c) The panel shows
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representative immunofluorescence images of Cas-1 expression in zone of stasis at PBD 4 (n=6
animals per group). (d) The panel shows representative immunofluorescence of Cas-1 in zone
of stasis at PBD 7 (n=6 animals per group). Magnification used: 63X. Scale bar: 50pum. UN —
untreated wound, Veh — Vehicle control wound, AS-300 — Cx43asODN 300uM treated
wounds, Tona-100 — Tonabersat 100uM treated wounds. (e) Image analysis graph represents
Cas-1 expression on PBD 1, 4, & 7 is reduced in AS-300 and Tona-100 treated wounds in the
zone of stasis as compared to UN and Veh. Data is presented as mean value + S.E.M. Statistical
comparisons were made using a One-way ANOVA. (*p<0.05, **p<0.01 & ***p<0.001).

Following the activation of Cas-1, | investigated the release of mature forms of IL-1p. Here, I
observed that upon rat burn injury, there was significant increase in IL-1p expression in UN
wounds as compared to NS on PBD 1, 4 & 7 (p<0.01, 0.01 & 0.05, respectively) (Figure 4.6).
However, no changes in IL-1p expression was observed between control and treated groups on
PBD 1 (Figure 4.6 b & e). On PBD 4, AS-300 had a significant reduction compared to UN and
Veh wounds (p<0.05) and Tona-100 had slightreduction in IL-1p was observed from control
groups (p=0.1010 and p=0.0631) (Figure 4.6 ¢ & €). On PBD 7, AS-300 treatment has a slight
reduction in IL-1p than UN (p=0.3471) (Figure 4.6 d & ). However, Tona-100 did not have

an effect on IL-1B on PBD 7 as compared to UN and Veh (Figure 4.6 d & e).
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Figure 4.6 Cx43 targeted therapeutics significantly reduced IL-1p protein expression in
zone of stasison PBD 1,4 & 7.
(a) The panel shows representative immunofluorescence image of IL-1 expression in cells in

normal skin (NS) (b) The panel shows representative immunofluorescence images of IL-1p
expression in cells in zone of stasis at PBD 1(NS: n=4, UN: n=6, Veh: n=6, AS-300: n=6,
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Tona-100: n=6 animals per group). (c) The panel shows representative immunofluorescence
images of IL-1B expression in zone of stasis at PBD 4 (n=6 animals per group). (d) The panel
shows representative immunofluorescence of IL-1pB in zone of stasis at PBD 7 (n=6 animals
per group). Magnification used: 63X. Scale bar: 50um. UN — untreated wound, Veh — Vehicle
control wound, AS-300 — Cx43asODN 300uM treated wounds, Tona-100 — Tonabersat 100uM
treated wounds. (e) Image analysis graph represents IL-1B expression on PBD 1, 4, & 7 is
reduced in AS-300 and Tona-100 treated wounds in the zone of stasis as compared to UN and
Veh. Data is presented as mean value + S.E.M. Statistical comparisons were made using a One-
way ANOVA. (*p<0.05, **p<0.01).

4.2.5 Significant increase in P2X7 expression in the zone of stasis upon burn injury

ATP release via Cx43 binds to P2X7 purinergic receptors and activates the NLRP3
inflammasome complex. | investigated whether Cx43 might have a direct link to P2X7.
Immunofluorescence analysis showed that there was a significant increase of P2X7 expression
in the zone of stasis following rat burn injury (p<0.001) on PBD 1 and 4 (Figure 4.7 a, b & e).
Treatment with AS-300 marginally reduced P2X7 expression in the zone of stasis as compared
to UN and Veh controls on PBD 1 (p=0.6939 and p=0.6589, respectively). Similarly, treatment
with Tona-100 appear to marginally reduce the P2X7 expression in the zone of stasis as
compared to UN and Veh controls on PBD 1 (p=0.5342 and p=0.4990, respectively). On PBD

4 and 7, there was no significant difference between the treated and control groups (Figure 4.7).

In summary, these results indicate that there is involvement of the activation of NLRP3
inflammasome complex in rat burn injury and this is abolished during early phase of wound

treatment with Cx43 antisense oligodeoxynucleotide or Tonabersat treated wounds.
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Figure 4.7 Cx43 targeted therapeutics marginally reduced P2X7 protein expression in
zone of stasison PBD 1, and subsequently did not change protein expression on PBD 4 &
7.

(a) The panel shows representative immunofluorescence image of P2X7 expression in cells in

normal skin (NS) (b) The panel shows representative immunofluorescence images of P2X7
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expression in cells in zone of stasis at PBD 1 (n=6 animals per group). (c) The panel shows
representative immunofluorescence images of P2X7 expression in zone of stasis at PBD 4
(n=6 animals per group). (d) The panel shows representative immunofluorescence of P2X7 in
zone of stasis at PBD 7 (n=6 animals per group). Magnification used: 63X. Scale bar: 50um.
UN — untreated wound, Veh — Vehicle control wound, AS-300 — Cx43asODN 300uM treated
wounds, Tona-100 — Tonabersat 100uM treated wounds. (e) Image analysis graph represents
P2XT7expression on PBD 1, 4, & 7 is reduced in AS-300 and Tona-100 treated wounds in the
zone of stasis as compared to UN and Veh. Data is presented as mean value = S.E.M.
Statistical comparisons were made using a One-way ANOVA. (***p<0.001).
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4.2.6 Cx43 Targeted therapeutics reduced inflammation in the zone of stasis

To investigate the infiltration of leukocytes in the zone of stasis, MPO and CD68 were used as
markers for neutrophils and macrophages respectively. Upon wound injury, there was the
significant increase in percentage of MPO positive cells in the zone of stasis in UN wounds
when compared to NS at PBD 1 (p<0.0001) and this remained elevated on PBD 4 (p<0.0001)
and 7 (p<0.0001) (Figure 4.8). Following treatment with AS-300 or Tona-100, the percentage
of MPO positive cells were significantly reduced compared to Veh control on PBD 1 (p<0.05
and p<0.01, respectively) (Figure 4.8 b & e). On PBD 4, the percentage of MPO positive cells
in AS-300 and Tona-100 was sustained when compared to Veh (p<0.01 and p<0.05,
respectively), but this was insignificant when compared with UN control (Figure 4.8 ¢ & e).
Moreover, on PBD 7, the percentage of MPO positive cells were reduced in AS-300 and Tona-
100 when compared with Veh control (p<0.001 and p<0.01, respectively) (Figure 4.8d & e).
In addition, on PBD 7, the number of MPO cells for AS-300 and Tona-100 were significantly
reduced compared to UN control (p<0.05 and p<0.001 respectively) (Figure 4.8 d & e). |
quantified the percentage of CD68 positive macrophages and observed that there was a
significant increase upon burn wound injury (UN) when compared to NS on PBD 1 (p<0.05)
and a persistent increase on PBD 4 and 7 (p<0.0001 and p<0.001, respectively) (Figure 4.8).
Interestingly, | observed that there was an increase in the percentage of CD68 positive
macrophages in AS-300 from UN and Veh controls and there was a significant increase in
CD68 positive macrophages in Tona-100 treated wounds than UN (p<0.001) (Figure 4.8 b &
e). On PBD 4, AS-300 and Tona-100 treated wounds had significantly increased CD68 positive
macrophages as compared to Veh control (p<0.001) (Figure 4.8 ¢ & €). However, on PBD 7,

there was no significant difference between the treated groups and controls (Figure 4.8 d & e).
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Figure 4.8 Cx43 targeted therapeutics significantly reduced inflammatory response in
zone of stasison PBD 1,4 & 7.
(a) Representative image of MPO (red) & CD68 (green) positive cells in normal skin (NS). (b)

The panel shows representative immunofluorescence images of MPO and CD68 positive cells
in cells in zone of stasis at PBD 1 (n=6 animals per group). (c) The panel shows representative
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immunofluorescence images of MPO and CDG68 positive cells in zone of stasis at PBD 4 (n=6
animals per group). (d) The panel shows representative immunofluorescence of MPO and
CD68 positive cells in zone of stasis at PBD 7 (n=6 animals per group). Magnification used:
63X. Scale bar: 50pum. UN — untreated wound, Veh — Vehicle control wound, AS-300 —
Cx43asODN 300uM treated wounds, Tona-100 — Tonabersat 100uM treated wounds. (e)
Image analysis graph shows an increased percentage of MPO positive cells between NS vs UN
on PBD 1, 4, & 7. Image analysis reveals lower percentage of MPO positive cells in the zone
of stasis of treated (AS-300, Tona-100) (n=6) compared to the UN and Veh control groups
(n=6) on PBD 1, 4, & 7. (f) Image analysis graph shows an increase in the percentage of CD68
positive cells on PBD 1 & 4 in AS-300 and Tona-100 treated wounds in the zone of stasis. On
PBD 7, there was no difference in the percentage of CD68 positive cells between control groups
(UN & Veh) and treated groups (AS-300 & Tona-100). Data is presented as mean value *
S.E.M. Statistical comparisons were made using a One-way ANOVA. (*p<0.05, **p<0.01,
***p<0.001 & ****p<0.0001).
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4.2.7 Skin fibrosis and ECM degradation markers were reduced in Cx43asODN and
Tonabersat treated wounds

Increased NLRP3 inflammasome activation results in fibrosis in kidney disease. To determine
whether skin fibrosis is increased in rat burn injury, aSMA, HSP47 & MMP-9 were
investigated (Figure 4.9 & Figure 4.10). Three ROIs from the centre of a burn wound were
analysed as shown on Figure 2.10. On PBD 14, | observed that there was increased aSMA
expression in rat burn injury as shown in UN wounds compared to NS (p<0.05, Figure 4.9 a &
b). After treatment with AS-300 the expression of aSMA was slightly reduced on PBD 14
when compared to Veh (p=0.2990) (Figure 4.9 a & b). On PBD 21, there was a significant
reduction in aSMA expression in wounds treated with AS-300 compared to Veh control
(p<0.001) (Figure 4.9 a & d). Similarly, this pattern in aSMA expression was observed in

wounds treated with Tona-100 on PBD 14 and PBD 21 (p<0.05) (Figure 4.9 b & d).

When | assessed for HSP47 expression, | observed that wounds treated with AS-300 had slight
reduction in HSP47 expression on PBD 14 compared with UN and Veh controls (p=0.2491 and
p=0.3000, respectively) (Figure 4.9 a & ¢). On PBD 21, there was a slight reductionn in HSP47
expression in wounds treated with AS-300 as compared to UN (p=0.1153) and a significant
reduction when compared to Veh (p<0.0001) (Figure 4.9 e). In contrast, there was no difference
in HSP47 expression in wounds treated with Tona-100 on PBD 14 and PBD 21 as compared

to UN or Veh (Figure 4.9 a, c & e).
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Figure 4.9 Cx43 targeted therapeutics mildly reduced skin fibrosis markers aSMA and
HSP47 expression in zone of stasis on PBD 14 and PBD 21.
(a) The panel shows representative immunofluorescence images of co-immunofluorescence

protein expression of aSMA (red) and HSP47 (green) expression in cells located in the centre
of wound bed on PBD 14 & PBD 21 (n=6) Magpnification used: 63X. Scale bar: 50pum. UN —
untreated wound, Veh — Vehicle control wound, AS-300 — Cx43asODN 300uM treated
wounds, Tona-100 — Tonabersat 100uM treated wounds. (b) Image analysis graph represents
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expression of aSMA on PBD 14 in UN, Veh, AS-300 and Tona-100 treated wounds (n=6). (c)
Image analysis graph represents expression of HSP47 on PBD 14 in UN, Veh, AS-300 and
Tona-100 treated wounds (n=6). (d) Image analysis graph represents expression of aSMA on
PBD 21 in UN, Veh, AS-300 and Tona-100 treated wounds (n=6). (e) Image analysis graph
represents expression of HSP47 on PBD 21 in UN, Veh, AS-300 and Tona-100 treated wounds
(n=6). Data is presented as mean value = S.E.M. Statistical comparisons were made using a
One-way ANOVA. (*p<0.05, **p<0.01, ***p<0.001 & ****p<0.0001).

Overexpression of MMP-9 results in degradation of extracellular matrix. When | assessed
MMP-9 expression, | observed that on PBD 14, MMP-9 protein levels in wounds treated with
AS-300 and Tona-100 did not alter as compared to UN and Veh controls (Figure 4.10 a, b &
d). On PBD 21, AS-300 and Tona-100 had slight reduction in MMP-9 expression as compared

to Veh group (p=0.1542 and p=0.7480, respectively) (Figure 4.10 a, ¢ & e).
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Figure 4.10 Cx43 targeted therapeutics significantly MMP-9 expression in zone of stasis

on PBD 14 and PBD 21.
(a) Representative image of MMP-9 expression in normal skin (NS) (b) The panel shows

representative immunofluorescence images immunofluorescence protein expression MMP-9
expression in cells located in the centre of wound bed on PBD 14. (c) The panel shows
representative immunofluorescence images immunofluorescence protein expression MMP-9
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expression in cells located in the centre of wound bed on PBD 21 (n=6) Magnification used:
63X. Scale bar: 50pum. UN — untreated wound, Veh — Vehicle control wound, AS-300 —
Cx43asODN 300uM treated wounds, Tona-100 — Tonabersat 100uM treated wounds. (d)
Image analysis graph represents expression of MMP-9 on PBD 14 in UN, Veh, AS-300 and
Tona-100 treated wounds (n=6). (e) Image analysis graph represents expression of MMP-9 on
PBD 21 in UN, Veh, AS-300 and Tona-100 treated wounds (n=6). Data is presented as mean
value + S.E.M. Statistical comparisons were made using a One-way ANOVA. (*p<0.05).
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4.2.8 Increase in collagen content was observed in rat burn wounds treated with
Cx43 therapeutics

To assess the quality of collagen content in rat burn wounds, I performed H&E, Masson’s
Trichrome, and Picrosirius Red staining on PBD 21 burn wounds (Figure 4.11 & Figure 4.12).
Histological observations of Masson’s Trichrome and Picrosirius red staining revealed
increased dense collagen deposition in wounds treated with AS-300 and Tona-100 as compared
to UN and Veh control groups (Figure 4.11 & Figure 4.12). In addition, number of cells in the
region of interest dropped significantly on PBD21 in wounds treated with AS-300 and Tona-
100 showing more mature granulation tissue (Figure 4.11 & Figure 4.12). Quantification of
percentage area of collagen content using Masson’s Trichrome stained tissues in the upper
dermis that received thermal injury. | observed that the wounds treated with AS-300 and Tona-
100 had a significantly increased percentage area of collagen when compared to Veh control
(p<0.001 and p<0.05, respectively). AS-300 treated wounds had a significant increase in
percentage of collagen content compared to UN wounds on PBD 21 (p<0.001) (Figure 4.12 b,
¢ & d). Studies have reported that collagen I:111 is lower in wounds compared to normal skin
(Xue & Jackson, 2015). The collagen I:111 ratio is dramatically reduced by the biofilm-mediated
collagenolytic environment in the wound, which also impairs the biomechanical qualities of
the regenerated skin and may make it more susceptible to subsequent wounds (Roy et al.,
2020). Type 11 collagen is expressed in early granulation tissues in cutaneous wound repair
which is replaced with Type | collagen later. Using this ratio, we can understand that the

amount of Collagen I to Collagen I11 in wounds. Poor formation of collagen structures during

wound repair is evaluated based on the decrease in collagen I:111 ratio. | performed gPCR to
analyse mRNA level of Collagen I:11I ratio normalised to normal skin. | observed that there
was an increase in collagen I:11l ratio in wounds treated with AS-300 and Tona-100 as

compared to UN and Veh control wounds (Figure 4.12 e).
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Figure 4.11 Cx43 targeted therapeutics improved collagen content in rat burn injury on

PBD 21.
(@) The panel shows representative H&E images of rat burn injury on PBD 21 of UN —

untreated wound, Veh — Vehicle control wound, AS-300 — Cx43asODN 300uM treated
wounds, Tona-100 — Tonabersat 100uM treated wounds. Red box indicates area of zoomed

153



images of centre of wound bed in Figure 4.12. (b) The panel shows representative images of
Masson’s Trichrome staining of UN, Veh, AS-300 & Tona-100 sister sections on PBD 21. (c)
The panel shows representative images of Picrosirius Red staining of UN, Veh, AS-300 &
Tona-100 sister sections on PBD 21. Scale bar: 500pum.
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images taken from centre of wound bed. Staining: Collagen — red. (d) Image analysis graph
represents percentage area of collagen content of NS and wounds of UN, Veh, AS-300 and
Tona-100 on PBD 21. (e) gPCR analysis of ratio of collagen I:111 UN, Veh, AS-300 and Tona-
100 treated wounds. NS is represented as normalised dotted line in blue (n=6). Data is presented
as mean value = S.E.M. Statistical comparisons were made using a One-way ANOVA.
(*p<0.05, **p<0.01, ***p<0.001 & ****p<0.0001).

4.2.9 Significant reduction in nascent epidermal thickness in treated burn wounds at
PBD 21

When | assessed the rate of re-epithelialisation, | observed that there was no significant
difference between controls and treatment groups on both PBD 14 and 21 (Figure 4.13 b). Here
I measured the thickness of nascent epidermis (Figure 4.13 c). | observed that there is a
significant decrease in nascent epidermal thickness in wounds treated with AS-300 and Tona-
100 when compared to UN (p<0.0001). This was also observed when the treatment groups

were assessed with Veh (p<0.001 and p<0.0001, respectively) (Figure 4.13 a & c).
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Figure 4.13 Cx43 targeted therapeutics reduced nascent epidermal thickness in rat burn
injury on PBD 21.
(@) The panel shows representative H&E images normal skin (NS) epidermis and nascent

epidermis UN — untreated wound, Veh — Vehicle control wound, AS-300 — Cx43asODN
300uM treated wounds, Tona-100 — Tonabersat 100uM treated wounds. on PBD 21. (n=6)
Scale bar: 50um. (b) Image analysis of rate of re-epithelialisation in rat burn injury of UN,
Veh, AS-300 and Tona-100 (n=6). (c) Image analysis of normal skin epidermis thickness (NS)
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and nascent epidermis thickness of wound of UN, Veh, AS-300 and Tona-100 on PBD 21. Ten
regions of interest across the epidermis were quantified (n=10, N=6). Data is presented as mean
value + S.E.M. Statistical comparisons were made using a One-way ANOVA. (*p<0.05,
**p<0.01, ***p<0.001 & ****p<0.0001).
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4.3 Discussion

4.3.1 Summary of key findings:

Four consecutive days of treatment with either AS-300 or Tona-100 topical application,
resulted in the prevention of 1) increase in Cx43 and hemichannel protein expression, 2)
reduction in immune cell infiltration, 3) reduction of NLRP3, Cas-1 & IL-1p inflammasome
complex protein expression, 4 ) reduced aSMA, HSP47 & MMP-9, 5) improved collagen
content, faster maturation of the wounds as shown by reduced cellularity in granulation tissues

and reduced nascent epidermal thickness.

In this chapter, | explored the use of the therapeutics AS-300 or Tona-100 in the rat burn model.
The results will be discussed in two main parts: 1) prevention of upregulated Cx43 and
hemichannels in the zone of stasis in the early phase of burn wound healing, 2) effect of Cx43

downregulation on NLRP3 inflammasome activation and histological observations.

4.3.2 Connexins in burn injury

During the early phases of burn wound healing, pathological increase in Cx43 protein levels in
the zone of stasis were evident. At one day post burn, the highest Cx43 protein levels were
observed in the zone of stasis. Subsequently, these elevated Cx43 levels were slightly
dampened on PBD 4 and 7. Using a marker for dermal fibroblasts (Kuroda & Tajima, 2004), |
was able to tease out that the expression of Cx43 was localised in dermal fibroblasts and
inflammatory cells, but predominantly in the latter. This is consistent with our previous work
on Cx43 expression in the human burn zone of stasis (Feng et al., 2020). Visualization of co-
stained sections of MPO/CD68 inflammatory cells and H&E sister sections allowed me to
speculate that Cx43 expression is predominantly in inflammatory cells in the stasis zone

(Figure 4.2). Similar results have been reported in other studies of Cx43 expression in
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neutrophils and macrophages (Brandner et al., 2004; Cogliati et al., 2015; Kameritsch &

Pogoda, 2020; Rodjakovic et al., 2021).

Increased Cx43 expression has been reported in cutaneous injuries such as chronic wounds
(Becker et al., 2012; Sutcliffe et al., 2015), pressure ulcers (Kwek et al., 2021), ex vivo diabetic
skin (Pollok et al., 2011), and burns (Coutinho et al., 2005; Feng et al., 2020). These studies,
however, did not distinguish hemichannels and Cx43 gap junctions. In this study, | specifically
examine the expression of hemichannels in burn injuries with the aid of the Cx43 hemichannel
antibody that detects the E1 domain of Cx43, amino acid between 42 and 61 (Figure 4.3)
(Glass, 2014). The localisation of hemichannels appears to be a dust-like feature (Figure 4.3)
compared to the larger puncta of Cx43 gap junctions (Figure 4.2). These findings demonstrate
that the hemichannel expression was increased in the zone of stasis during the early phase of
burn wound injury, with significantly elevated expression on PBD 4 and 7. Similar to Cx43
expression, hemichannel expression appeared to be predominantly in inflammatory cells and
slightly lower in dermal fibroblasts. An increase in Cx43 hemichannel expression is reported

in in vitro and in vivo models of amyotrophic lateral sclerosis (ALS) (Almad et al., 2022).

Four consecutive days of treatment with Cx43asODN or Tonabersat markedly reduced Cx43
and hemichannel expression in the zone of stasis during the early phase of wound healing.
Comparable results were reported in a mouse model of partial thickness burn injury treated
with single application of Cx43asODN (Coutinho et al., 2005) and skin ischaemia reperfusion
in murine model (Glass, 2014) which correlated with reduced extent of tissue damage and
reduced inflammatory response. Tonabersat was first used in animal models of migraine with
aura, in which Cx26 expression was inhibited in the brain via activating the p38-mitogen-

activated protein kinase pathway and antagonizing transient neuronal hyperexcitability linked
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to cortical spreading depression (Damodaram et al., 2009). However, later it was discovered
that Tonabersat is not Cx26 specific and could inhibit Cx43 hemichannel pathological opening
(Kim, Griffin, Nor, et al., 2017). Treatment with Tonabersat in low doses blocked
hemichannels and inhibited ATP release, while higher doses of Tonabersat reduced Cx43 gap
junctional coupling via the lysosomal pathway in central nervous system injuries (Kim, Griffin,
Nor, et al., 2017). This was evident in these findings whereby hemichannel expression was not
altered on PBD 1 and 4. However, gap junctional Cx43 expression was reduced in Tonabersat
treated group. In addition, similar findings were also reported in Tonabersat treated human
induced pluripotent stem cell-derived astrocytes from both familial and sporadic ALS (Almad
et al., 2022). Administration of Tonabersat to ALS mice model protected motor neurons while
reactive astrocytosis and microgliosis were decreased. (Almad et al., 2022). Furthermore, a
study conducted by Louie and colleagues, demonstrated that Tonabersat Cx43 hemichannels
in a human ex vivo model of diabetic retinopathy and inhibited NLRP3 inflammasome
activation (Louie et al., 2021). These findings support the hypothesis that Cx43 gap junction
and hemichannel expression is elevated in zone of stasis and upon treatment with Cx43 targeted
therapeutics the protein levels are downregulated. Kim and colleagues showed that low
concentrations of Tonabersat acts primarily and directly on connexin hemichannel to reduce
channel opening and inhibit ATP release without altering the protein levels of Cx43, while
higher doses of Tonabersat reduced Cx43 gap junctional coupling (Kim, Griffin, Nor, et al.,
2017). Although, I did not observe a change in hemichannel expression during early burn
wound healing, blocking Cx43 hemichannels with Tonabersat may have inhibited ATP release.
In addition, reduced Cx43 protein expression in Tonabersat treated rat burn wounds may
suggest decoupling of Cx43 gap junctions via lysosomal pathway and improved wound healing

outcomes as proposed by Kim and colleagues (Kim, Griffin, Nor, et al., 2017).
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4.3.3 P2X7 and NLRP3 Inflammasome activation in rat burn injury

Our data demonstrate that upregulation of Cx43 expression in a rat burn injury triggers the
NLRP3 inflammasome complex activation via the P2X7 receptor. First, | observed an increase
in P2X7 expression during the early phase of burn injury, as expressed in the zone of stasis
(Figure 4.7). Following this, NLRP3, Cas-1 and IL-1f expression also increased in the zone of
stasis (Figure 4.4, Figure 4.5 & Figure 4.6). These findings may suggest that the Cx43/P2X7
mediated NLRP3 pathway is activated in the zone of stasis. Treatment with Cx43asODN or
Tonabersat in our rat burn injury, revealed that P2X7 expression was marginally decreased on
PBD 1, and subsequently, there was no difference in controls and treatments on PBD 4 & 7.
However, NLRP3, Cas-1 and IL-1p expression were reduced on PBD 1 and 4, with no effect

on PBD 7.

The persistent opening of pathological hemichannels mediates the release of extracellular ATP.
Numerous studies have demonstrated that extracellular ATP triggers the P2 purinergic
receptors such as P2X4, P2X7 and P2Y 12, as a physiological cellular communication resulting
in a flux of Na*, Ca?" and K* ions across the pore (Acosta et al., 2021; Lohman & Isakson,
2014; Mugisho, Rupenthal, et al., 2019). More commonly, a strong association has been
established between Cx43 hemichannels and P2X7 receptors (Xu et al., 2022; Zhu et al., 2021).
However, no studies that | am aware of, have shown this link in burn injury. Although, I did
not measure ATP release from our rat burn wounds specifically, studies have shown that ATP
is elevated during the early hours of burn injury and contributes to burn progression (Bayliss
et al., 2014). In this study, | demonstrated that increased Cx43 hemichannel and P2X7 protein
levels were found in the zone of stasis upon burn wound injury. This may suggest the possibility
of change in P2X7 activity with altered ATP release from Cx43 hemichannels. Treatment with

Cx43asODN or Tonabersat, reduced the expression of Cx43 hemichannels in the zone of stasis.
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However, P2X7 expression was marginally reduced during early burn wound healing and
subsequently did not reduce with Cx43 targeted therapeutics in the zone of stasis on PBD 4 &
7. Cx43asODN prevents the gap junctional channels from forming in the first place as less
protein translation occurs. By doing so, it distrupts the direct cell to cell communcation. Where
as, Tonabersat blocks ATP release from hemichannels, and from already formed channels. Xu
and colleagues reported that the release of extracellular ATP from Cx43 hemichannels triggers
P2X7 activation in tubular epithelial cells (Xu et al., 2022). Additionally, blockade of the Cx43
hemichannel using a mimetic peptide Gap26 reduced ATP release (Pearson et al., 2005). This
suggests that downregulating hemichannel expression reduced P2X7 activation. It is important
to note that the expression of the P2X7 protein levels alone may not be a reliable proxy to
determine its activity. Functional assays are required such as calcium influx assays or
fluorescent dye uptake assays to measure specific cellular responses or events triggered by
P2X7 receptor. However, it is generally more challenging to perform these assays directly in
tissues or in vivo due to the complexities and limitations of working with whole organisms.
Immunohistochemistry or immunofluorescence are useful techniques to detect the presence of
P2X7 receptors in tissue sections. While these techniques do not directly measure activity, they

provide information about receptor expression and localization within tissues.

Increasing evidence has indicated that P2X7 activation leads to NLRP3 inflammasome
complex activation via ASC and caspase-1 recruitment and activation, producing increased
levels of mature IL-1f in models of diabetic retinopathy, liver fibrosis and neuroinflammation
(Albalawi et al., 2017; Kong et al., 2022; Tao et al., 2020). In addition, Lu and colleagues have
demonstrated that ATP can be released from Cx43 hemichannels in cardiac fibroblasts and can
activate P2Y2 and subsequent profibrotic genes (Lu et al., 2012) and trigger the NLRP3

inflammasome complex in retinal pigment epithelial cells during hypoxic conditions (Doktor
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et al., 2018). Similarly, another report demonstrated elevated Cx43 increased ATP-sensitive
P2Y1 receptor expression levels in mouse spinal cord astrocytes (Suadicani et al., 2003). In
this study, | demonstrated that P2X7 protein levels was mostly increased on PBD 1 and
marginally downregulated with Cx43 targeted therapeutics, and subsequently no difference
was observed between treated and control groups. Treatment also reduced NLRP3 and its
components in the zone of stasis. However, elevated NLRP3, Cas-1 and IL-1 on PBD 4 could
suggest that other P2 purinergic family members may play a role in the inflammasome

activation via Cx43.

Burn injuries cause immediate cell death by necrosis, apoptosis, or necroptosis, which causes
ATP release and intracellular damage associated molecular patterns (DAMPS) to be secreted
(McNamara et al., 2010; Reddy et al., 2015; Singer et al., 2008). Many studies have shown that
Cx43 gap junctions and hemichannel are involved in the cell death processes (Contreras et al.,
2004; Decrock et al., 2009; Rodriguez-Sinovas et al., 2007). DAMPs from various intracellular
compartments may be released during these kinds of cell death and enter the extracellular space
(Pantalone et al., 2021). The production of DAMPs can activate Toll-receptors and upregulate
the transcription of NLRP3 inflammasome elements by activating nuclear factor-kappa B (NF-
kB). DAMPs can also cause the synthesis of ROS, which in turn can cause the NLRP3
inflammasome to become active and produce IL-1B (Q. Ye et al., 2021). Xu and colleagues
reported that depletion of Cx43 or using Cx43 inhibitors reduced fibrosis and inflammation in
tubular epithelial cells from mice with unilateral ureteral obstruction (UUQ) induced renal
injury. The release of extracellular ATP, which serves as DAMPs, from tubular epithelial cells
drives the development of macrophage inflammasomes and kickstarts pyroptosis via the P2X7
receptors after UUO. In addition, the macrophage pyroptosis induced fibrosis related

chemokine CXCL10 expression and aggravated the progression of UUO-induced renal fibrosis
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(Xu et al., 2022). Blocking Cx43 hemichannels with Gap26 peptide, attenuated aSMA positive
cells in the treated UUO group and prevented renal interstitial fibrosis (Xu et al., 2022). The
cell death pathways in this study were not investigated, but it can be postulated that these
processes may have contributed to the continued activation of the NLRP3 inflammasome via

the Cx43 hemichannels or gap junctions.

Burn injury causes increased production of Ca?* leading to mitochondrial stress and ROS
production (Parihar et al., 2008).This process is known to be regulated by Cx43 gap junction
intercellular communication (Roger et al., 2022). In a study using rat alveolar epithelial cells,
it was shown that Ca?* waves propagating through gap junctions were increased when the cells
were stimulated mechanically or with ATP (Isakson et al., 2001). Increase in intracellular Ca?*
influx or ER calcium was shown to activate the NLRP3 inflammasome and increase production
of IL-1B (Zhong et al., 2013). Here it can be speculated that there is a possibility of the NLRP3

inflammasome activation being triggered via gap junctional communication.

In this study, it was shown that with Cx43asODN treatment both gap junctional Cx43
expressionand hemichannel expression was downregulated in rat burn injury. There is a
possibility that Cx43asODN could be effective at reducing both the Cx43 hemichannel ATP
release mediated NLRP3 inflammation and Cx43 gap junctional intercellular communication
medicated NLRP3 inflammasome activation in rat burn injury. Tonabersat treatment reduced
hemichannel and P2X7 expression in rat burn injury. In addition, 100uM Tonabersat has been
shown to reduce Cx43 gap junctional protein. This finding is consistent with Kim et al.,
whereby prolonged treatment with higher concentration of Tonabersat (> 100 uM) uncoupled
gap junctions with junctional plaques internalized and degraded via the lysosomal pathway

(Kim, Griffin, Nor, et al., 2017). Furthermore, Tonabersat could be effective at reducing Cx43

165



hemichannel ATP mediated NLRP3 inflammasome activation in rat burn injury as shown by
decreased, NLRP3, Cas-1 and IL-1p expression. The results of this study are consistent with
those of Xiao et al, who found that an intraperitoneal injection of 3,4-Methylenedioxy-
nitrostyrene inhibited NLRP3 inflammasome activation as shown by decreased Cas-1 and
maturation of 1L-1p (Xiao et al., 2016). Consequently, this resulted in a significant reduction
of inflammatory cytokine production and amelioration of burn wound progression in deep
partial thickness rat burns (Xiao et al., 2016). Vinaik et al., have found that prolonged NLRP3
inflammasome activation resulted in poor outcomes in wound healing after burn injury (Vinaik
et al., 2020; Vinaik et al., 2018). They reported that NLRP3 knockout mice had decreased
expression of pro-inflammatory cytokines, chemokines, inflammatory markers, growth factors,
and collagen deposition compared to wild-type mice (Vinaik et al., 2020; Vinaik et al., 2018).
These results support the hypothesis that targeting Cx43 reduces NLRP3 inflammasome

activation via P2X7 receptor in rat burn injury.

4.3.4 Inflammatory response during burn injury

| demonstrated that the inflammatory response was increased in the zone of stasis as indicated
by the increased percentage of MPO and CD68 positive cells in the early phases of burn wound
healing (Figure 4.8). I also observed that in the rat burn, Cx43 was predominantly expressed in
inflammatory cells. This result is in line with prior research that found that neutrophils and
macrophages had higher levels of the Cx43 protein (Branes et al., 2002; Eugenin et al., 2003).
Moreover, previous studies have reported that downregulation of Cx43 with Cx43asODN
reduced neutrophil infiltration (Qiu et al., 2003) and pro-inflammatory C-C motif chemokine
ligand 2 and TNFa in the wound bed of excisional wounds in mice, leading to improved wound
healing (Mori et al., 2006). Furthermore, a study exploring in vitro interactions between mouse

endothelial cells and neutrophils were found to be dramatically decreased in the presence of
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Gap26 peptide (Sarieddine et al., 2009) which is known to block both connexin hemichannels
and gap junctional intercellular communication (Desplantez et al., 2012). Eltzschig et al., have
demonstrated that activated neutrophils in heterozygous Cx43 knockout mice release 15% less
ATP via Cx43 hemichannels (Eltzschig et al., 2006). Moreover, neutrophil chemoattractant
synthesis is initiated by a persistent calcium flux upon contact with necrotic tissue in zebrafish.
Through Cx43 hemichannels, which are potent ATP release mediators, this "calcium alarm”
signal spreads quickly in the developing neutrophil cluster (Poplimont et al., 2020). Blocking
neutrophil Cx43 hemichannels with mimetic peptide Gap27 inhibited ATP release in a
concentration dependent manner (Eltzschig et al., 2006). , In this study, | have shown reduced
neutrophil infiltration in the zone of stasis of wounds treated with Cx43asODN or Tonabersat
as well as reduced Cx43 and hemichannel expression, suggesting that neutrophilic gap junction

communication and hemichannel action have been reduced.

Xiao and colleagues reported that inhibition of NLRP3 inflammasome activation in the zone
of stasis via intraperitoneal injection of 3,4-Methylenedioxy-nitrostyrene reduced neutrophil
infiltration, leading to the prevention of burn progression (Xiao et al., 2016). Emerging
evidence indicates that neutrophils can assemble inflammasomes and secrete NLRP3-
dependent IL-1f in autoimmune diseases (Stackowicz et al., 2021) or during immune responses
in the presence of infection (Hassane et al., 2017). The neutrophilic NLRP3 inflammasome has
been proposed as a crucial source of IL-1f3, contributing to increased inflammation and pain in
a rat model of experimental gout (Goldberg et al., 2017). Using the selective NLRP3 inhibitor
MCC950 on purified neutrophils from patient donors stimulated with TNFa/bacterialPly
abrogated IL-1p production (Hassane et al., 2017). This effect was also observed in the
S.pneumoniae-infected mice. In this investigation, it was discovered that early stages of burn

injury had elevated P2X7/NLRP3/Cas-1/IL-1p expression in the zone of stasis, which was
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dominated by MPO-positive neutrophils. However, treatment with Cx43asODN or Tonabersat
reduced this expression in these cells, suggesting that targeting NLRP3 via the
Cx43/P2X7/NLRP3 pathway has reduced the neutrophil response in the zone of stasis. It is
important the limitation of studying interleukin-1 beta (IL-1p) in tissues is the potential for the
secreted IL-1pB to be washed away or diluted within the tissue microenvironment. Although |
observed a reduction in IL-1B expression with Cx43 treatment therapeutics, the localized
secretion of IL-1p may be quickly dispersed or transported away by interstitial fluids, limiting
its accumulation and detection in the tissue of interest. Hence, future work could employ
specialized techniques to overcome this limitation, such as ELISA from tissue homogenates,
to better understand the role of IL-1p in specific tissue microenvironments and its contributions

to inflammation and immune responses.

Cellular ATP release via Cx43 hemichannels can regulate macrophage autocrine activation via
ATP signalling (Choi et al., 2022; Dosch et al., 2019). In co-cultured fibroblasts, Cx43 deletion
in lung macrophages generated a decrease in cytosolic calcium response and lowered
extracellular ATP (Bhattacharyya et al., 2022). Additionally, after bleomycin-induced damage,
heterozygous Cx43 knockout mice also showed lower lung fibrosis, indicating that Cx43-
dependent fibrosis may be mediated via macrophage activation (Bhattacharyya et al., 2022).
Interestingly, | observed that there was an increased number of CD68 positive macrophages in
the treated groups as compared to the control groups. Macrophages emerge as one of the key
players in the progression of burn wounds and play a critical role in burn wound conversion.
They are classified as M1 pro-inflammatory macrophages and M2 anti-inflammatory
macrophages. The M1 macrophages are predominantly involved in inflammation and
recruitment to the wound area. Whereas the M2 macrophages are associated with proliferation

and tissue repair (Jing et al., 2018). In a study, it was found that pre-treating macrophages with
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the mimetic peptides Gap26 and Gap19 decreased the mRNA and protein expression levels of
M1 type macrophage polarization markers. Gap19 was more successful than Gap26 in lowering
the M1-type polarization index (Wu et al., 2020), suggesting that the pro-inflammatory

phenotype was reduced.

In a mouse model of metabolic dysfunction, Cx43-knockout specific to macrophages (Cx43-
MKO) expressed a decrease in pro-inflammatory markers and increased expression of genes
involved in anti-inflammatory responses of M2 macrophage markers (Choi et al., 2022). In
addition, another study suggested the possibility of M2 macrophage polarization in an in vivo
macrophage specific Cx43 knockout mouse model, leading to alleviated adipose inflammation
and restoration of mitochondrial function (Q. Zhou et al., 2022). M2 macrophage polarization
was shown to be mediated by AMPK/mTOR/NLRP3 and AMP-NF/kB pathway. Treatment
with Metformin regulated the AMPK/mTOR pathway to inhibit the NLRP3 inflammasome
activation, which boosted M2 macrophage polarization and accelerated wound healing in rat
excisional skin wounds (Qing et al., 2019). This information suggests that reducing NLRP3
activation could increase anti-inflammatory M2 macrophage production to reduce

inflammation and promote functionality in disease conditions.

In this study, | have used the CD68 macrophage marker that recognizes both M1 and M2
phenotypes. Interestingly, at PBD 1 and 4, a rise in CD68 positive cells in the zone of stasis
may suggest that M2 macrophage polarization could be occurring to begin proliferation and
burn tissue repair in wounds treated with Cx43asODN or Tonabersat. In addition, this could be
a consequence of Cx43/P2X7 mediated NLRP3 inflammasome inhibition altering the
inflammatory response during the early phase of burn injury to speed wound healing. In order

to establish a firm connection between macrophages and the Cx43/P2X7/NLRP3 pathway,
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future research could look for CD206 positive macrophages that particularly mark the M2

phenotype.

4.3.5 Reduced skin fibrosis and MMP-9 improved collagen content and epidermal
thickness in rat burn injury

Burn injuries can lead to fibrosis depending on the size, depth of burn and general conditions
of the wounds (Shpichka et al., 2019). In response to profibrotic cytokines, fibroblasts
differentiate into myofibroblasts, which are characterized by the acquisition of de novo
expression of aSMA, which is crucial for tissue regeneration and wound healing. Through the
competing binding of endogenous Smads and Cx43 to microtubules, it has been demonstrated
that TGF profibrotic mediator drives aSMA expression in myofibroblastic phenoconversion
(Asazuma-Nakamura et al., 2009). However, downregulating Cx43 with Cx43asODN reversed
this phenomenon in cardiac fibroblasts (Asazuma-Nakamura et al., 2009). In addition, another
study showed that Smad2 activation and myofibroblast production caused by TGFB1 were
reduced by transient Cx43 silencing in asthmatic fibroblasts treated with Cx43 small interfering
RNA (Mori et al., 2006; Paw et al., 2017). Moreover, downregulation of Cx43 with a single
application of Cx43asODN reduced PAI-1 and aSMA expression in peritoneal adhesion mouse
model (Chua et al., 2022). In addition, in an ERK-dependent manner, ATP binding to P2Y?2
receptors increased aSMA production and collagen accumulation by 60% and the mRNA
expression of profibrotic markers, plasminogen activator inhibitor-1 (PAI-1) and monocyte
chemotactic protein-1, by 4.5 and 4.0 fold, respectively in cardiac fibroblasts. However, this
was abolished with the treatment of Apyrase (Lu et al., 2012). According to Inzaugarat and
colleagues, LPS and ATP stimulation in hepatic stellate cells (HSCs) grown from WT mice
produced more NLRP3-mediated ROS and more profibrotic myofibroblastic phenotype

expressing aSMA than NLRP3-/- mice (Inzaugarat et al., 2019).
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Excessive collagen accumulation is a hallmark for fibrosis. Upregulation of HSP47 correlates
with collagen expression in several fibrotic conditions of lung, kidney, peritoneal, skin and
intestine (Chen et al., 2007; Kitamura et al., 2011; Mishima et al., 2003; Otsuka et al., 2017,
Xiao et al., 2012). Kakugawa et al., have shown that HSP47 mRNA was also upregulated in
myofibroblasts, in type Il pneumocytes and in macrophages present in fibrotic lungs
(Kakugawa et al., 2010). In a study of liver fibrosis, in vitro and in vivo stimulation with arsenic
induced NLRP3 and HSP47 expression. Inhibition of NLRP3 with specific inhibitor MCC950
significantly mitigated the activation of the NLRP3 inflammasome, decreased the expression
of HSP47 and profibrotic markers collagen type I and aSMA thereby attenuating the arsenic-
induced hepatic stellate cells (HSCs) activation (Yuan et al., 2022). Similarly, in a previous
study on dermal fibrosis, delivery of HSP47 siRNA using a nanoparticle platform was shown
to reduce HSP47 protein expression and profibrotic markers NOX4, collagen type I and aSMA
(Morry et al., 2015). This evidence would support the involvement of NLRP3 inflammasome
activation and association with profibrotic markers HSP47 and aSMA leading to fibrosis. Co-
expression of HSP47 and aSMA in rat burn injury could suggest that fibrotic expression is
reduced via the NLRP3 inflammasome pathway with Cx43asODN or Tonabersat. However, it
is important to note that, Ruigrok et al. discovered contrasting findings in fibrogenic lung,
where neither the expression of fibrogenesis-related genes nor aSMA was impacted by HSP47

knockdown (Ruigrok et al., 2021).

MMP-9 is the main metalloproteinase enzyme responsible for the degradation of ECM. Various
inflammatory cytokines such as TGFB1, TNFa, IL-6 and IL-1B play a pivotal role in the
production of MMP-9 and secretion, contributing to fibrogenic remodelling (Brandner et al.,
2008; H. Luo et al., 2020; Razzaque et al., 2003; Xiao et al., 2012). In a mouse study, it was

discovered that alkali burn injury to the cornea results in increased IL-18 and MMP-9 mRNA
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levels. However, this pattern was reversed in alkali burn injury inflicted on NLRP3 knockout
animals, which also had reduced corneal opacity. Additionally, LPS-treated NLRP3 deletion
animals showed less neutrophil infiltration, suggesting that the NLRP3 inflammasome plays a
strong role in corneal sterile inflammation (Shimizu et al., 2019). Moreover, degradation of
collagen in the corneal stroma by activating corneal fibroblasts, increased secretion of MMP
by these fibroblasts, are postulated to be driven by neutrophil-derived IL-1 (Li et al., 2003). In
the dysfunction of aortic disease, in vitro palmitic acid treated smooth muscle cells were treated
with siRNA targeting NLRP3 inflammasome components and were shown to have reduced
NLRP3-ASC-Cas-1 inflammasome activation, reduced MMP-9 production, and improved

smooth muscle cell functions (Wu et al., 2013).

Burn injury and impaired wound healing or suboptimal wound care intervention can lead to
hypertrophic scars (Tredget et al., 2014). Some of the notable features of hypertrophic scars is
increased epidermal thickness and increased keratinocyte proliferation (Hakvoort et al., 1999).
In addition, increase in pro-inflammatory cytokines, fibrogenic and growth factors, as well as
the increase of keratin markers 5, 6, and 17 influence the development of hypertrophic scars
(Hakvoort et al., 1999). In diabetic ulcers and venous leg ulcers, hyper-thickened epidermis is
correlated with increasing Cx43 expression (Becker et al., 2012). Downregulation of Cx43 with
Cx43asODN has been shown to enhance epidermal keratinocyte migration and fibroblast
migration from wound edges of excisional and incisional mouse skin wound models (Mori et
al., 2006). In another study, nitrogen mustard (NM) injured SKH-1 hairless mouse dorsal skin
treated with Cx43asODN reduced levels of Cx43 and phosphorylated Cx43 with minimal
keratin 17 expression leading to improved re-epithelisation and reduced keratinocyte
hyperproliferation (Chang et al., 2015). In summary, these studies support the hypothesis that

targeting Cx43 reduces skin fibrogenic factors, keratinocyte hyperproliferation, and reduces
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epidermal thickness. These findings are consistent with reports suggesting that targeting Cx43
and hemichannels with Cx43asODN or Tonabersat in rat burn injury reduced aSMA, HSP47
and MMP-9 production. Consequently, this leads to reduced ECM degradation and improved
collagen formation as indicated by Picrosirius Red and Masson’s Trichrome histological
analysis. Although, 1 did not observe a difference in the rate of re-epithelialisation, it is notable
that keratinocyte hyperproliferation, as indicated by nascent epidermal thickness, had thinned
down in the wounds treated with Cx43asODN or Tonabersat compared to the controls.
Furthermore, this study suggests that burn progression in rat burn injury is prevented and skin
fibrosis is reduced via the modulation of Cx43/P2X7/NLRP3 inflammasome pathway with a
possibility of other P2 purinergic family members being involved. To the best of my
knowledge, this is the first study to test Tonabersat topically in burn injury. Although, results
from this chapter show the potential use of Tonabersat for burn injury, wound healing
outcomes from Cx43asODN supersede those from Tonabersat therapeutic application in rat
burn injury as indicated by better collagen content and reduced epidermal thickness. Suggesting
that targeting the Cx43 gap junction and hemichannels simultaneously is more effective than

targeting the hemichannels alone.

4.4 Conclusion

In this chapter, | have established the role of Cx43 in rat burn injury. | found an increase in
Cx43 expression and hemichannel expression in the zone of stasis in the early phases of burn
wound healing that was accompanied by an increased inflammatory response, and prevented
burn progression, and kickstarted early wound repair. The significance of Cx43 was further
established with the use of topical application of Cx43asODN that targets the mRNA of Cx43

reduced Cx43 gap junctional and hemichannel protein levels. Additionally, Tonabersat a
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hemichannel blocker, has been shown to significantly reduce Cx43 hemichannel protein levels
in the zone of stasis via immunolabeling. Protein quantification with western blotting may have
provided further evidence to support the conclusion that Tonabersat can reduce hemichannel
protein levels rather than just blocking pathologic Cx43 hemichannel opening. However,
western blotting technique will not be able to differentiate the zone of stasis within the burn
that is the region of interest in this study. However, the reduction in Cx43 concomitantly
marginally and tranisently reduced P2X7 and NLRP3 expression leading to reduced IL-1p
production in rat burn injury. Early assessment of macroscopic images has shown reduced
wound size in injuries treated with either Cx43asODN or Tonabersat. Furthermore, there was
a notable reduction in aSMA and HSP47 skin fibrosis markers, along with MMP-9.
Histological observations of rat burn injury revealed better collagen formation and reduced
nascent epidermal thickness in Cx43asODN and Tonabersat treated wounds. Using a rat burn
model is cost-effective and provides a basis for preliminary testing of drugs. Though the skin
healing mechanism is predominantly through wound contraction, the results obtained sets the
stage for preclinical evaluation. Collectively, these findings suggest a possible involvement the
of Cx43 mediated NLRP3 inflammasome pathway via P2X7 activation in early burn wound
healing. This indicates that downregulating the Cx43 hemichannel may have a potential

therapeutic target effect to prevent burn progression and improve healing outcomes.
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Chapter 5: Preliminary study of role of Targeted Cx43

therapeutics in porcine burn injury

5.1 Introduction

5.1.1 Porcine skin

Pigs have gained popularity in recent years as research animals for pharmacological and
cutaneous biology experiments. Porcine skin closely resembles human skin in both anatomical
and physiological aspects. Some of the characteristics include a sparse and dense layer of hair,
epidermal thickness with well-defined rete pegs, dynamics of epidermal tissue turnover, the
amount and complexity of dermal collagen and elastin fibers, and lipid composition (Sullivan
et al., 2001). Pig epidermis and dermis are similar in thickness to those of humans. The human
epidermis has a thickness range of 50 to 120 um, whereas the pig epidermis spans from 30 to
140 um (Meyer et al., 1978). Pig skin is also tightly connected to the underlying structures,
which are identical to those in humans. Additionally, the panniculus carnosus, which is a
muscle layer tightly attached to skin and fascia in rodents, is absent from both pig and human
skin (Schneider & Wolf, 2016). However, there are certain differences between pig and human
skin. Pig skin has a higher pH, a fatty subcutis, more apocrine sweat glands, and eccrine sweat
glands that are only found in specific areas. Although the microvascular structure of humans
and pigs is the same, human skin has a richer dermal skin vasculature. The evidence for the
increasing use of pig models for cutaneous research is illustrated by the diversity of
applications that undergo study, including: radiobiology (Aghdam et al., 2020), contact
dermatitis (Nadworny et al., 2008), prediction of percutaneous drug absorption or penetration

(Alsaab et al., 2016), acne cryotherapy (Ray Jalian et al., 2015), and studies on the healing of
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partial or full thickness excisional wounds, incisional wounds, laser-induced wounds,

ischaemic wounds, and burn injuries of various degrees (Seaton et al., 2015).

5.1.2 Porcine burn injury

Burn injuries are acommon and destructive injury that frequently result in significant morbidity
and extended suffering. It is necessary to use an adequate animal model that mimics human
burn features and burn wound progression in order to discover viable therapeutics for burn
injuries (Sullivan et al., 2001). Two commonly used methods to study burn injury are: (1)
contact burns, (2) scald burns. Contact burns are created using a metal rod burn device made
of varying materials such as brass (Brans et al., 1994), aluminium (Menon et al., 2016),
stainless steel (J. Y. Kim et al., 2016), and iron (Brink et al., 1986). Generally, these materials
require a heat source, either a metal rod heated in a water bath or connected to an electrical
supply. Additionally, the thermodynamics of each material have a different heating capacity,
and the capacity to transfer heat to the skin has an impact on the severity of burn damage
(Andrews & Cuttle, 2017; Singh et al., 2016). On the other hand, emphasis on scald injuries
was mostly obtained using a glass cup filled with heated water, which behaves more like a

contact burn and is not a true scald injury (Cuttle et al., 2006).

A model created by Moritz and Henriques, that lacked quantitative histological evaluation of
burns created in their study (Moritz & Henriques, 1947), inspired Andrews and colleagues to
develop a porcine scald model in a similar manner to allow continuous application of hot water
to the skin for burn creation (Andrews et al., 2016). This technique shows how immersion
injuries result from prolonged exposure as opposed to splatter injuries from brief and rapid
exposure (Singer et al., 2020). Additionally, using various time and temperature conditions,

this method of scald burn injury is capable of producing various depths of burn and allows the
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pathophysiology of scald burn progression to be examined (Andrews et al., 2016). For example,
histological analysis of skin after 50°C water temperature with a 10 min exposure on skin
resulted in deep tissue injury 24 h after burn creation. Increased damage was seen 3 days after
burn creation from 5 s of exposure to 80°C and 90°C water, which resulted in significantly

deeper tissue damage than 70°C water (Andrews et al., 2016).

In a study conducted by Brans and team, it was found that histological evaluation of contact
burns showed clear demarcation of infiltrating neutrophils between the viable and necrotic
tissues in the first 72 h, after burn injury (Brans et al., 1994). In contrast, in scald burns, an
intermingled pattern of damaged and intact collagen fibers with delayed and progressive
vascularity was noted over the first 72 h and it was suggested that studies focusing on burn

progression should use the scalding method to create burns (Brans et al., 1994).

Health and safety concerns over an elevated risk of burn injuries to researchers compared to
contact burns are one of the commonly highlighted drawbacks of using the scald infliction
technique. However, the method put forth by Andrews and team was made in such a way that
there was never more than a tiny amount of hot water available to contact the pig skin. In
addition, this method reduces the amount of hot water that is handled by pumping water directly
from the water bath rather than manually moving it from one source to another (Andrews et
al., 2016). Hence, for consistent creation of scald burn wounds and the safety of the researchers,
we adopted the porcine scald burn model demonstrated by Andrews and team (Andrews et al.,

2016) using 60°C water for 1 min.

5.1.3 Porcine Cx43

Cx43 is expressed in pig skin (Tarzemany et al., 2017). In a model of Duchenne muscular
dystrophy (DMD), heterozygous DMD*" porcine litter showed increasing myocardial fibrosis

177



and increased expression of Cx43 in the heart at 3 months of age, which were linked to a
considerably worse left ventricular ejection fraction. Additionally, behavioural testing showed
signs of cognitive impairment (Stirm et al., 2021). In a cutaneous injury pig model, full
thickness excisional wounds have been shown to have increased Cx43 via western blot. This
increase was abolished with the treatment of ACT1 peptide, and histological analysis revealed
reduced neutrophil recruitment, better vascularization, and reduced scarring and wound area as
compared to controls (Ghatnekar et al., 2009). Endogenous Cx43 expression was elevated in
in vitro pig cardiomyocytes stimulated with Ca?*, and this was inhibited by 50% with SiRNA
targeting Cx43 (N. Wang et al., 2012). The ischaemic condition in pig hearts enhanced the
permeability of Cx43 gap junctions and hemichannels (Schulz et al., 2003), and this has been
linked to the swelling of cardiomyocytes in response to simulated ischaemia (Schulz et al.,
2007). Treatment with the mimetic peptide Gap26 or Gap27 inhibited functional Cx43
hemichannels and hemichannel currents promoted by Ca?* elevation ((N. Wang et al., 2012) .
Furthermore, Gapl9 also inhibited Cx43 hemichannels present in in vivo pig ventricular

cardiomyocytes (D'Hondt et al., 2014).

5.1.4 Porcine NLRP3 inflammasome activation

Multiple molecular and cellular events, such as ionic flux, mitochondrial malfunction, ROS
generation, and lysosomal degradation, occur in response to a variety of stressors that trigger
the inactive NLRP3 to interact with ASC and procaspase-1 to form the NLRP3 inflammasome
complex. This triggers automatic cleavage of procaspase-1 to its active form caspase-1 which
subsequently cleaves IL-1pB and IL-18 to their mature forms (Gombault et al., 2012; Kelley et
al., 2019). As described in Chapter 4, the activation of the NLRP3 inflammasome has been
extensively studied in mouse and rat models of various disease conditions. However, there is

little information on porcine NLRP3 inflammasome activation. It is noteworthy that Tohno and
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colleagues reported that 83.9% nucleotide sequence of porcine NLRP3 open reading frame was
similar to human NLRP3, and an 84% amino acid similarity to human NLRP3, compared to
79.1% nucleotide sequence and 79.6% amino acid similarity to mouse NLRP3 (Tohno et al.,
2011). Consequently, because of the greater similarities between NLRP3 in porcine and
humans, research employing porcine models may help us understand NLRP3 forming

inflammasomes and regulating the innate immune response is activated in humans.

In a model of lung injury in neonatal pigs exposed to asphyxia and hemorrhage, elevated MPO
and Cx43 contributed to increased vascular permeability, which in turn caused decreased
function and lung edema. In addition, C5aR2 was elevated in these lung tissues (Weber et al.,
2019). In murine pyelonephritis disease, increased C5aR2 expression has been shown to
activate the NLRP3 inflammasome complex via induced MAPK and AKT signaling and
contribute to the production of IL-1p (Zhang et al., 2020). In a study of myocardial infarction,
in vitro porcine peripheral blood mononuclear cells stimulated with both LPS and ATP have
been shown to have significantly increased IL-1f production. Furthermore, pigs that received
transluminal balloon occlusion have been shown to have increased production of NLRP3
mediated IL-1B and neutrophil infiltration in infarcted hearts, contributing to increased infarct
size and poor cardiac function (van Hout et al., 2017). It has been demonstrated that exposing
piglets to cadmium chloride causes neurotoxicity and neuroinflammation. Additionally, these
events have been shown to take place when the NLRP3 inflammasome is activated, causing
pyroptotic cell death to exacerbate the inflammatory responses via IL-1B/IkB-a-NF-xB-

NLRP3 inflammasome feedback loop in the pig brain (Cai et al., 2021).
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5.1.5 Targeted therapeutics of Cx43

It is well established that burn injuries are dominated by inflammatory responses contributing
to burn wound progression, e.g., an initial partial thickness burn can convert to a deep partial
or full thickness burn due to apoptotic cell death leading to progressive tissue damage
(Gravante et al., 2007) or other contributing factors such as infection (Johnson & Richard,
2003). The ability of Cx43 gap junctions and hemichannels to regulate these cellular events
and processes make them attractive as therapeutic targets (Coutinho et al., 2020; Coutinho et
al., 2005; Delvaeye et al., 2019; Feng et al., 2020; Gilmartin et al., 2016; Mugisho, Green, et
al., 2019). Human burns show increased expression of the Cx43 gap junction protein, indicating
that it may play a significant role in burn conversion (Feng et al., 2020). In a mouse burn model,
it has been demonstrated that downregulating Cx43 lowers neutrophil aggregation, speeds up
wound healing, and prevents burn progression (Coutinho et al., 2005). In brain injury, radiation
injury, and heart ischaemia, it has been demonstrated that downregulating Cx43 or blocking
these channels can slow the spread of the death signals and stop healthy neighbouring cells
from undergoing apoptosis (Du et al., 2017; Frantseva et al., 2002; Lin et al., 1998; Mancuso
et al., 2011). Additionally, it has been demonstrated that using mimetic peptides to block
hemichannels speeds up scrape wound closure and promotes cell proliferation in in vitro skin
models (Faniku et al., 2018), ex vivo skin models (Pollok et al., 2011), and human dermal
fibroblasts in vitro under hyperglycaemic/hyperinsulinemia conditions (Wright et al., 2012).
Furthermore, it was discovered that Cx43 mimetic peptides can prevent the activation of P2X7,
in tubular epithelial cells, which is caused by extracellular ATP release from Cx43
hemichannels (Xu et al., 2022). The ability of Tonabersat to block Cx43 hemichannels has been
demonstrated to reduce inflammation, restore, and enhance overall functionality in retinal eye
disease (Kim, Griffin, Nor, et al., 2017; Louie et al., 2021; Mat Nor et al., 2020; Mugisho,

Rupenthal, et al., 2019). In light of this, it may be beneficial to block Cx43 hemichannels or
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downregulate Cx43 function or expression early, in order to prevent the progression of burn

injury and enhance wound healing in a porcine burn model.

5.1.6 Hypothesis

That the Cx43 gap junctions and hemichannels play a vital role in porcine burn injury and that
downregulating Cx43 gap junctions and hemichannels with topical application of either
Cx43asODN or Tonabersat would reduce inflammation and NLRP3 inflammasome activation

in porcine burn injury to reduce burn severity.

5.1.7 Aims

The main is to investigate the role of Cx43 in porcine burn injury. To address this, | adopted
and optimised the porcine scald burn creation methodology from Andrews et al., 2016. To
explore the therapeutic effect of Cx43 and hemichannels, topical application of low and high
concentrations of Cx43asODN or Tonabersat were delivered for four consecutive days and

tissues were harvested for immunofluorescence and histological analysis.

1. Quantifying Cx43 and hemichannnel expression in porcine burn injury.

2. Quantifying the expression of NLRP3 inflammasome markers and skin fibrosis
makers.

3. Qualitative observations of collagen content and nascent epidermal thickness in

porcine burn injury treated with Cx43 targeted therapeutics.
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5.2 Results

5.2.1 Consistent porcine scald burn creation

| created deep partial thickness scald burns using 60°C water for 1 min (Andrews et al., 2016;
Andrews et al., 2017) (Figure 5.1). | refined the burn device by using a stainless pipe that had
an aperture 45mm whereas Andrews et al., used 50mm aperture (Andrews et al., 2016). In
addition, the flow rate of water pumped into our scald device using a submersible water pump
was approximately 2 litres per min whereas Andrews et al., reported 1.3 litres per min in their
set up (Andrews et al., 2016). Water temperature within the scald burn device was recorded
every second by using a hand-held digital type-K thermocouple probe thermometer (Fluke
Australia Pty Ltd., Australia). Temperatures logged from the probe within the scald device
fluctuated in the first 5-10 s before stabilising, at which point a more consistent and accurate

reading of the water temperature was obtained 60.3°C £ 3.13°C.
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Figure 5.1 Temperature of water in the device during burn creation.
60°C for 1 min exposure (n=8 wounds). Mean + SEM.
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5.2.2 Topical gel application of Cx43 targeted therapeutics reduced ring of
inflammation and preserved hair follicles in the porcine scald burn injury

Topical application of high doses and low doses of Cx43asODN and Tonabersat were tested
on pilot scald burn porcine as listed in Table 2.2. Wounds underwent four consecutive days of
Cx43asODN or Tonabersat topical treatment, wound healing progression was monitored by

macroscopic photography of the wounds of PBD 1, 4, 7, 14 & 21.

The red ring of inflammation around the wound and visible on PBD 1 was reduced by PBD 4
in wounds that were treated with a high dose of Cx43asODN or Tonabersat. On PBD 7, 14 and
21, there was a similar trend toward smaller wound size in the Cx43asODN and Tonabersat
treated groups. Although statistically not significant, overall burn wound size was reduced in
the treated groups compared to control groups (Figure 5.2 & Figure 5.3a). Interestingly,
wounds treated with 300uM Cx43asODN (AS-300) and 100uM Tonabersat (Tona-100) treated
groups had visibly higher numbers of hair follicles preserved in the wound area on PBD 21
(Figure 5.2 & Figure 5.3b). In summary, wound healing outcomes were improved, and hair

follicles were better preserved in treated wounds.
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PBD 1 PBD 4 PBD 7 PBD 14 PBD 21

it
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Tona-30

Tona-100

Figure 5.2 Macroscopic images of wound healing process of topically treated porcine burn
wounds.

DeCtrl: Debrided Control (n=3 animals); Veh: 30% Pluronic (n=2 animals), AS-30:
Cx43asODN, 30uM (n=3 animals); AS-300: Cx43asODN (n=3 animals), 300uM; Tona-30:
Tonabersat, 30uM (n=2 animals); Tona-100: Tonabersat 100uM (n=3 animals). Red arrow:
biopsy excision of PBD 1, yellow arrow: biopsy excision of PBD 4, green arrow: biopsy
excision of PBD 7, blue arrow: biopsy excision of PBD 14. Red box shows, reduced red ring
of inflammation around wound. Blue box indicates hair follicle preservations in wounds. Scale
bar: 10mm.
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Figure 5.3 Marginally reduced wound size and increase in number of hair follicles in
Cx43asODN and Tonabersat treated porcine burn wounds.
@ Wound size measurement of porcine burn wounds treated with Cx43asODN and

Tonabersat treated burn wounds on PBD 1, 4, 7, 14 & 21. Debrided Ctrl: DeCtrl (n=3 animals);
Veh: 30% Pluronic (n=2 animals); AS-30: Cx43asODN, 30uM (n=3 animals), AS-300:
Cx43asODN (n=3 animals); Tona-30: Tonabersat, 30uM (n=2 animals); Tona-100: Tonabersat
100pM (n=3 animals). (b) Number of hair follicles present on burn wounds on PBD 21. Data
are presented as median and interquartile range (IQR). Statistical comparisons were made using

Kruskal-Wallis Test. Cx43 targeted therapeutics prevents upregulation of Cx43 protein
expression in the porcine burn zone of stasis

| first wanted to investigate if there is a change in the pathological Cx43 expression in porcine
burn injury. I performed immunostaining analysis and ROIs were taken from zone of stasis as
shown in Figure 5.4. Upon wound injury, there was a significant increase in Cx43 protein levels
compared to normal skin (NS) (p<0.05) on PBD 4 and PBD 7 (Figure 5.5 a, b & d). I then
explored the use of Cx43asODN (low concentration: AS-30 UM & high concentration: AS-300
M) and Tonabersat (low concentration: Tona-30 uM & high concentration: Tona-100 puM) as

topical treatment in porcine burn injury. On PBD 4, | observed that Cx43 protein levels were
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reduced in wounds treated groups as compared to control wounds, but this was not significant
(p>0.99) (Figure 5.5 b & d). However, on PBD 7, wounds treated with AS-300, Tona-30 and
Tona-100 puM had lower Cx43 protein expression as compared to DeCtrl (p=0.4512, p= 0.6692
and p=0.8568, respectively), but no difference was observed when compared with Veh control
(>0.9999) (Figure 5.5 e). These results may indicate that topical application with
Cx43asODNor Tonabersat, reduces the expression of Cx43 at early timepoints after burn

wounds.

e
el S

Zone of Hyperemia

Hypodermis

Figure 5.4 Schematic diagram of zone of stasis in porcine burn injury.
Diagram depicts zone of coagulation, stasis and hyperemia in porcine burn injury.

186



187

Cx431/1

Tona-100

Tona-30
A 4
A |
*
@
X O DO
< ?9:56:50 o'b?’ /b'\g
S VDQf

4
4
* _ «.Ooo
%
| i 1 1
"2} o "2} o
- -

(uoiBai 1ad ease |axid % £pXx2)
uolssaidx3y ¢pxD

AS-300

AS-30
A
@
¥y
¥
uiily
T T 1 T
\s \'s «Oo«o(‘

w < L} ~N ™
(uoibai 1ad ease |axid % £pXD)
uojssaidx3 gpxo

Veh

DeCitrl

¥ dgd 1) 4, dgd

b

PBD7

PBD 4



Figure 5.5 Topical application of Cx43 targeted therapeutics reduced Cx43 protein
expression in the zone of stasis on PBD 4 & 7.
Representative immunofluorescence image of Cx43 expression in (a) normal skin (NS), (b)

zone of stasis at PBD 4 and (c) PBD 7. Debrided Ctrl: DeCtrl, Vehicle control: Veh,
Cx43asODN 30uM: AS-30, Cx43asODN 300uM: AS-300, Tonabersat 30uM: Tona-30,
Tonabersat 100puM: Tona-100. Magnification: 40x. Scale bar: 50um. (d) Image analysis graph
of Cx43 expression on PBD 4 and (e) PBD 7. Image analysis graph shows an increased
expression between NS vs DeCtrl (n=3 animals per group) on PBD 4 & 7. Image analysis
reveals lower Cx43 protein expression in the zone of stasis of treated (AS-30, AS-300, Tona-
30 & Tona-100, n=3, 3, 2 & 3 animals, respectively) compared to DeCtrl & Veh (n=3 & 2
animals, respectively) on PBD 4 & 7. Data are presented as median and interquartile range
(IQR). Statistical comparisons were made using Kruskal-Wallis Test. (*p<0.05).

5.2.4 Hemichannel expression in did not alter with treatment in the zone of stasis

After establishing that Cx43 targeted therapeutics were able to reduce Cx43 gap junction
protein expression, | then explored the hemichannel expression in the zone of stasis (Figure
5.6. | observed that there is an increased expression of hemichannels upon burn wound injury
in DeCtrl in comparison to NS on PBD 4 (p=0.1364) (Figure 5.6 a, b & d). However, treatment
with Cx43asODN or Tonabersat did not make a difference to hemichannel expression on PBD
4 (p=0.9999) (Figure 5.6 b & d). Similarly, on PBD 7, there was an increased expression of
hemichannels in DeCtrl as compared to NS (p=0.0811). However, Cx43asODN did not have
any effect on hemichannel expression as compared to DeCtrl and Veh control.Tona-30 uM
treated wounds had slight reduction in hemichannel expression compared to DeCtrl and Veh
control, however this was not significant (p=0.7180 and p=0.68, respectively). Tona-100 uM
treated wounds had no difference in comparison to DeCtrl and Veh control wounds (p=0.9999)

(Figure 5.6 ¢ & e).
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Figure 5.6 Topical application of Cx43 targeted therapeutics did not reduce Hemichannel
protein expression in zone of stasis on PBD 4 & 7.
Representative immunofluorescence image of Hemichannel expression in (a) normal skin

(NS), (b) zone of stasis at PBD 4 and (c) PBD 7. Debrided Ctrl: DeCtrl, Vehicle control: Veh,
Cx43asODN 30uM: AS-30, Cx43asODN 300uM: AS-300, Tonabersat 30uM: Tona-30,
Tonabersat 100uM: Tona-100. Magnification: 63x. Scale bar: 50um. (d) Image analysis graph
of Hemichannel expression on PBD 4. (e) Image analysis graph of Hemichannel expression on
PBD 7. Image analysis graph shows an increased expression between NS vs DeCtrl (n=3
animals per group) on PBD 4 & 7. Image analysis reveals Hemichannel expression comparison
of treated (AS-30, AS-300, Tona-30 & Tona-100, n=3, 3, 2 & 3 animals, respectively) to DeCtrl
& Veh (n=3 & 2 animals, respectively) on PBD 4 & 7. Data are presented as median and
interquartile range (IQR). Statistical comparisons were made using Kruskal-Wallis Test.
(*p<0.05).

5.2.5 Topical application of Cx43 targeted therapeutics did not reduce inflammation
in the zone of stasis

In burn injury, inflammation plays a significant role in removing cells but also could lead to
systemic inflammatory responses and to further damage inducing hypertrophic scarring.
Infiltration of neutrophils to the dermis following porcine burn injury was observed. It was
important to determine if topical treatment with Cx43asODNor Tonabersat was able to reduce
neutrophil infiltration in the zone of stasis. On PBD 4, MPO positive neutrophils were observed
after scald burn injury (p=0.1804) (Figure 5.7 a, b & d). However, treatment with either
Cx4asODN or Tonabersat did not reduce MPO positive neutrophils in the zone of stasis
(p>0.9999) (Figure 5.7 b & d). Wounds treated with AS-30 uM and Tona-30 uM had increased
MPO positive neutrophils in the zone of stasis (p>0.9999) (Figure 5.7 b & d). On PBD 7,
surprisingly, Veh control had the lowest MPO positive neutrophils as compared to DeCtrl and
wounds treated with Cx43 antisense oligodeoxynucleotides or Tonabersat. However, wounds
treated with AS-30 uM, AS-300 uM, Tona-30 uM and Tona-100 uM had had no difference

compared to control wounds (p>0.9999) (Figure 5.7 ¢ & e).
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Figure 5.7 Topical application of Cx43 targeted therapeutics did not reduce percentage
of MPO positive cells in zone of stasis on PBD 4 & 7.
Representative immunofluorescence image of percentage of MPO positive cells in (a) normal

skin (NS), (b) zone of stasis at PBD 4 and (c) PBD 7. Debrided Ctrl: DeCtrl, Vehicle control:
Veh, Cx43asODN 30uM: AS-30, Cx43asODN 300uM: AS-300, Tonabersat 30puM: Tona-30,
Tonabersat 100puM: Tona-100. Magnification: 40x. Scale bar: 50um. (d) Image analysis graph
of percentage of MPO positive cells on PBD 4 and (e) PBD 7. Image analysis graph shows
increased percentage of MPO positive cells between NS vs DeCtrl (n=3 animals per group) on
PBD 4 & 7. Image analysis reveals percentage of MPO positive cells comparison of treated
(AS-30, AS-300, Tona-30 & Tona-100, n=3, 3, 2 & 3 animals, respectively) to DeCtrl & Veh
(n=3 & 2 animals, respectively) on PBD 4 & 7. Data are presented as median and interquartile
range (IQR). Statistical comparisons were made using Kruskal-Wallis Test. (*p<0.05).

5.2.6 Significant increase P2X7 receptor expression was observed in porcine burn
injury

Cx43 hemichannels regulate the release of ATP into the extracellular space and activate P2X7
receptors to regulate its function and induce inflammatory response. To further understand the
relationship between Cx43 and P2X7 receptors, pig burn tissues were immunostained with
P2X7. On PBD 4, there was an increase in P2X7 protein expression as shown in DeCitrl
compared to NS (p<0.05) (Figure 5.8 a, b & d). Upon treatment with Cx43asODN or
Tonabersat, there was no difference treated wounds compared to DeCtrl or Veh control on PBD

4. 0n PBD 7, there was no difference in P2X7 expression across all treatments (Figure 5.8 ¢ &

e).
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Figure 5.8 Topical application of Cx43 targeted therapeutics did not reduce P2X7
expression in zone of stasis on PBD 4.
Representative immunofluorescence image of P2X7 expression in (a) normal skin (NS), (b)

zone of stasis at PBD 4 and (c) PBD 7. Debrided Ctrl: DeCtrl, Vehicle control: Veh,
Cx43asODN 30uM: AS-30, Cx43asODN 300uM: AS-300, Tonabersat 30uM: Tona-30,
Tonabersat 100puM: Tona-100. Magnification: 40x. Scale bar: 50um. (d) Image analysis graph
of P2X7 expression on PBD 4 and (e) PBD 7. Image analysis graph shows an increased P2X7
expression between NS vs DeCtrl (n=3 animals per group) on PBD 4 & 7. Image analysis
reveals P2X7 expression comparison of treated (AS-30, AS-300, Tona-30 & Tona-100, n=3,
3, 2 & 3 animals, respectively) to DeCtrl & Veh (n=3 & 2 animals, respectively) on PBD 4 &
7. Data are presented as median and interquartile range (IQR). Statistical comparisons were
made using Kruskal-Wallis Test. (*p<0.05).
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5.2.7 Reduction in NLRP3 and Cas-1 expression observed in treated burn wounds

P2X7 receptor activation triggers the formation of NLRP3 inflammasome complex,
comprising of apoptosis-associated ASC and Caspase-1 (Cas-1) (Figure 5.9 & Figure 5.10).
On PBD 4, there was an increase in NLRP3 expression in the zone of stasis following burn
wound injury compared to NS (p<0.05) (Figure 5.9 a, b & d). Treatment with Cx4asODN, had
slight reduction in NLRP3 expression in AS-300 pM treated wounds compared to DeCtrl and
Veh control wounds (p=0.3800 and p=0.9428, respectively). Wounds treated with Tona-100
KM had slight reduction in NLRP3 expression compared to DeCtrl (p=0.6275) (Figure 5.9b &
d). However, there was no difference between the treated groups and Veh control groups. On
PBD 7, NLRP3 expression remained significantly increased in DeCtrl control wound compared
to NS (p<0.05). Treatment with Cx43asODN or Tonabersat did not have any effect on PBD 7

when compared to DeCtrl and Veh controls (Figure 5.9 ¢ & e).

On PBD 4, there was an increase in Cas-1 expression in the zone of stasis, following burn
wound injury as compared to NS (p<0.05) (Figure 5.10 a, b & d). Wounds treated with
Cx43asODN slightly reduced Cas-1 expression in AS-300 pM treated wounds was observed
compared to DeCtrl (p=0.8166). Wounds treated with Tona-30 uM and Tona-100 puM had
slight reduction Cas-1 expression than DeCtrl (p=0.8551 and p=0.3539, respectively) (Figure
5.10 b & d). On PBD 7, no difference in the treated groups and DeCtrl. AS-300 uM and Tona-
100 uM had slight reduction in Cas-1 expression as compared to Veh (p=0.5559 and p=0.8551,

respectively) (Figure 5.10 ¢ & e).
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Figure 5.9 Topical application of Cx43 targeted therapeutics marginally reduced NLRP3
expression in zone of stasis on PBD 4.
Representative immunofluorescence images of NLRP3 expression in (a) normal skin (NS), (b)

zone of stasis at PBD 4 and (c) PBD 7. Debrided Ctrl: DeCtrl, Vehicle control: Veh,
Cx43asODN 30uM: AS-30, Cx43asODN 300uM: AS-300, Tonabersat 30uM: Tona-30,
Tonabersat 100puM: Tona-100. Magnification: 40x. Scale bar: 50um. (d) Image analysis graph
of NLRP3 expression on PBD 4 and (e) PBD 7. Image analysis graph shows an increased
NLRP3 expression between NS vs DeCtrl (n=3 animals per group) on PBD 4 & 7. Image
analysis reveals NLRP3 expression comparison of treated (AS-30, AS-300, Tona-30 & Tona-
100, n=3, 3, 2 & 3 animals, respectively) to DeCtrl & Veh (n=3 & 2 animals, respectively) on
PBD 4. Data are presented as median and interquartile range (IQR). Statistical comparisons
were made using Kruskal-Wallis Test. (*p<0.05).
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Figure 5.10 Topical application of Cx43 targeted therapeutics marginally reduced Cas-1
expression in zone of stasis on PBD 4.
Representative immunofluorescence images of Cas-1 expression in (a) normal skin (NS), (b)

zone of stasis at PBD 4 and (c) PBD 7. Debrided Ctrl: DeCtrl, Vehicle control: Veh,
Cx43asODN 30uM: AS-30, Cx43asODN 300uM: AS-300, Tonabersat 30uM: Tona-30,
Tonabersat 100uM: Tona-100.Magnification: 40x. Scale bar: 50um. (d) Image analysis graph
of Cas-1 expression on PBD 4 and (e) PBD 7. Image analysis graph shows an increased NLRP3
expression between NS vs DeCtrl (n=3 animals per group) on PBD 4 & 7. Image analysis
reveals Cas-1 expression comparison of treated (AS-30, AS-300, Tona-30 & Tona-100, n=3,
3, 2 & 3 animals, respectively) to DeCtrl & Veh (n=3 & 2 animals, respectively) on PBD 4 &
7. Data are presented as median and interquartile range (IQR). Statistical comparisons were
made using Kruskal-Wallis Test. (*p<0.05).
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5.2.8 Topical application of Cx43 targeted therapeutics marginally reduced skin
fibrosis markers in porcine burn injury

Increased NLRP3 inflammasome activation results in fibrosis in kidney disease (Song et al.,
2018; W. Wang et al., 2013). To determine whether skin fibrosis is increased in porcine scald
burn injury, aSMA & HSP47 were investigated (Figure 5.11). On PBD 14, there was an
increase in aSMA in DeCtrl control and Veh control compared to NS (p=0.2228 and, 0.1252,
respectively) (Figure 5.11 a, b & d). Treatment with either Cx43asODN or Tonabersat did not
alter aSMA expression on PBD 14 (Figure 5.11 b & d). On PBD 21, there was a significant
increase in aSMA in DeCtrl wounds compared to NS (p<0.01). Wounds treated with AS-300
MM had mildly reduced aSMA compared to DeCtrl and Veh control (p=0.4222 and p=0.6924,
resepctively). Wounds treated with Tona-100 puM slightly reduced aSMA compared to DeCtrl
and Veh control (p=0.5926 and p=0.9158, resepctively). AS-30 uM and Tona-30 uM did not

have any difference from DeCtrl and Veh control (p>0.9999) (Figure 5.11 c & e).

On PBD 14, there was an slight increase in HSP47 expression in DeCtrl compared to NS
(p=0.422) (Figure 5.11 a, b & f). However, treatment with Cx43asODN or Tonabersat did not
reduce HSP47 (Figure 5.11 b & f). On PBD 21, the expression of HSP47 remained slightly
elevated in DeCtrl compared to NS (p=0.1111) (Figure 5.11 a, ¢ & g). AS-300 uM treated
wounds had lower expression compared to DeCtrl (p=0.5926). However, HSP47 expression
on AS-30 uM, Tona-30 uM and Tona-100 UM treated wounds remained unchanged compared

to DeCtrl and Veh control on PBD 21 (p>0.9999) (Figure 5.11 ¢ & g).
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Figure 5.11 Topical application of Cx43 targeted therapeutics reduced aSMA and HSP47
expression in zone of stasis on PBD 14 & 21.
Representative immunofluorescence images of co-labelled aSMA (red) and HSP47 (green)

expression in (a) normal skin (NS), (b) Debrided Ctrl: DeCtrl, Vehicle control: Veh,
Cx43asODN 30uM: AS-30, Cx43asODN 300uM: AS-300, Tonabersat 30uM: Tona-30,
Tonabersat 100uM: Tona-100 at PBD 14 and (c) PBD 21. Magpnification: 40x. Scale bar:
50um. (d) Image analysis graph of aSMA expression on PBD 14 and (e) PBD 21. (f) Image
analysis graph of HSP47 expression on PBD 14 and (g) PBD 21. Comparisons were made
between NS vs DeCtrl (n=3 animals per group) on PBD 14 & 21. Comparison of treated (AS-
30, AS-300, Tona-30 & Tona-100, n=3, 3, 2 & 3 animals, respectively) to DeCtrl & Veh (n=3
& 2, respectively) on PBD 14 & 21. Data are presented as median and interquartile range (IQR).
Statistical comparisons were made using Kruskal-Wallis Test. (**p<0.01).

5.2.1 Topical application of Cx43 targeted preserved normal collagen content in the
deep dermis of porcine burn injury

To quantify total percentage of collagen content in porcine burn injury, | analysed tissues
stained with Masson’s Trichrome. I divided the tissues into three portions, namely, upper
dermis, mid dermis and deep dermis (Figure 5.12). In upper dermis, DeCtrl wounds and Veh
control wounds had the least collagen deposition compared to the AS-30 uM, AS-300 pM,
Tona-30 uM and Tona-100 puM treated groups (Figure 5.12 a & d). In the mid dermis, wounds
treated with AS-30 uM, AS-300 pM and Tona-100 puM had better collagen preservation
compared to DeCtrl and Veh control (Figure 5.12 a & d). Wounds treated with Tona-30 puM
had similar collagen preservation pattern to DeCtrl and Veh control in mid dermis and deep
dermis (Figure 5.12 b, ¢ & d). Whereas wounds treated with AS-30 uM, AS-300 uM and Tona-

100 uM displays normal collagen pattern in deep dermis (Figure 5.12 ¢ & d).
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Figure 5.12 Cx43 targeted therapeutics improved collagen content in pig burn on PBD 14.
(a) The panel shows representative Masson’s Trichrome stained images of (a) upper dermis, (b)

mid dermis and (c) deep dermis of porcine burn injury on PBD 14. DeCtrl: Debrided control, Veh:
Vehicle control, Cx43asODN 30uM: AS-30, Cx43asODN 300uM: AS-300, Tonabersat 30puM:
Tona-30, Tonabersat 100puM: Tona-100. Staining: Collagen—green; nuclei—Dblack; muscle fibres
and cytoplasm—red. (d) Image analysis of collagen content from Masson’s Trichrome stained
images of upper dermis, mid dermis & deep dermis (DeCtrl, Veh, AS-30, AS-300, Tona-30 and
Tona-100; n=3, 2, 3, 3, 2 & 3 animals, respectively). Data are presented as median and interquartile
range (IQR). Statistical comparisons were made using Kruskal-Wallis Test — not significant. Scale
bar: 50pum.
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5.2.2 Reduction in nascent epidermal thickness in treated porcine burn wounds at PBD
21

The histological appearance of porcine burn wounds was consistent between replicates of the same
burn condition. By PBD 14, partial or full nascent epidermis has formed in most of the burn
wounds. Nascent epidermal thickness was measured on PBD 14 and 21 (Figure 5.13). | determined
the nascent epidermis excluding stratum corneum and rete like ridges by taking measurements of
6 sections 150um apart from one another (Ippagunta et al., 2016). Particularly, in the control
groups (DeCtrl and Veh) the nascent epidermis remained hyper-thickened compared to treated
groups. There was significant thicker nascent epidermal thickness in DeCtrl compared to NS on
PBD 14 and PBD 21 (p<0.05). No significant difference was observed between control groups and
treated groups on PBD 14 (Figure 5.13 a & d). On PBD 21, | observed a dose dependant effect in
the thickness of nascent epidermis, showing that the lower dose of Cx43asODN (AS-30 uM) and
Tonabersat (Tona-30 uM) had hyper-thickened epidermis similar to those in control groups hence
no significant difference. Similarly, the 300uM of Cx43asODN (AS-300 uM) nascent epidermal
thickness was reduced from both DeCtrl and Veh. The higher dose of Tonabersat (Tona-100 uM)

treated wounds had a thinner nascent epidermis compared to DeCtrl on PBD 21 (Figure 5.13 b &

e).
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() The panel represents H&E images of nascent epidermis from porcine burn wounds at PBD 14
and (b) PBD 21. (c) Representative of H&E image of porcine normal skin. Scale bar: 50um. (d)
Quantification of nascent epidermal thickness measurement at PBD 14 and (e) PBD 21. Data are
presented as median and interquartile range (IQR). Statistical comparisons were made using
Kruskal-Wallis Test (p<0.05). n= 3, 3, 2, 2, 3, 2 & 3 animals per group, in respective order as
shown in graph).
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5.3 Discussion

5.3.1 Cx43 and hemichannels in porcine burn injury

In this study, I discovered that the stasis zone of porcine burn injuries had higher protein levels of
Cx43 gap junctions and hemichannels. Topical administration of either Cx43asODN or Tonabersat
for four consecutive days caused a dose-dependent downregulation of Cx43 protein level.
However, hemichannel protein levels did not alter in the zone of stasis. These findings were in line
with those of Wang and colleagues, who found that endogenous Cx43 expression was elevated in
vitro in pig cardiomyocytes stimulated with Ca?* was inhibited by 50% with siRNA targeting Cx43
(N. Wang et al., 2012). Full thickness excisional wounds have been shown by western blot to have
elevated Cx43 in a pig cutaneous injury model. With the administration of ACT1 peptide, this
increase was reversed, and histological examination demonstrated decreased neutrophil
recruitment, improved vascularization, and decreased scarring and wound area as compared to
controls (Ghatnekar et al., 2009). An ischaemic condition in pig hearts enhanced the permeability
of Cx43 gap junctions and hemichannels (Schulz et al., 2003), and this has been linked to the
swelling of cardiomyocyte cells in response to simulated ischaemia (Schulz et al., 2007). In
addition, treatment with octanol or 18 alpha glycyrrthetinic acid (18-a-GA), reduced the opening
of hemichannels and consequently diminished cell swelling during ischaemia (Schulz et al., 2007).
Treatment with Gap26 or 27 inhibited functional Cx43 hemichannels and hemichannel currents
promoted by intracellular Ca?* elevation (N. Wang et al., 2012). Furthermore, Gap19 also inhibited
Cx43 hemichannels present in in vivo pig ventricular cardiomyocytes (D'Hondt et al., 2014). These
findings support the hypothesis that downregulating Cx43 and hemichannel protein levels in the

zone of stasis generates protection against disease progression.
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5.3.2 P2X7 and NLRP3 activation in porcine burn injury

| have demonstrated that there is increased NLRP3 and Cas-1 expression in porcine burn injury in
the zone of stasis. By targeting Cx43 with Cx43asODN or Tonabersat, | was able to show a trend
in reduction of NLRP3 and Cas-1 expression in the zone of stasis. The data from Chapter 4 has
shown that Cx43 targeted therpeutics reduced NLRP3 and Cas-1 expression in rat burn injury.

This could be extrapolated that the similar effect may be taking place in porcine burn injury.

Extracellular ATP release is mediated by the constant opening of pathological hemichannels.
Numerous studies have shown that external ATP activates P2 purinergic receptors, including P2X
purinergic receptors like P2X4 and P2X7, and P2Y purinergic receptors, such as P2Y 12 receptors,
as a physiological cellular communication that causes a flux of Na*, Ca?*, and K*ions (Acosta et
al., 2021; Lohman & lIsakson, 2014; Mugisho, Rupenthal, et al., 2019). In a study of primary
cultures of porcine bladder urothelial cells, acrolein-induced inflammatory damage had increased
cell toxicity, increased P2X7 expression, and disrupted the tight junction protein ZO-1. However,
this effect was abolished with the treatment of the selective P2X7R antagonist A804598, thus
retained cell integrity and prevented degradation of tight junctions (Taidi et al., 2022). Similarly,
another study reported on porcine theca cells from antral follicles, extracellular ATP induced cell
death and DNA fragmentation was mediated by P2X7. Treatment with non-specific antagonist of
P2X7, pyridoxal phosphate-6-azo (benzene-2,4-disulfonic acid) tetrasodium salt (PPADS),
reversed this effect, suggesting a possible role for signalling via ATP during follicular
development (Vazquez-Cuevas et al., 2006). Injury to the endothelium of harvested human
saphenous veins has been shown to cause grafting failure and functional impairment of the

vasomotor, thrombosis and inflammation. Using a rat model of overstretched aorta injury to
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understand surgical traction injury has shown stretch injury of vascular tissue led to impaired
endothelial-dependent relaxation via P2X7 activation. Treatment with purinergic P2X7 receptor
inhibitors, brilliant blue FCF (FCF) and A740003, or apyrase, an enzyme that catalyses the
hydrolysis of ATP, reduced nitric oxide production via the p38 MAPK signalling pathway and
thus restored endothelial function (Komalavilas et al., 2017). In recent times, a substantial link has
been found between Cx43 hemichannels and the P2X7 receptor. However, to my best knowledge
no studies have demonstrated this connection in burn injuries. Despite the fact that I did not
quantify ATP release from the porcine burn wounds, studies have demonstrated that ATP levels
are higher during the first few hours after burn injury and cause burn progression (Bayliss et al.,
2014). Hence, it can be postulated that extracellular ATP release from Cx43 hemichannels
triggered activation of P2X7 in the zone of stasis, as demonstrated by increased Cx43 hemichannel
and P2X7 protein levels. Furthermore, upon treatment with Cx43asODN, the protein expression
of P2X7 was downregulated in a dose dependent manner. Burn wounds treated with a low
concentration of Tonabersat (30pM) had marginally downregulated P2X7 expression very early
on during burn injury. Xu and colleagues reported that the release of extracellular ATP from Cx43
hemichannels triggers P2X7 activation in tubular epithelial cells (Xu et al., 2022). Additionally,
blockade of Cx43 hemichannels using the mimetic peptide Gap26 reduced ATP release. This

suggests that preventing hemichannel opening reduces P2X7 activation.

Increasing evidence has suggested that P2X7 activation activates the NLRP3 inflammasome
complex by recruiting and activating Caspase-1 and increasing production of mature IL-1p in
models of diabetic retinopathy, liver, and central nervous systems (Albalawi et al., 2017; Kong et

al., 2022; Tao et al., 2020). Pig peripheral blood mononuclear cells treated in vitro with LPS and
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ATP produced more IL-1p, as demonstrated by van Hout and colleagues. However, the NLRP3
inhibitor MCC950 eliminated this secretion in a dose-dependent manner. In addition, increased
NLRP3 mediated IL-1B production and increased neutrophil infiltration were dramatically
suppressed when MCC950 was administered intravenously to pigs with transluminal balloon

occluded hearts, preserving cardiac function and reducing infarct size (van Hout et al., 2017).

In this study, it was not possible to find a good antibody to study the expression of IL-1B in pig
tissue. However, NLRP3 and Cas-1 protein expression in porcine burn injury indicates the possible
activation of NLRP3 inflammasome complex in the zone of stasis. Based on previous studies and
current findings from rat burn injury, it can be postulated that the reduced protein expression of
NLRP3 and Cas-1 could mediate reduction in IL-1p in the zone of stasis of porcine burn injury. It
is also important to note that the NLRP3 inflammasome in the porcine study is similar to human
NLRP3 (Tohno et al., 2016). Hence, studying the role of Cx43 mediated NLRP3 inflammasome

activation in the porcine burn injury model is clinically relevant.

5.3.3 Inflammation in porcine burn injury

| demonstrated that inflammation was increased in the zone of stasis as indicated by increased
MPO in the early phases of burn wound healing. The extent and complexity of the inflammatory
response in a burn injury is what determines the severity of the condition. Histamine, free radicals,
and inflammatory cytokines are released as part of the first response, which causes vasodilation
and secondary tissue damage. This draws neutrophils to the site, to kickstart chemotactic signalling
to recruit macrophages (Korkmaz et al., 2017; Lateef et al., 2019). Increases in Cx43 protein level

in neutrophils and macrophages have been reported in a number of studies (Branes et al., 2002;
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Eugenin et al., 2003). In this study, | confirmed with immunostaining of sister sections with Cx43,
MPO and H&E, multi-lobed nuclei that Cx43 and hemichannel protein expression was upregulated
in neutrophils in the zone of stasis (Figure 5.5 and Figure 5.7). Earlier research confirms that that
activated neutrophils exhibit elevated Cx43 expression (Eltzschig et al., 2006). The expression of
elevated Cx43 and increased neutrophil migration to inflamed lungs were observed in a study of
lung injury in mouse models that had been exposed to inflammation by intratracheal instillations
of LPS. Gap26 treatment of inflamed lungs reduced neutrophil transmigration by 65%, indicating
that Cx43 may be involved in mediating inflammation (Sarieddine et al., 2009). Furthermore, they
also demonstrated using in vitro assays that adhesion of neutrophils was regulated by gap
junctional coupling via Cx43 with endothelial cells and with addition of Gap26 adhesion was
decreased (Sarieddine et al., 2009). Cx43asODN treatment of burn wounds in neonatal mice has
demonstrated a reduction in the propagation of tissue damage and neutrophil infiltration around
the wound after injury by reducing vasodilation and leakage of capillaries (Coutinho et al., 2005).
However, in this study treatment with Cx43 targeted therpeutics did not alter MPO positive cells
in porcine burn injury. The treatment effect on inflammatory response could not be determined
due to the limited sample size. In addition, it was a major challenge to idenity working antibodies
to target other immune cells such as macrophages on porcine tissues. The inclusion of additional
immune cell markers will provide a more comprehensive and accurate assessment of the true effect
of Cx43 targeted therapy in porcine burn injury. As a result, the investigation was restricted to one
marker to study inflammation in the region. However, data from rat burn model (Chapter 4) have
shown a decrease in MPO positive cells in the zone of stasis. This can be extrapolated to provide
insights into the inflammatory response in porcine burn wounds targeted with Cx43 therapeutics,

aiding in the assessment of therapeutic interventions in a broader context.
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Furthermore, the accumulation of ATP may activate P2X7 in neutrophils, which leads to ATP
induced loss of intracellular K¥, NLRP3 inflammasome activation and IL-1p secretion, triggering
a secondary cascade of inflammation (Karmakar et al., 2016). In a rat model of experimental gout,
the neutrophilic NLRP3 inflammasome has been proposed as a key source of IL-1f3, causing
increased inflammation and discomfort (Goldberg et al., 2017). Purified neutrophils from patient
donors activated with a TNF/bacterialPly combination were treated with the specific NLRP3
inhibitor MCC950, which prevented the generation of IL-13 (Hassane et al., 2017). In our
investigation, it was discovered that early stages of burn injury had elevated P2X7/NLRP3/Cas-1
expression in the zone of stasis, which could be dominated by neutrophils. However, treatment
with Cx43asODN or Tonabersat reduced this expression in these cells, indicating that targeting

NLRP3 via the Cx43/P2X7/NLRP3 pathway may reduce neutrophil response in the zone of stasis.

5.3.4 Reduced aSMA and HSP47 expression improved collagen content and nascent
epidermal thickness in porcine burn injury

Burn injuries can lead to fibrotic scar contracture by the presence of increased numbers of
myofibroblasts that express aSMA. Myofibroblast differentiation is categorized in two stages:
proto-myofibroblasts and differentiated myofibroblasts that express aSMA (Desmouliere et al.,
2005; Gabbiani, 2003). It is believed that alterations in the mechanical and organizational
characteristics of the ECM and cytokine release by the inflammatory response causes proto-
myofibroblast to develop after an injury (Hinz, 2007; Tomasek et al., 2002). Myofibroblasts have
been shown to be the predominant cell type in granulation tissue after burn injury and to express
increased levels of aSMA (Wang et al., 2011). ECM remodelling causes fibroblast differentiate
into myofibroblast in response to profibrotic factors such as TGFB1 to induce expression of aSMA

(Asazuma-Nakamura et al., 2009; Hinz, 2007). It was discovered that TGB1 induced aSMA
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expression increases concurrently with Cx43 in in vivo neonatal rat cardiac fibroblasts (Asazuma-
Nakamura et al., 2009). Downregulating Cx43 with Cx43asODN reversed this result, suggesting
that Cx43 contributes to TGFB1 signalling to regulate a-SMA expression. (Asazuma-Nakamura et
al., 2009). Additionally, the expression of PAI-1 and aSMA was decreased in a peritoneal adhesion
mouse model after Cx43 was downregulated with a single application of Cx43asODN (Chua et

al., 2022).

In addition, studies have shown that the involvement of purinergic receptors and the NLRP3
inflammasome pathway induce fibrosis. According to research by Lu and colleagues, ATP binding
to P2Y2 receptors mediated by Cx43 or Cx45 hemichannels increased collagen accumulation and
aSMA synthesis by 60% via activation of the ERK signalling pathway. Additionally, treatment
with carbenoxolone, a non-specific gap junction inhibitor, inhibited Cx43 or Cx45 expression and
reduced mMRNA expression of profibrotic markers such as plasminogen activator inhibitor-1 (PAI-
1) and monocyte chemotactic protein-1, which in turn lowered the synthesis of aSMA in cardiac
fibroblasts (Lu et al., 2012). Bracey and colleagues have reported that TGFB1 stimulates cardiac
fibroblasts to express NLRP3 and activate aSMA. Notably, NLRP3 regulation through
myofibroblast differentiation in NLRP3 deficient mice protected against cardiac fibrosis and
preserved cardiac architecture (Bracey et al., 2014). Moreover, streptozotocin (STZ) induced
diabetes increases NLRP3 expression, leading to increased IL-1p and IL-18 levels that are
associated with myofibroblast differentiation and aSMA expression. However, treatment with H3
relaxin inhibited NLRP3 inflammasome activation and attenuated «SMA and fibrosis markers

(Zhang et al., 2017).
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HSP47 is a marker of collagen synthesis and excessive collagen production leads to fibrosis.
Numerous studies have reported that upregulation of HSP47 correlates to increased fibrosis (Chen
et al., 2007; Kitamura et al., 2011; Mishima et al., 2003; Otsuka et al., 2017; Xiao et al., 2012).
Furthermore, in a study of a porcine excisional wound model, HSP47 expression was upregulated
during the healing process and correlated with the synthesis of collagen (Wang et al., 2002). It has
been documented that in keloid scar, upregulation of HSP47 mRNA and protein has been
correlated to increased collagen type | and Ill expression, suggesting the potential role in the
development and progression of fibrosis (Naitoh et al., 2001). In addition, increasing evidence has
reported the potential interaction between NLRP3 and HSP47. Arsenic stimulation both in vitro
and in vivo caused an elevated expression of NLRP3 and HSP47 in a study of liver fibrosis.
Blocking the activity of the NLRP3 inflammasome in hepatic stellate cells, resulted in reduced
expression of HSP47 and the profibrotic markers collagen type | and aSMA (Yuan et al., 2022).
Similarly, in a study of dermal fibrosis, delivery of HSP47 siRNA using a nanoparticle platform
was shown to reduce HSP47 protein expression and profibrotic markers NOX4, collagen type |
and aSMA (Morry et al., 2015). These studies support Cx43asODN or Tonabersat treatment in
porcine burn wounds to have reduced HSP47 and aSMA expression via the NLRP3 inflammasome
pathway in a dose dependent manner. Furthermore, histological analysis with Masson’s Trichrome
has also shown that better collagen preservation was observed in deeper layers of burn wounds of

those treated with Cx43asODN or Tonabersat.

Hypertrophic scars can form in response to burn injuries, impaired wound healing or from
inadequate wound care therapies (Tredget et al., 2014). Enhanced epidermal thickness, increased

expression of keratinocyte proliferation and activation markers such as keratins 5, 6, and 16 and
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17 are some of the characteristics of hypertrophic scars (Hakvoort et al., 1999). In addition, pro-
inflammatory cytokines, fibrogenic and growth factors, influence the state of a healing epidermis
(Hakvoort et al., 1999). In a study of porcine full thickness burn hypertrophic scar model, they
found that the nascent epidermis was thicker than that of those treated with Shikonin spray, which
has anti-tumorigenic, antioxidant, anti-bacterial, and anti-inflammatory properties. Furthermore,
they found the differentiation marker cytokeratin 10 and proliferative marker p63 expression to be
markedly reduced in the epidermis of hypertrophic scars treated with Shikonin (Deng et al., 2018).
In chronic wounds, diabetic ulcers and venous leg ulcers, hyper-thickened epidermis is correlated
with increasing Cx43 expression (Becker et al., 2012). Downregulation of Cx43 with Cx43asODN
enhanced epidermal keratinocyte migration and fibroblast migration from the wound edge of

excisional and incisional skin wound mouse models (Mori et al., 2006).

It has been reported that the aSMA expression in a porcine burn scar directly correlates to the
severity of the burn condition, thickness of scar tissues, re-epithelialisation time and depth of burn
(Wang et al., 2011). Here, | have demonstrated that wounds treated with Cx43asODN or
Tonabersat had decreased expression of aSMA and HSP47 fibrosis, as well as improved collagen
content confirmed with Masson’s Trichrome staining and decreased nascent epidermal thickness,
indicating an overall improved healing in treated wounds. These findings are consistent with those

of Wang and colleagues (Wang et al., 2011).

In addition, targeting the zone of stasis has been shown to be beneficial for the treatment of burn
injuries. Yucel et al., demonstrated that systemic pentoxifylline (PTX) treatment in rat comb burn
model reduced inflammation and cell death in the zone of stasis. This in turn reduced the necrotic

area, accelerated re-epithelization, and improved rat burn wound healing (Yucel et al., 2019).
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Furthermore, Federick et al., showed that Clostridium collagenase treatment to porcine skin burn
wounds prevented the conversion of tissue in the zone of stasis via faster resolution in neutrophils
and limiting necrosis and apoptosis (Frederick et al., 2021). In addition, Clostridium collagenase
treatment prevented destruction of dermal collagen and burn conversion that often led to a
significant delay in healing (Frederick et al., 2021). These findings support that the targeting the

zone of stasis for burn therapies prevents burn progression and improves wound healing outcomes.
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5.4 Conclusion

To my best knowledge, this is the first study to test Cx43 targeted therapeutics in a pig scald burn
injury. Here | have shown that upon burn wound injury, there is elevated Cx43 and hemichannel
expression in zone of stasis. With the treatment of low and high concentrations of Cx43asODN or
Tonabersat, |1 was able to reduce Cx43 expression. However, there was no changes in P2X7 and
inflammation in the zone of stasis of porcine burn injury. Concomitantly, NLRP3 and Cas-1
expression was marginally reduced in a dose dependent manner. Due to the limitation of the study,
such as small sample size, extrapolation from Chapter 4 on topical application Cx43 targeted
theraputics on rat burn injury could possibly indicate that Cx43 gap junction and hemichannels
may play a role in the activation of NLRP3 inflammasome. Concomitantly, early intervention with
Cx43asODN or Tonabersat improved collagen content on PBD 14. Although all of the wounds
have re-epithelialized by PBD 21, it is important to note that there is reduction in epidermal
thickness in wounds treated with Cx43asODN or Tonabersat compared to control groups. Despite
the major limitation of sample size, | demonstrated that early intervention with Cx43 targeted
therapeutics in the zone of stasis may be beneficial in the treatment of burn injuries and could be

used for future clinical applications.
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Chapter 6: Preliminary study of Cx43asODN or Tonabersat scaffold

delivery prevents burn progression in porcine burn injury

6.1 Introduction

As burn injury management can be challenging because of its pathophysiology, high mortality rate
and long hospital stay, research to create new management methods or study the prevention of
burn progression is of utmost importance (Hwee et al., 2016; Ngim & Ghulam, 1994). In chapter
5, | have discussed in detail porcine skin and porcine scald burn injury. In summary, porcine
models have emerged as promising models due to the close resemblance of anatomical and
physiological features to human skin, which makes pig skin optimal for studies of cutaneous
biology and healing. Pre-clinical testing of pharmacological drugs was made possible with the use
of porcine models prior to human testing (Sullivan et al., 2001). Furthermore, pig models have
generally improved our knowledge of both normal and pathological wound healing and have
produced a plethora of preliminary data, supporting the further development of these models

(Seaton et al., 2015).

| have previously discussed the role of Cx43 gap junctions and hemichannels in porcine disease
models of the heart (Stirm et al., 2021), lungs (Weber et al., 2019), kidney (Zhang et al., 2020),
and skin (Ghatnekar et al., 2009). In general, the upregulation of Cx43 was associated with
increased inflammation and fibrosis, whilst downregulation of Cx43 and hemichannels showed
improved disease conditions and better wound healing in these studies. Although the NLRP3

inflammasome was not directly reported in porcine skin related studies, it is important to note that
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others have reported it in porcine models of lung, kidney and heart conditions, whereby NLRP3
mediated IL-1p production has caused conditions to worsen as a result of secondary inflammatory
response in the extracellular milieu (van Hout et al., 2017; Weber et al., 2019; Zhang et al., 2020).
However, no studies have reported the possible role of Cx43 and NLRP3 activation in porcine
burn injury. In this chapter, | explore and investigate the possible role of Cx43 and NLRP3
inflammasome pathway in porcine burn injury. In chapter 5, | delivered Cx43asODN and
Tonabersat in a topical gel to porcine burn wounds and have observed improved wound healing
via the Cx43 mediated NLRP3 pathway. To understand if Cx43asODN and Tonabersat could be
delivered using a scaffold dressing method, | began with a pilot study to utilise PCL/PEG polymers

as the backbone for these therapeutic drugs.

6.1.1 PCL/PEG scaffold in porcine studies

In the realm of burn management and research, significant challenges persist in addressing tissue
damage, pain, delayed wound healing, fluid loss, bacterial infections, and the careful selection of
appropriate materials for burn wound dressings. Wound dressing made of non-biodegradable and
non-toxic materials such as polyurethane and hydrocolloid has been widely used on burn patients
to provide an earlier epithelial cover as an exterior film and control wound exudate and create a
moist healing environment (Noor et al., 2022). However, the non-biodegradable dressing offer
minimal drug release when loaded with therapeutic drugs. Biodegradable dressings are often
preferred in the burn wound care management as these dressings offer numerous benefits. These
dressings gradually break down, reducing the need for frequent dressing changes, which alleviates
pain and discomfort for burn patients. Additionally, they have a lower risk of adhering to the

wound bed, decreasing the chances of injury of tissues during dressing changes (Dhivya et al.,
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2015). Biodegradable dressings provide a supportive scaffold for cell attachment, proliferation,
and tissue regeneration, promoting essential wound healing processes like granulation tissue
formation. Moreover, these dressings act as a barrier against infection, vital in burn wound care
(Negut et al., 2020). Biodegradable dressings are environmentally friendly as they naturally
degrade, and their ease of application makes them suitable for complex anatomical areas (Rai et
al., 2021; Velasco et al., 2015). In addition, biodegradable scaffold dressings offer a higher burst
release of therapeutics over an extended period than a non-biodegradable dressing could offer. In
the burn care management, the choice of suitable of dressings depends on the burn depth, size and
exudate levels. Hence it involves a combination of different dressings and scaffold at various

stages of burn wound healing to optimize outcomes (Kim et al., 2022).

One of the most often utilized biocompatible polymeric materials in recent years is polyethylene
glycol (PEG), a critical component of many different types of medications and therapeutics that
are already in clinical use and FDA authorized (Dethe et al., 2022). The hydrophilicity of PEG
makes it ideal to be used in wound healing applications to maintain a moist environment at the
wound site (Lan et al., 2023). In addition, the physical and chemical properties of PEG scaffolds
such as mechanical strength, degradation rate, pore size can be easily modified to match the
requirements of the wound site (Dethe et al., 2022; K. Luo et al., 2020). Polycaprolactone (PCL)
another commonly used FDA approved compound has good mechanical strength, stable and
gradual biodegradability, and biological compatibility, making it a useful material for wound
healing. Very good drug and protein delivery properties are produced when PCL matrix is coupled
with bioactive materials, which is another promising property for the application of wound healing

and infection control (Al Samad et al., 2016). There are a few ways these synthetic polymers could
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aid in drug release as sustained release of drugs is beneficial for regenerative studies. Drug release
kinetics are determined by the degradation of the polymer when drugs are integrated into the
scaffold matrix. The desired drug is infused into the scaffold, and when the polymer breaks down,
the drug is released. When polymer/drug layers are applied to scaffold surfaces, diffusion and
degradation of the covering polymer control the release (Yu et al., 2015). Furthermore, it is
important to note that some strategies could give a strong burst release over a short period of time
and others could reduce the burst release effect and extend the length of release time (Rambhia &

Ma, 2015).

In a study of the local delivery to pig ear skin, zinc phthalocyanine nanoparticles composed of
poly(ethylene glycol)-block-poly(caprolactone) (PEG-b-PCL) amphiphilic deblock copolymer
were successful in penetrating viable skin layers (Conte et al., 2015). Another study explored the
use of electrospun poly(ethylene (PEG)/polycaprolactone (PCL) nanofibrous scaffolds loaded
with ibuprofen in vitro. They reported that continuous drug release of Ibuprofen from the scaffold,
had no negative effects on the survival of fibroblasts. Additionally, a small number of adherent
cells with rounded shape and proliferating cells on these nanofibrous scaffolds suggested their
anti-adhesive properties, indicating that the scaffold could possibly be used as physical barriers for
post-operative dressing while eluting ibuprofen to reduce abdominal adhesion and inflammation

(Kheilnezhad & Hadjizadeh, 2022).

Biosynthesized gold nanoparticles (Au NPs) have been reported to be effective in promoting
wound healing. In a rat incisional model, Au NPs were modified and incorporated with PEG/PCL
polymers to form an Au-PEG/PCL scaffold. Their findings show that the Au-PEG/PCL scaffold

was successful in encouraging keratinocyte proliferation and reducing the development of scars.

222



In particular, the polymeric Au-PEG/PCL scaffold showed internal implantation in rats and a
reduction in inflammation in the wounded area, supporting its usage as a safe and highly effective
biological wound healing agent (Wang et al., 2018). Although, various drugs were used in
combination with PCL/PEG with or without additional polymers, it is important to note that the
use of PCL/PEG polymer combination is known for its biocompatibility, and its potential for drug
delivery makes it attractive for the use in cutaneous biology. No studies have been reported on the

use of Cx43asODN or Tonabersat as a form of scaffold dressing.
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6.1.2 Hypothesis

| hypothesise that the delivery of Cx43asODN or Tonabersat in a PCL/PEG scaffold will reduce
Cx43 gap junctions and hemichannel protein levels, reducing NLRP3 inflammasome activation

and preventing burn progression.

6.1.3 Aims

The main aim of this chapter is to show that Cx43 targeted therapeutics loaded PCL/PEG scaffold
on porcine burn wounds can prevent the Cx43 upregulation and NLRP3 inflammasome complex

activation.

1. Fabricate Cx43 therapeutics loaded PCL/PEG scaffold and understand release profile.

2. Quantifying Cx43 and hemichannel expression in porcine burn injury.

3. Quantifying the expression of NLRP3 inflammasome markers and skin fibrosis makers.
4. Qualitative observations of collagen content and nascent epidermal thickness in porcine

burn injury treated with Cx43 targeted therapeutics.
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6.2 Results

6.2.1 Scaffold release profile of AS-S and Tona-S

Scanning electron microscopy of Plain Scaffold (P-S), Cx43asODN (AS-S) and Tonabersat
Scaffold (Tona-S) displayed smooth, continuous, bead-free, and randomly oriented nanofibers
when Cx43asODN or Tonabersat was combined with PCL/PEG polymers (Figure 6.1 a, b & c).
However, frequency distribution of fiber diameter revealed that addition of Cx43asODN or
Tonabersat to PCL/PEG polymer produced more finer fibers (ranging between 0.4 to 0.8um)

(Figure 6.1d, e & ).

Scaffold release profile provides valuable information on how loaded drugs or therapeutic agents
are released from a scaffold over a period of time. The scaffold release profile assessed the daily
concentration of Cx43asODN and Tonabersat eluted from the scaffold releasing. The scaffold
release profile showed a burst release of 139 pg/ml (47uM) on day 1 of Cx43asODN scaffold (AS-
S) with a gradual release of Cx43asODN over day 3 and 4. Whereas, Tonabersat Scaffold (Tona-
S) had a scaffold burst release effect on Day 1 and 2 (19 ug/ml (48 uM) and 47 pg/ml (120
M), respectively) and then subsequently a gradual release of Tonabersat over the next few days
(Figure 6.1 g & h). Notably, the eluted amount from the scaffolds were less than the gel application

of 300uM Cx43asODN and 100uM Tonabersat delivered each day for 4 consecutive days.
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Figure 6.1 SEM and Scaffold release profile of Cx43asODN (AS-S) and Tonabersat (Tona-

S) over 7 days.

SEM images of (a) Plain Scaffold (P-S), (b) Cx43asODN Scaffold (AS-S) and (c) Tonabersat
Scaffold (Tona-S) Magnification: x500. Scale bar: 100um. Fiber distribution of (a) Plain Scaffold
(P-S), (b) Cx43asODN Scaffold (AS-S) and (c) Tonabersat Scaffold (Tona-S) (g) Scaffold release
profile of Cx43asODN (AS-S) showing a burst effect on day 1 of scaffold release and gradual
release on day 2, 3 & 4. (h) Scaffold release profile of Tonabersat (Tona-S) showing a burst effect
on Day 1 & 2 with gradual release on subsequent days.
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6.2.2 Cx43 targeted therapeutics scaffolds reduced ring of inflammation and preserved
hair follicles in porcine scald burn injury

Cx43asODN and Tonabersat electrospun scaffold dressing were tested on the pilot burn animals
as listed in (Table 2.2). Following four continuous days of Cx43asODN and Tonabersat treatment,
wound healing progression was monitored by photography of the wounds on PBD 1, 4, 7, 14 &
21. The red ring of inflammation around the wound that was evidently visible on PBD 1 was
reduced in PBD 4 wounds that were treated with AS-S and Tona-S. On PBD 7, 14 and 21, there
was a similar trend of smaller wound size in the AS-S and Tona-S treated groups. Although
statistically not significant, overall burn wound size was reduced in the treated groups as compared
to control groups (Figure 6.2 & Figure 6.3 a). Wounds treated with AS-S or Tona-S had visibly
higher numbers of hair follicles preserved in the wound area on PBD 21 (Figure 6.2 & Figure

6.3b).
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PBD 1 PBD 4 PBD 7 PBD 14 PBD 21

Figure 6.2 Macroscopic images of wound healing process of scaffold treated porcine burn
wounds.
DeCtrl: Debrided Control (n=3 animals); P-S: Plain Scaffold (n=1 animal), AS-S: Cx43asODN

Scaffold (n=3 animals), Tona-S: Tonabersat Scaffold (n=2 animals). Red arrow: biopsy excision
of PBD 1, yellow arrow: biopsy excision of PBD 4, green arrow: biopsy excision of PBD 7, blue
arrow: biopsy excision of PBD 14. Red box shows indicates, reduced red ring of inflammation
around wound. Blue box indicates hair follicle preservations in wounds. Scale bar: 10mm.
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Figure 6.3 Marginally reduced wound size and increase in number of hair follicles in
Cx43asODN and Tonabersat treated porcine burn wounds.
@ Wound size measurement of porcine burn wounds treated with Cx43asODN and

Tonabersat treated burn wounds on PBD 1, 4, 7, 14 & 21. DeCtrl: Debrided Control (n=3 animals);
P-S: Plain Scaffold (n=1 animal), AS-S: Cx43asODN Scaffold (n=3 animals), Tona-S: Tonabersat
Scaffold (n=2 animals). Data are presented as median and interquartile range (IQR). Statistical
comparisons were made using Kruskal-Wallis Test.

6.2.3 Upregulated Cx43 expression did not alter with scaffold treatment in porcine burn
injury

As shown in chapter 5, upon wound injury there was an increase in Cx43 protein levels in DeCtrl

compared to normal skin (NS) on PBD 4 (p=0.052) and PBD 7 (p<0.05) (Figure 6.4). | then

explored the use of AS-S and Tona-S as scaffold delivery treatment in porcine scald burn injury.
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On PBD 4, | observed that Cx43 protein levels were reduced in wounds treated with AS-S
compared to Veh control wounds (p=0.8972), however no difference from DeCtrl (p>0.9999)
(Figure 6.4 b & d). Similarly, Tona-S treated wounds Cx43 expression levels were no different
from DeCtrl and P-S (>0.9999) (Figure 6.4 b & d). On PBD 7, wounds treated with AS-S and
Tona-S had no difference as compared to DeCtrl or Veh control (Figure 6.4 ¢ & e). These results
may suggest that scaffold delivery with Cx43asODN reduces expression of Cx43 at early

timepoints after burn injury.
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Figure 6.4 Scaffold delivery of Cx43 targeted therapeutics reduced Cx43 protein expression
in zone of stasis on PBD 4.
Representative immunofluorescence images of Cx43 expression in (a) normal skin (NS), (b) in

zone of stasis at PBD 4 and (c) PBD 7. DeCtrl: Debrided control, P-S: Plain scaffold, AS-S:
Cx43asODN Scaffold and Tona-S: Tonabersat Scaffold. Magnification: 40x. Scale bar: 50um. (d)
Image analysis graph of Cx43 expression in the zone of stasis on PBD 4 and (e) PBD 7. Image
analysis graph shows an increased expression between NS vs DeCtrl (n=3 animals per group) on
PBD 4, & 7. Image analysis reveals lower Cx43 protein expression in the zone of stasis of treated
(AS-S, Tona-S, n=3 & 2 animals, respectively) compared to the DeCtrl and P-S (n=1) on PBD 4
& 7. Data are expressed as median and interquartile range (IQR). Statistical comparisons were
made using Kruskal-Wallis Test. (*p<0.05).
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6.2.4 Cx43 targeted therapeutic scaffolds did not alter hemichannel expression in the
zone of stasis

After establishing that Cx43 targeted therapeutics were able to reduce Cx43 protein expression, |
then explored the hemichannel expression in the zone of stasis. | observed that there is an increased
expression of hemichannels upon wound injury in DeCtrl in comparison to NS on PBD 4
(p=0.0871) (Figure 6.5 a, b & d). However, treatment with AS-S or Tona-S did not make a
difference from DeCtrl in hemichannel expression on PBD 4 (p=0.9999) (Figure 6.5 b & d). On
PBD 7, AS-S or Tona-S did not have any difference from DeCtrl or Veh control (p=0.9999).
Hemichannel expression in Tona-S treated wounds were higher than P-S (p=0.6675) (Figure 6.5 ¢

&e).
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Figure 6.5 Scaffold delivery of Cx43 targeted therapeutics did not reduce hemichannel
protein expression in zone of stasis on PBD 4 & 7.
Representative immunofluorescence images of hemichannel expression in (a) normal skin (NS),

(b) in zone of stasis at PBD 4 and (c) PBD 7. DeCtrl: Debrided control, P-S: Plain scaffold, AS-S:
Cx43asODN Scaffold and Tona-S: Tonabersat Scaffold. Magnification: 63x. Scale bar: 50um. (d)
Image analysis graph of hemichannel expression in the zone of stasis on PBD 4. (e) Image analysis
graph of hemichannel expression on PBD 7. Image analysis graph shows an increased expression
between NS vs DeCtrl (n=3 animals per group) on PBD 4 & 7. Image analysis reveals lower
hemichannel protein expression in the zone of stasis of treated (AS-S, Tona-S, n=3 & 2 animals,
respectively) compared to the DeCtrl and P-S (n=1) on PBD 4 & 7. Data are expressed as median
and interquartile range (IQR). Statistical comparisons were made using Kruskal-Wallis Test.
(*p<0.05).
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6.2.5 MPO positive cells did not reduce in the zone of stasis of scaffold treated wounds

To quantify inflammation, i performed immunofluorescence staining using MPO. | found that on
PBD 4, there is a significant increase in MPO positive cells in DeCtrl wounds compared to NS
(p<0.05) (Figure 6.6 a, b & d). Upon treatment with AS-S or Tona-S, the MPO positive cells in
the treated groups of AS-S or Tona-S did not reduce compared to DeCtrl and Veh (p>0.9999)
(Figure 6.6 b & d). On PBD 7, there was no difference between control groups and treated groups

(p>0.9999) (Figure 6.6 ¢ & €).
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Figure 6.6 Scaffold delivery of Cx43 targeted therapeutics did not reduce percentage of MPO
positive cells in zone of stasison PBD 4 & 7.
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Representative immunofluorescence images of percentage of MPO positive cells in (a) normal
skin (NS), (b) in zone of stasis at PBD 4 and (c) PBD 7. DeCtrl: Debrided control, P-S: Plain
scaffold, AS-S: Cx43asODN Scaffold and Tona-S: Tonabersat Scaffold. Magnification: 40x. Scale
bar: 50um. (d) Image analysis graph of percentage of MPO cells in the zone of stasis on PBD 4
and (e) PBD 7. Image analysis graph shows an increased percentage of MPO positive cells between
NS vs DeCtrl (n=3 animals per group) on PBD 4 & 7. Image analysis shows comparison of MPO
expression in the zone of stasis of treated (AS-S, Tona-S, n=3 & 2 animals, respectively) compared
to the DeCtrl and P-S (n=1) on PBD 4 & 7. Data are expressed as median and interquartile range
(IQR). Statistical comparisons were made using Kruskal-Wallis Test. (*p<0.05).

6.2.6 Significant increase P2X7 receptor expression was observed in porcine burn injury

To investigate P2X7 expression in the zone of stasis of porcine burn injury, | performed
immunofluorescence staining and have found that P2X7 was indeed elevated in burn wounds
compared to NS on PBD 4 (p<0.05) (Figure 6.7 a, b & d). Treatment with AS-S or Tona-S no
difference in P2X7 expression as compared to DeCtrl (p=0.8462 and p=0.5683, respectively)
(Figure 6.7 b & d). In addition, no difference was observed in treated groups and Veh control
groups on PBD 4. Similarly, the expression levels of P2X7 were not different between treated and
controls on PBD 7 suggesting that P2X7 is regulated in a Cx43 independent manner as observed

in Chapter 4 in the rat burn model (Figure 6.7 ¢ & ).
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Figure 6.7 Scaffold delivery of Cx43 targeted therapeutics reduced P2X7 expression in zone

of stasis on PBD 4.
Representative immunofluorescence images of P2X7 expression in (a) normal skin (NS), (b) in

zone of stasis at PBD 4 and (c) PBD 7. DeCtrl: Debrided control, P-S: Plain scaffold, AS-S:
Cx43asODN Scaffold and Tona-S: Tonabersat Scaffold. Magnification: 40x. Scale bar: 50um. (d)
Image analysis graph of P2X7 expression in the zone of stasis on PBD 4 and (e) PBD 7. Image
analysis graph shows an increased P2X7 expression between NS vs DeCtrl (n=3 animals per
group) on PBD 4 & 7. Image analysis reveals P2X7 expression comparison of treated (AS-S, Tona-
S, n=3 & 2 animals, respectively) compared to the DeCtrl and P-S (n=1) on PBD 4 & 7. Data are
expressed as median and interquartile range (IQR). Statistical comparisons were made using
Kruskal-Wallis Test. (*p<0.05).
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6.2.7 Cx43 targeted therapeutic scaffolds did not show a difference in NLRP3 expression
in the zone stasis

To investigate if the NLRP3 inflammasome complex is activated and Cx43 targeted therapeutics
influences activation of inflammasome complex, | investigated the expression of NLRP3 & Cas-
1 in the zone of stasis (Figure 6.8 & Figure 6.9). Following porcine burn injury, | observed
significant increase in NLRP3 expression in DeCtrl wounds compared to NS on PBD 4 (Figure
6.8 a, b & d). Upon treatment with AS-S or Tona-S, | did not observe a difference than DeCtrl and

Veh controls on PBD 4 and 7 (Figure 6.8 b, ¢, d & e).
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Figure 6.8 Scaffold delivery of Cx43 targeted therapeutics did not change NLRP3 expression
in zone of stasison PBD 4 & 7.

237



Representative immunofluorescence images of NLRP3 expression in (a) normal skin (NS), (b) in
zone of stasis at PBD 4 and (c) PBD 7. DeCtrl: Debrided control, P-S: Plain scaffold, AS-S:
Cx43asODN Scaffold and Tona-S: Tonabersat Scaffold. Magnification: 40x. Scale bar: 50um. (d)
Image analysis graph of NLRP3 expression in the zone of stasis on PBD 4 and (e) PBD 7. Image
analysis graph shows an increased NLRP3 expression between NS vs DeCtrl (n=3 animals per
group) on PBD 4 & 7. Image analysis reveals no difference in NLRP3 protein expression in the
zone of stasis of treated (AS-S, Tona-S, n=3 & 2 animals, respectively) compared to the DeCtrl
and P-S (n=1) on PBD 4 & 7. Data are expressed as median and interquartile range (IQR).
Statistical comparisons were made using Kruskal-Wallis Test. (*p<0.05).

6.2.8 Cx43 targeted therapeutic scaffolds did not reduce Cas-1 expression in the zone
stasis

During the NLRP3 inflammasome complex formation, Cas-1 is recruited and tightly regulated and
subsequently results in secretion of mature IL-13. Here | observed that following porcine burn
injury, there was a significant increase in Cas-1 expression in DeCtrl wounds as compared to NS
on PBD 4 (p<0.05) but no difference on PBD 7 (Figure 6.9). Upon treatment with AS-S Cas-1
expression did not alter compared to DeCtrl and P-S (Figure 6.9 b & d). Treatment with Tona-S
had slight reduction in Cas-1 expression as compared to DeCtrl (p=0.6309) but not from P-S.

However, on PBD 7, there is no difference between treated and control groups (Figure 6.9 ¢ & e).
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Figure 6.9 Scaffold delivery of Cx43 targeted therapeutics did not reduce Cas-1 expression
in zone of stasis on PBD 4.
Representative immunofluorescence images of Cas-1 expression in (a) normal skin (NS), (b) in

zone of stasis at PBD 4 and (c) PBD 7. DeCtrl: Debrided control, P-S: Plain scaffold, AS-S:
Cx43asODN Scaffold and Tona-S: Tonabersat Scaffold. Magnification: 40x. Scale bar: 50um. (d)
Image analysis graph of Cas-1 expression in the zone of stasis on PBD 4 reveals lower in Cas-1
protein expression in the zone of stasis of treated (AS-S, Tona-S, n=3 & 2 animals, respectively)
compared to the DeCtrl (n=3) and P-S (n=1). (e) Image analysis graph of Cas-1 expression in the
zone of stasis on PBD 7 reveals no difference in Cas-1 protein expression in the zone of stasis of
treated (AS-S, Tona-S, n=3 & 2 animals, respectively) compared to the DeCtrl (n=3) and P-S
(n=1). Data are expressed as median and interquartile range (IQR). Statistical comparisons were
made using Kruskal-Wallis Test. (*p<0.05).
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6.2.9 Cx43 targeted therapeutic scaffolds did not reduce skin fibrosis markers in porcine
burn injury

To determine whether skin fibrosis is increased in porcine burn injury, aSMA and HSP47 were
investigated. | observed a slight increase in aSMA and HSP47 expression in DeCtrl wounds on
PBD 14 and significant increase on PBD 21 compared to NS (p=0.1045 and p<0.01) (Figure 6.10).
There is no difference in aSMA expression between AS-S or Tona-S compared to DeCtrl and P-S
on PBD 14 and 21, (Figure 6.10 b & e). Similarly, when | assessed HSP47 expression with treated
with AS-S or Tona-S, there was no difference in expression when compared to DeCtrl and P-S on

PBD 14 and 21 (Figure 6.10 f & Q).
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Figure 6.10 Scaffold delivery of Cx43 targeted therapeutics did not reduce aSMA and HSP47

expression in zone of stasis on PBD 14 & 21.
Representative immunofluorescence images of co-labelled aSMA (red) and HSP47 (green)

expression in (a) normal skin (NS), (b) Debrided Ctrl: DeCtrl, P-S: Plain Scaffold, AS-S:
Cx43asODN scaffold, Tona-S: Tonabersat scaffold on PBD 14 and (c) PBD 21. Magnification:
40x. Scale bar: 50um. (d) Image analysis graph of aSMA expression on PBD 14 and (e) PBD 21.
() Image analysis graph of HSP47 expression on PBD 14 and (g) PBD 21. Comparisons were
made between NS vs DeCtrl (n=3 animals per group) on PBD 14 & 21. Comparison of treated
(AS-S & Tona-S, n=3 & 2 animals, respectively) to DeCtrl & Veh (n=3 & 2, respectively) on PBD
14 & 21. Data are expressed as median and interquartile range (IQR). Statistical comparisons were
made using Kruskal-Wallis Test. (*p<0.05).
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6.2.10 Cx43 targeted therapeutic scaffolds did not improve collagen content in the deep
dermis of porcine burn injury

To quantify percentage of collagen content in porcine burn injury, I analysed tissues stained with
Masson’s Trichrome. | divided the tissues into three portions, namely, upper dermis, mid dermis,
and deep dermis. In upper dermis, DeCtrl wounds and treated wounds of AS-S or Tona-S had least
collagen deposition with infiltration of myofibroblasts and inflammatory cells as compared to the
treated groups, however, not significant (Figure 6.11 a & d). Similarly, this was also observed in
mid dermis. In deep dermis, wounds treated with P-S, AS-S and Tona-S displayed normal collagen
pattern as compared to DeCtrl (Figure 6.11 ¢ & d). Even though there is no significant difference
across controls and treated wounds, it is important to note increase presence of cells potentially to

be myofibroblasts or inflammatory cells in DeCtrl, AS-S and Tona-S wounds (Figure 6.11).
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Figure 6.11 Scaffold delivery of Cx43 targeted therapeutics did not improve collagen content

in porcine burn injury on PBD 14.
The panel shows representative Masson’s Trichrome stained images of (a) upper dermis (b) mid

dermis and (c) deep dermis of porcine burn injury on PBD 14. Debrided Ctrl: DeCtrl, P-S: Plain
Scaffold, AS-S: Cx43asODN scaffold, Tona-S: Tonabersat scaffold. Staining: Collagen—green;
nuclei—Dblack; muscle fibres and cytoplasm—red. (d) Image analysis of collagen content from
Masson’s Trichrome stained images of upper dermis, mid dermis & deep dermis (DeCtrl, Veh, P-
S. AS-S & Tona-S; n=3, 2, 1, 3 & 2 animals, respectively). Data are expressed as median and
interquartile range (IQR). Statistical comparisons were made using Kruskal-Wallis Test — not

significant. Scale bar: 50um.
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6.2.11 Reduction in nascent epidermal thickness in scaffold treated wounds

As described above, the nascent epidermal thickness was measured on PBD 14 and 21 for burn
wounds treated with scaffold dressings. There was significant thicker nascent epidermal thickness
in DeCtrl compared to NS on PBD 14 and PBD 21 (p<0.05). Particularly, in the control groups
(DeCtrl and Plain Scaffold (P-S)) the nascent epidermis remained hyper-thickened compared to
treated groups. However, no significant difference was observed between control groups and
treated groups on PBD 14 (Figure 6.12 a & d). The Cx43asODN and Tonabersat scaffold dressing
treated wounds had thinner nascent epidermis compared to DeCtrl and P-S on PBD 21 (Figure
6.12 a & d), though not significant. On PBD 21, the Cx43asODN and Tonabersat scaffold dressing
treated wounds nascent epidermal thickness thinned down close to those in normal skin (Figure

6.12b,c &e).
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Figure 6.12 Nascent epidermal thickness of scaffold treated porcine burn wounds with AS-S
and Tona-S.
(@) The panel represents H&E images of nascent epidermis from porcine burn wounds at PBD 14

and (b) PBD 21. (c) Representative of H&E image of porcine normal skin. Scale bar: 50um. (d)
Quantification of nascent epidermal thickness measurement at PBD 14 and (e) PBD 21. Data are
expressed as median and interquartile range (IQR). Statistical comparisons were made using
Kruskal-Wallis Test (p<0.05), n=3, 3, 1, 3 & 2 animals per group, in respective order as shown in

graph).
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6.3 Discussion

In chapter 5, | have demonstrated that Cx43 plays a role in porcine burn injury whereby topical
application of Cx43asODN or Tonabersat downregulated Cx43 and hemichannel protein
expression. However, no changes was observed to NLRP3 inflammasome markers and
inflammation in the zone of stasis of porcine burn injury. Concomitantly, early intervention with
Cx43asODN or Tonabersat improved collagen content and epidermal thickness on PBD 14. In this
chapter, to improve the therapeutic delivery method to porcine burn injury, I employed scaffold
PCL/PEG dressing to deliver Cx43asODN or Tonabersat. | observed that there was an early burst
release effect of the therapeutics from the PCL/PEG scaffold. | also observed the downregulation
of Cx43 in treated groups of AS-S or Tona-S. However, treatment with Cx43 therapeutic loaded
scaffolds did not alter expression of hemichannel and NLRP3 and its inflammasome complex
markers. Importantly, the reduction of Cx43 and hemichannels on PBD 4 was not sustained up to
PBD 7, as shown in this immunofluorescence analysis, which might be contributed by the early
burst effect of scaffold release of therapeutics. Hence, this drug delivery profile could have affected
the upstream signalling leading to burn progression while having little effect on porcine burn
wound healing. On the other hand, AS-S and Tona-S act as protective barriers for burn wounds
and promote re-epithelialisation which could have assisted with keratinocyte migration over the
healing period and reduced nascent epidermal thickness. However, the prevention of burn
progression or improvement to burn wound healing with PCL/PEG dressing with Cx43 targeted
therapeutics remains inconclusive. Data from the Cx43 targeted therapeutics in rat burn injury

(Chapter 4) can be extrapolated that the further optimization of PCL/PEG scaffold loaded with
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Cx43asODN or Tonabersat may reduce the NLRP3 inflammasome complex formation and

improve burn wound healing.

PCL and PEG continue to be of great interest for tissue engineering. In ex vivo models of porcine
skin, retinol (vitamin A) was delivered in block copolymer poly(caprolactone)-block-
poly(ethylene glycol) PCL-b-PEG and poly(lactide)-block-poly(ethylene glycol) copolymer
(PLA-b-PEG). It was found that both copolymers enhanced skin absorption of all-trans retinol
through the stratum corneum into the epidermis and dermis. In contrast to PCL-b-PEG, skin
absorption from PLA-b-PEG nanoparticles was improved further. This was caused by the physical
differences between PLA and PCL, which were solid glassy materials at ambient temperature and
semisolid amorphous materials, respectively (Laredj-Bourezg et al., 2015). This provides insights

on PLA being a possible candidate in future for therapeutic release of Cx43asODN or Tonabersat.

Chrysin, a natural bioactive flavonoid extract from plants, honey and propolis is known to have
anti-inflammatory and antioxidant properties (Mohammadi et al., 2019). LPS stimulated J774A1
mouse macrophages seeded on Chrysin loaded PCL/PEG nanofibrous mat have been shown to
have reduced overexpression of IL-6, IL-1B, TNF-a and excessive production of nitric oxide (NO)
in these cells (Deldar et al., 2018). Additionally, human foreskin fibroblast cells were more
resilient to oxidative stress when grown on chrysin-loaded PCL/PEG nanofibrous mats. These
findings suggest that natural substance delivery via integration with PCL/PEG nanofibrous mats
can enhance wound healing by promoting cell proliferation and reducing anti-oxidative and anti-
inflammatory properties (Deldar et al., 2018). Curcumin is a natural polyphenolic compound that
is known to have anti-cancer, anti-microbial and anti-inflammatory properties (Mohammadi et al.,

2019). Due to the poor solubility state of these chrysin and curcumin compounds, it was attempted
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to be delivered in a sustained manner in combination with PCL/PEG to fabricate into chrysin—
curcumin-loaded PCL-PEG nanofibers. A rat excisional wound model, treated with chrysin—
curcumin-loaded PCL-PEG nanofibers, demonstrated reduced inflammation and faster wound
closure (Mohammadi et al., 2019). In a diabetic mouse burn model, burn wounds were treated with
recombinant human epidermal growth factor (EGF) conjugated to the surface of PCL-PEG-PCL
electrospun nanofibers (Choi et al., 2008). They found accelerated wound closure and increased
keratinocyte EGF expression in burn wounds treated with EGF conjugated PCL-PEG-PCL

nanofibers compared to control groups (Choi et al., 2008).

In another study with combination of other polymers, Diclofenac incorporated
PCL/PEG/chitosan/keratin sutures have demonstrated to have outstanding tensile strength as well
as quick and sustained drug release in a different study with combinations of other polymers.
Furthermore, HaCaT cell PCL/PEG/chitosan/keratin/Diclofenac suture in vitro tests showed
enhanced cell proliferation, viability, and migration, indicating a possible utility in clinical settings
(Deng et al., 2021). These studies provide vital information on the potential therapeutic use of
PCL/PEG scaffolds. This preliminary study has paved the way to explore and fine tune the use of

PCL/PEG or other combinations of synthetic polymers for the treatment of burn wounds.

Other than PCL/PEG combination, several studies have provided insights on polymer combination
using poly(lactic-co-glycolic acid (PLGA) that has shown to have good scaffold release profile.
Gilmartin and colleagues have demonstrated that the use of PCL and PLGA scaffolds coated in
Cx43asODN in rat excisional wound models. They have found that combination scaffold of PCL
and PLGA coated for four times with Cx43asODN had sustained scaffold release profile over 7

days than PCL or PLGA coated scaffolds. In situ Cx43asODN PCL/PLGA scaffold had reduced
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Cx43 expression at wound edges, a reduction in inflammatory response, and foreign body response
with significant improvement in rate of re-epithelialisation and contracture, suggesting that this

might be applicable to venous leg ulcers in clinical application (Gilmartin et al., 2016).

In an another study on diabetic rat wound model, hyaluronic acid (HA)/poly(lactic-co-glycolic
acid, PLGA) core/shell fiber matrices loaded with epigallocatechin-3-O-gallate (EGCG)
(HA/PLGA-E) were fabricated by coaxial electrospinning. In comparison to no treatment or
HA/PLGA, they discovered that the wound areas were dramatically reduced by the coverage with
HA/PLGA-E matrices due to accelerated re-epithelialization and neovascularization, as well as
increased collagen deposition, suggesting it to be a good candidate for diabetic wound healing

(Shin et al., 2016).

Dhall and colleagues have explored the use of alginate sponge dressings (ASD) containing insulin
encapsulated in PLGA microparticles that provide a sustained release of bioactive insulin for >20
days. In a rat burn model, they have demonstrated that treatment with these dressings containing
0.04 mg insulin/cm? every three days for nine days, promoted wound closure with reduced
oxidative stress and inflammation. Moreover, they found that insulin promoted collagen deposition
and maturation, with the fibers arranged more like a basket weave than aligned and cross-linked

to indicate scar tissue (Dhall et al., 2015).

It is noteworthy that these combinations of synthetic polymers could be useful in the treatment of
burn injury. Future work should include improving the drug release profile of the PCL/PEG
scaffold or using it in combination with other polymers to achieve better wound healing outcomes

when tested in vivo. This pilot study has provided insights on the limitations and how we could
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improve in the future. | have addressed the limitations in a general view and specific limitations
of topical application and scaffold therapeutic delivery in porcine burn model in the following

chapter.

250



Chapter 7: Summary and conclusion

Burn wounds continue to worsen after the initial injury resulting in burn progression (Singh et al.,
2007). Burn injuries are a global public health problem, accounting for an estimated 180,000
deaths from severe burns annually. Hence, active research is warranted for the study of burn
progression and burn prevention. Our previous research has shown that Cx43 is increased in burn
injury and contributes to the transmission of cell death signals and inflammation after burn injury
(Coutinho et al., 2005; Feng et al., 2020). However, more research regarding this limited

understanding of Cx43 and burn injuries is yet to be further investigated.

The thesis hypothesised that Cx43 plays a pivotal role in the response to a burn injury that promotes
inflammation, and that the treatment with Cx43asODN or Tonabersat will either transiently reduce
Cx43 gap junction protein or block Cx43 hemichannel activity, respectively, to mitigate burn

progression and enhance wound healing.

In Chapter 3, a rat deep partial burn model was established. This was chosen based on the
reproducibility of burn wounds and histological features that serve as clinical indications of burn
injury in humans. This was accomplished with the use of a scoring matrix proposed by Medina et
al (Medina et al., 2018). The immediate damage to the epidermis, the coagulated dermis, the cell
damage to the hair follicles, the neutrophil infiltration into the burn area that delineates the necrotic
tissue area, and the possibly surviving area with large, rounded adipocytes in the middle dermis
are the histological characteristics of a rat deep partial thickness burn. Results from this chapter
showed that the initial partial thickness burn damage at 55°C for 10 s progressed to a deep partial

thickness burn, indicating that the initial zone of stasis was transformed into a zone of necrosis.
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Furthermore, a 10s burn wound at 85°C showed more severe burns, indicating that the burn
production model was accurate in simulating different burn depths. In a rat burn model, higher
levels of Cx43 expression were seen in the epidermis and dermis, indicating that Cx43 may be
involved in the progression of burns. In order to stop or retard the course of burns, it may be

possible in the future to target Cx43 expression in rat burn injuries.

Using the 55°C 10 s burn model, topical application Cx43 targeted therapeutics of Cx43asODN or
Tonabersat was carried out in Chapter 4 to explore the role of Cx43 in rat burn injury. Early stages
of burn wound healing saw an increased inflammatory response, elevated Cx43 and hemichannel
expression in the zone of stasis. Targeting Cx43 prevented burn progression and accelerated early
wound healing. The topical administration of Cx43asODN, which targets the mRNA of Cx43,
decreased the amounts of Cx43 gap junctional and hemichannels protein, further demonstrating
the importance of Cx43. A hemichannel blocker, Tonabersat has also been shown to drastically
lower hemichannel protein levels. Concomitantly, marginally and transiently reduced P2X7
expression and NLRP3 inflammasome complex markers expression, which in turn resulted in less
IL-1B production in rat burn injury. Additionally, to accelerate wound healing, Cx43/P2X7-
mediated NLRP3 inflammasome suppression decreased the inflammatory response in the initial
stages of burn injury. Furthermore, there was notable a reduction in aSMA and HSP47 skin fibrosis
markers, along with MMP-9. In wounds treated with Cx43asODN or Tonabersat, histological
examination of rat burn injury showed improved collagen preservation and synthesis and
decreased nascent epidermal thickness. Although wound contraction is the primary process by
which the rat skin heals, the results from Chapter 4 set the stage for preclinical testing. Overall,

this research points to a potential role for the P2X7-activated NLRP3 inflammasome pathway via
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Cx43 in the early stages of burn wound healing. This suggests that inhibiting the Cx43
hemichannels may be a useful therapeutic target for halting the course of burn progression and

enhancing recovery.

The role of Cx43 in pig burn injury and whether Cx43 targeted therapies may be helpful for porcine
burn wounds were investigated in light of the results from the rat burn injury study. Experiments
were conducted in Chapter 5 using an improved scald burn model, originally developed by
Andrews et al. (Andrews et al., 2016). This study, as far as | am aware, was the first to investigate
Cx43 targeted therapies in a pig scald burn lesion. Results from this chapter demonstrated that in
the zone of stasis, following a scald burn wound injury, Cx43 and hemichannel expression are
enhanced. However, the potential influence of the F-127 Pluronic gel as a carrier must be carefully
considered. Administration of low and high concentrations of Cx43asODN or Tonabersat
downregulated Cx43 and hemichannel expression and reduced downstream players such as P2X7
and NLRP3 inflammasome activation in the zone of stasis. In addition, this decreased the number
of MPO positive neutrophils. Early treatment with Cx43asODN or Tonabersat also halted the
progression of burns and preserved the collagen content in deeper layers of dermis on PBD 14.
Although all of the wounds have re-epithelialized by PBD 21, it is important to note that there is
an earlier reduction in epidermal thickness in wounds treated with Cx43asODN or Tonabersat

compared to control groups.

Alongside topical gel application of Cx43asODN or Tonabersat in porcine scald burn injury, I also
investigated the delivery of Cx43asODN or Tonabersat in an electrospun PCL/PEG scaffold
dressing that is another form of topical application in Chapter 6. The early burst release effect of

Cx43asODN or Tonabersat from PCL/PEG scaffold downregulated Cx43 gap junctions and
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hemichannels. This concomitantly reduced P2X7 expression, and subsequently reduced NLRP3
and Cas-1 expression on PBD 4. However, it was revealed that the reduction of Cx43 and
hemichannels on PBD 4 did not last until PBD 7, which may have been caused by the initial burst
effect from the therapeutic scaffolds. This might have caused a mild decrease in the upstream
signalling that caused the scald burn wound progression, while having little impact on the healing
of pig burn wounds. Additionally, the absence of direct measurement of ATP release from wounds
following treatment leaves some uncertainty about the role of Cx43 in triggering P2X7 that
requires further validation. Moreover, Cx43 therapeutics incorporated PCL/PEG scaffolds that
served as a barrier protection for the burn wounds, facilitated re-epithelialization, and may have
aided in keratinocyte migration throughout the healing process and decreased nascent epidermal
thickness. The use of a single P-S scaffold as a control in Chapter 6 poses challenges in
interpreting therapeutic effects. Despite the significant sample size limitation, the results from
Chapter 6 show that early intervention with Cx43 targeted therapies in the zone of stasis is actually
helpful in the treatment of burn injuries and may be applied in other clinical settings. Future
research may examine different polymer combinations such as PLA or PLGA to fabricate
Cx43asODN or Tonabersat scaffolds or attempt the use of microneedles to enhance the delivery
of drugs to burn wounds. The translation of the porcine study results to human burns is complex
due to varied clinical scenarios. Despite these limitations, the study indicates the potential benefits
of Cx43asODN and Tonabersat in burn injury treatment and calls for further research, especially

beyond 21 days, to explore their effects on hypertrophic scar formation.

Considering these findings collectively, the preliminary investigation involving targeted

therapeutics for Cx43 in the porcine burn model suggests a need for further exploration. However,
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at this juncture, the rat burn model with Cx43 targeted therapy appears to be a more suitable model
than the porcine burn model. Notably, the topical application method proves to be a more effective
delivery system compared to the scaffold dressing, as further refinements are required to enhance
the scaffold release profile. Future work could explore further optimization of scaffold dressing
that could potentially release drugs in a sustained manner over a period of time along with other
delivery strategies such as encapsulation or microneedles to enhance drug delivery efficiency.
Overall, the result from this thesis indicates that Cx43 gap junctions and hemichannels play a
crucial role in the progression of burns by regulating the recruitment of early inflammatory cells,
activation of P2X7, and activation of the NLRP3 inflammasome complex in the zone of stasis. A
reduction in the protein levels of Cx43, hemichannels, P2X7 and NLRP3 markers in the zone of
stasis, indicates the prevention of burn conversion from turning into a necrotic zone. These
findings also indicate this regulatory role is likely to be mediated by Cx43 in the zone of stasis,
suggesting that zone of stasis plays a major role and early intervention is key to salvage this zone
to improve burn wound healing outcomes. In addition, further investigation into the contribution
of Cx43 and other P2 purinergic family members involvement in the inflammasome activation will
open up new strategies for fine-tuning connexin-based therapeutics to prevent burn progression.
In addition, NLRP3 inflammasome activation is implicated in pyroptosis cell death (Wang et al.,
2022). Future work could investigate the interaction between Cx43, NLRP3 and pyroptosis in burn

wounds.
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7.1 Limitations

The characterisation of the rat burn model in Chapter 3 revealed a number of limitations.
Qualitative measurement with inflammatory score and a single marker MPO to identify
neutrophils in burn wounds was used to study the leukocyte infiltration (Figure 3.7 & Figure 3.10).
To better understand the presence of immune cells during the burn progression and wound healing
phase, additional antibody markers for various immune cells may be helpful. Another limitation is
that the depth of burn in the dermis was not determined as it was challenging to distinguish between
dead and dying tissue area and measure the depth precisely based on H&E stained tissues. The use
of special histology stains such as Masson’s Trichrome or Picrosirius Red may be useful to

idenitify the depth of burn better and include as a measure of quantification.

In Chapter 4, the study was limited by the inability to show ATP release via the Cx43 triggering
P2X7. Measurement of ATP from tissue homogenates after topical treatment with Cx43 targeted
therapeutics may validate and strengthen that ATP release via Cx43 triggers P2X7. | recognise
that the expression of the P2X7 protein levels alone may not be good indicator to determine its
activity. Specific functional assays are required to measure specific cellular responses or events
triggered by P2X7 receptor. However, carrying out these tests directly in tissues is typically more
challenging. Immunolabeling techniques such as immunofluorescence provide insightful
information about the localization and receptor expression within the tissues despite the inability
to directly measure the activity. The study of IL-1p in tissues is limited by the secretion to be
diluted or washed away within the tissue milieu. Even though Cx43 targeted therapeutics
decreased the expression of IL-1B, localized secretion could be swiftly scattered or carried away

by interstitial fluids, which would limit its accumulation and detection. The use of specialized
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methods like ELISA to comprehend the contributions of IL-1p to the immune response and its
function in certain burn tissue microenvironments. In addition, validation of M1 and M2
macrophages in rat burn wounds treated with Cx43 treatments will strengthen the pro-

inflammatory and anti-inflammatory state of the tissues.

Research on burn wound healing in rats has provided valuable insights into the cause and
progression of burn injuries. However, the use of small sized rat burn wounds may not accurately
represent the classical burn features observed in humans. In addition, the structure and anatomy of
rat skin differ significantly from human skin, with the presence of the panniculus carnosus muscle
layer distinguishing it from human skin. The panniculus carnosus heals wounds through
contraction, unlike re-epithelialization seen in humans. Furthermore, the rats used in this study
varied in weight from 200 to 250g. The thickness of the skin increases with animal size. Because
of the disparity in dermal thickness, the burn injuries inflicted on smaller rats seemed to be slightly
deeper than those on larger animals. Hence, analysing the data from the burn wounds in rats

requires careful consideration.

One of the key limitations in the Chapter 5 and 6 is that the sample size is small. Using a larger
sample size would be preferred to strengthen the statistical power of the study. However, despite
the small sample size and trend results, it overall gives some confidence that the results obtained
from Chapter 4 topical application of Cx43asODN and Tonabersat in rat burn injury is consistent
with the similar wound healing directions that were observed from Chapter 5 with the topical
application in porcine burn injury. Despite the small sample size limitation, dose dependent
differences in protein expression were found in the treated wounds as compared to controls.

However, it is also important to note that the F-127 Pluronic gel as a carrier has been reported to
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have a positive effect on wound healing (Paustian et al., 1993). Caution must be taken when
analysing the data. Nevertheless, our results have shown that the positive effect observed from
Cx43asODN and Tonabersat had minimal influence from the F-127 Pluronic gel. Furthermore,
protein quantification using western blotting is necessary to determine that Tonabersat can lower
hemichannel protein levels as opposed to blocking the pathogenic Cx43 hemichannel channel in
porcine injury treated with gel topical application and scaffold dressing. However, the region of
interest in this study, the zone of stasis, cannot be distinguished when using the western blotting
technique. Another limitation was that | did not directly measure ATP release in the wounds after
treatment application. This would have strengthened our data that indeed the ATP release via the
Cx43 had triggered the P2X7. In addition, finding good specifc antibodies for pig tissue
immunolabeling was another difficult task. The results on the inflammatory response in pig burn

wounds may have been strengthened by the use of specific immune cell markers.

In addition, in Chapter 6, using a single P-S scaffold as a control was a huge limitation as it was
hard to determine if the therapeutic effect observed from AS-S and Tona-S on PBD 4 was truly
from the scaffold release or if the scaffolds acted as a simple protective barrier. Extrapolation from
the scaffold release profile has shown that the concentration of drugs eluted from the scaffold was
far less than that of topically delivered therapeutics to porcine burn. This could be a reason for the
results from porcine topical application having a better outcome than scaffold application in
porcine burn. Further optimization of scaffold dressings is required to improve theraeputic release

profile.

Although I attempted to tightly control burn creation, it is not possible to completely standardize

the burn creation as variances were introduced by the langer lines of the pigs. Langer lines are also
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known as cleavage lines or tension lines on the body that represent the natural orientation of the
collagen fibers in the skin which was first described by anatomist Karl Langer in the mid-19™
century (Wilhelmi etal., 1999). These lines are greatly affected by the musculoskeletal movements
which affects the rate of healing and scarring process. In a study using micropig, they have
observed that excisional wounds created at cephalic area contracted and healed faster than those
in the caudal area (Kwak et al., 2014). In our study, the P-S control was positioned at the cephalic
area, and this could be a reason for it to heal faster and not show any difference from the treated
wounds. A larger sample size and randomisation of wounds could reduce confounding factors from

Langer lines.

For the creation of burn wounds, | adopted the methodology published by Andrews and team
(Andrews et al., 2016). The key difference from their study and ours is that the age and breed of
the pigs utilised in this study differs from Andrews et al., 2016 publication where they have used
juvenile pigs weighing around 27kg whereas our pigs were bigger and weighed more than 50kg.
Hence, the dermal thickness in our model was thicker, and that could have potentially introduced
some differences. Even though we chose a temperature that was shown to create deep partial
thickness, it may have created a less severe burn than was reported in their study. In addition, 1 did
not measure the temperature of skin during and after burn creation and hence | could not control
for the differences in burn creation. Using a higher temperature to create a deeper wound may have

been desirable for this porcine burn study.

Results found in pig studies may not translate directly into humans as the clinical implications
reported in human burns are varied. It is impossible to determine the temperature of exposure and

the duration of exposure for human burn injuries in order to directly compare to porcine burn
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development (Singer et al., 2020). In clinical settings, scald burn injury often occurs in patients
older than 65 after encountering boiling water and steam (Tracy et al., 2020), and in children
(Battle et al., 2016). It has been reported that scald burns were less severe compared to contact
burns. In addition, some scald and contact burns are smaller in surface area than in flame burns
(Singer et al., 2020). However, it is not ethical to expose animals to flame burns or dipping them

into hot water to create a larger surface area to best reproduce human burns.

Although this study has used scald burns, the findings from this study has shown that using either
Cx43asODN or Tonabersat could be beneficial in the treatment of burn injury. | have validated the
use of Cx43asODN and Tonabersat in a rodent burn model (Chapter 4), which has shown to have
promising outcomes in terms of prevention of burn progression and better wound healing
outcomes. However, the size and placement of multiple wounds on the rat model introduces high
variances in burn wound creation, hence | limited it to four wounds per animal in the rat burn
model and worked with concentrations that were previously reported for Cx43asODN and
Tonabersat. In the porcine burn model, | was able to work on multiple wounds on each pig. | had
the opportunity to validate the use the high and low doses for topical application of Cx43asODN
and Tonabersat as a pilot study in the porcine scald burn model. The porcine burn wounds were
also followed up until PBD 21. Histological features have shown that the wounds are still
undergoing remodelling. It will be beneficial to study wound healing beyond 21 days to better
understand if the therapeutic effect of early intervention with Cx43asODN and Tonabersat affects

hypertrophic scar formation.
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