- MONASH University

Graft-Host Interactions in Full-
Thickness Wounds Using Mouse
Models

Dr. Nicole Ann Garcia
Doctor of Medicine, Bachelor of Science, Graduate Diploma of Surgical Anatomy

Student ID 21468826

A thesis submitted for the degree of Master of Surgery at
Monash University in 2020

With amendments submitted in 2021

Department of Surgery and the Victorian Adult Burns Service, The Alfred Hospital,
Melbourne




Copyright notice

© Nicole A. Garcia, The author (2020-2021).



Abstract

Background and aims: Little is known about the biomolecular changes of the wound bed and
the mechanism by which skin grafting accelerates wound healing. Our aims were to identify
biomolecules related to successful graft take following establishment of a full-thickness
wound mouse model. Methods: An autologous full-thickness skin graft (FTSG) or
Biodegradable Temporising Matrix (BTM) was grafted on a full-thickness wound bed on SKH-
1 hairless mice. RNA and protein were extracted from the wound bed following a cull at
inflammation, proliferation and remodelling stages of healing wounds and analysed for
inflammatory (TNF-a, IL-1B, IL-6, CXCL-1), anti-inflammatory (IL-10), proliferation (TGF-B1,
VEGF) and remodelling markers (MMP-2, collagen | and Ill) using Q-PCR and antibody arrays
respectively. Results from the full-thickness wounds were compared to FTSG and BTM
wounds. Results: The majority of the inflammatory markers peaked during inflammation in
the full-thickness wound mouse model. Collagen deposition was significantly higher at Day
11, 14 and 21 compared to D1, 2, 5 and 8. Mice with grafts were considered successfully
brought to endpoint with taken grafts. Haematoxylin and eosin staining demonstrated the
appearance of less inflammatory cells in grafted wounds compared to ungrafted wounds.
Wound contraction was significantly greater in wounds grafted with BTM than with FTSG.
Collagen deposition was significantly greater in wounds grafted with FTSG than with BTM.
RNA expression of key inflammatory mediators was less in grafted wound beds compared to
ungrafted wounds. Expression of IL-6, CXCL-1 and MMP-2 were significantly higher in wounds
with FTSG compared to BTM at D5. VEGF-A, IL-10 and TGF-B1 were similar with both graft
groups. Conclusion: There are clear differences in the biomolecular activity in an ungrafted
full-thickness, and grafted wounds. Grafting modulates the inflammatory response of
spontaneous wound healing. The modulation of the normal wound healing trajectory is yet
to be determined. Identification of wound bed biomarkers that can predict healing is essential
for design of novel treatment options and/or the development of a more efficacious synthetic

or bioengineered dermal substitutes.
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Preamble

The final results of this Master of Surgery are a collation of animal studies and experiments
that were significantly affected by the unprecedented events of 2020 and the ongoing CoVid-

19 pandemic.

Although great care was taken to ensure that laboratory work continued when possible, the
Skin Bioengineering Laboratory was closed for approximately a month and a half in early- to
mid-2020 due to the lack of physical space within the premises that meant social distancing
could not be adhered to, as well as the first wave of the pandemic that occurred during the
first half of the year. Furthermore, animal lines including the SKH-1 mouse line utilised in this
body of work were minimised within the Precinct Animal Centre, thus affecting the availability

of mice for animal experiments.

In addition, Animal Ethics modifications submitted at the beginning of 2020 were effectively
not approved until mid-year due to the requests of the Animal Ethics Committee, which could

not be fulfilled until the second half of the year as these required animal experiments.
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CHAPTER 1: INTRODUCTION

The Biomolecular Profile of Wound Healing and the Healing Dynamics of Skin
Grafts
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1. Introduction

1.1. Background

A graft is a section of tissue without its own blood supply, which is transplanted from
one area (the donor site) to another — the recipient site. Various tissues can be grafted such
as bone, tendon, fat and skin. Of interest to this review are skin grafts, and how these types

of grafts survive and modulate the wound bed environment to produce healing.

The predecessor of the skin graft was thought to have come from India circa 600 BCE?, and
was a flap of skin upon a vascular pedicle, fashioned to reconstruct a nose. Although this was
a flap and not a graft, it is thought to have initiated the idea that skin could be moved from
one area to another. Celsus and Galen attempted skin grafts to repair facial defects in the first
two centuries of the common era, and Tagliacozzi attempted grafts taken from the inner arm
to repair a mutilated nose in the 1500s. Interest in the field of skin grafting in humans grew
in the 1800s, and in 1875, John Reissberg Wolfe compared the pedicle flap to the skin graft,

stating that the ‘pedicle was not essential ... to the vitality of the flap.’?

In the mid-to-late 19t Century, the skin graft underwent a series of developments by pioneers
such as Jacques-Louis Reverdin, Louis Léopold Ollier and Karl Thiersch (the pioneers of the
split-thickness skin graft), and John Reissberg Wolfe and Fedor Krause (to whom the
description of full-thickness skin graft is traditionally ascribed)3. Skin grafts as a treatment for
burns was first published in 1940s* . Prior to this wounds could only be left to heal by

secondary intention®.

Despite its long history and widespread use in reconstructive and burns surgery, little is
known about how skin grafts repair wounds, and the minimum requirements for graft “take”
(healing). Different types of wounds such as chronic non-healing wounds and burns wounds
can pose different issues to the process of skin grafting. These include donor availability and
wound bed issues. Although the process of graft take has been described in the literature and
investigated with animal models’?, associated molecular processes for a successful graft have
yet to be scrutinised. This is of importance, as improved understanding of how a graft
modulates the wound bed to produce healing will help to establish the requirements for

successful graft take.
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Identification of wound bed biomarkers and changes associated with successful grafting is a
prerequisite for the productions of proteins as treatment options to improve graft take and

for the development of a more efficacious synthetics or bioengineered culture grafts.

Here | will describe the stages of wound healing in mouse and human models, and explore

how autologous and synthetic skin grafting modulates the wound healing and repair process.

1.2. Introduction to the skin

1.2.1. The structure and function of skin
The human skin is the largest organ in the human body, and comprises approximately

16% of the total body weight of an adult!?, weighing 3-5kg on average!!. Human skin consists
of three layers: the epidermis, the dermis, and the underlying subcutaneous fat (also known
as the subcutis or hypodermis)*? 3. Although anatomically thought of as independent layers,
clinically they are interdependent, dynamic functional units that regulate normal structure
and function of the organ at molecular, cellular, and tissue levels.!> They perform vital
functions which include: mechanical protection, thermoregulation, immunological

surveillance, and the provision of sensation?® 12,

Mouse models are widely used as a model for wound healing studies. Its skin structure is
similar to humans in terms of its layers except for the excess of hair follicles, the lack of
epidermal ridges, and the presence of the panniculus carnosus below the dermis in murine

skin.

18



(A) (B)

Figure 1.1: (A) Murine and (B) Human skin structure. Rippa et. al. 2019%4. APM — arrector pilli
muscle; BM — basement membrane; DP — dermal papillae; DS — dermal sheath; DWAT —
dermal white adipose tissue; EP — epidermis; ESG — eccrine sweat glands; HD — hypodermis;
HF — hair follicle; PC — panniculus carnosus; PD — papillary dermis; RD — reticular dermis; SG —
sebaceous gland.

The Epidermis
The epidermis is the upper layer of the skin. It is derived from the embryonic

ectoderm?®®, The thickness differs greatly according to the regions of the body. It is the
thinnest on the scrotum and on the eyelids (thickness ~<0.1mm)!® and thickest on the back
and on peripheral body sites (~ 1.0mm thick). It is an avascular structure, receiving its
nutrients from the papillary dermis directly below its basal layer®. The principle cell of the
epidermis is the keratinocyte!3. The stratification of the epidermis is organised into five layers,
from deepest to most superficial: the stratum basale, stratum spinosum, stratum granulosum,
stratum lucidum, and the stratum corneum?®?! (see Figure 1.2). The epidermis, particularly the
stratum corneum, constitutes a large part of the physical barrier provided by the skin2. This
barrier function formed by the stratum is bidirectional as a physical barrier, as it prevents loss
of fluid, electrolytes, and proteins; but also shields from noxious chemicals, infections, and

ultraviolet radiation?’.

Interfollicular epidermis (IFE) stem cells that reside in the stratum basale maintain epidermal
renewal. They undergo a series of programmed biochemical and morphological changes,

flattening and hardening as they move upwards to terminate as the stratum corneum?? 18,
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In mice and guinea pigs, studies involving radioactively labelled basal cells demonstrated that
the basal to surface transit time of cells ranged from 8-9.5 days in mice to 13.5 days in guinea
pigs'®. To maintain homeostasis, cells lost during turnover must be replaced. Two distinct

models have been proposed as to how this homeostasis occurs. The first is based on

a series of experiments performed by Leblond in the 1960s%° on rat oesophagus (comprised
of stratified squamous epithelium that behaves similarly to the epidermis), where he
proposed that all basal cells were the same, and that they differentiate and proliferate
stochastically. This stochastic model has been also been investigated in in vivo mouse models,
demonstrating that the epidermal homeostasis is maintained by a population of single,

equipotent, committed progenitor cells that differentiate and proliferate stochastically?*.

An alternative explanation was introduced by Potten in the 1980s' 22, where he proposed
that tissues such as the epidermis are maintained by long-lived, slow-cycling, self-renewing
stem cells. These cells generate a population of short-lived ‘transit-amplifying’ cells that
undergo terminal differentiation after a set number of cell-divisions. This is demonstrated in

Figure 1.3.
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Figure 1.2: (a) Layers of epithelium of the epidermis. Modified from McLafferty et. al. 20121%;
(b) Cutaneous basement membrane or Dermal-Epidermal Junction, as seen at the junction
between the stratum basale of the epidermis and the dermis. Modified from Anderson et.

al. 20113,
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Figure 1.3: Diagram illustrating the organisation of keratinocytes within human IFE. Watt,

F. 199823, The daughters of transit-amplifying cells exit the cell cycle and terminally
differentiate as they move upwards to the stratum corneum.

The kinetics of IFE stem cell renewal were further investigated with lineage tracing and
analysing the clonal fate. Mascré et. al. (2012)?* utilised K14-Cre-ER mice, whose fluorescence
targeted mostly cells in the basal layer of IFE, and Inv-Cre-ER mice, which target mainly
suprabasal IFE cells. Their findings suggest that IFE maintenance is undertaken by two
populations of stem cells: slow-cycling stem cells (whose fluorescent label was attached to
the Keratin-14 protein in mice) and more rapidly cycling committed progenitor cells (linked
to the involucrin protein). In normal epithelia, keratin-14 is an intermediate filament protein
mainly expressed in the basal layer, and involucrin is synthesised after keratinocytes have left
the basal layer?>; both are useful markers for the terminal differentiation of keratinocytes in
the epidermis. This study also supports the idea that the committed progenitor cells are
responsible for epidermal homeostasis; whereas during wound healing, the slow cycling stem

cells contribute most.

Also residing within the stratum basale are melanocytes and Merkel cells. Melanocytes are
dendritic cells derived from the neural crest?®. which migrate to their location early in
embryonic development!?. They produce the pigment melanin, which is packaged into
subcellular organelles called melanosomes, and transported to neighbouring keratinocytes in
the basal layer. These melanosomes form a ‘melanin cap’?® which performs a critical role in

absorbing ultraviolet radiation and minimising damage to the skin®2.
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Merkel cells, part of the sensory nervous system, are mechanoreceptors.'® They transmit
sensory information from the skin to sensory nerves?®. These mechanoreceptors are located
in peripheral areas that require high tactile sensitivity, such as the skin of digits, lips, regions
of the oral cavity, hair follicles*2. They sit on the basement membrane, and have desmosomal

contacts with keratinocytes?®.

Langerhan’s cells are another resident cell of the epidermis. Although not unique to the
epidermis, they constitute 3-4% of all epidermal cells, and reside in the mid-epidermis®. They
are bone marrow derived, and are involved in the skin’s immune defence!®. They are
dendritic antigen-presenting and antigen-processing cells. Once the epidermis has been
injured, Langerhan’s cells undergo changes to allow them to leave the epidermis, and enter
the dermal lymphatics which drain into lymph node basins®. They are functionally impaired

by ultraviolet (UV) radiation, particularly UV-B*2,

The Dermal-Epidermal Junction
In general, basement membrane zones are located at the interfaces between layers of

cells?’. The cutaneous basement membrane zone (BMZ) separates the epidermis and dermis,
and is known as the dermal-epidermal junction (DEJ)?8. Both keratinocytes and fibroblasts

contribute protein components to the DEJ during development.

Ultrastructurally, the DEJ can be divided into four major subregions under light microscopy:
(i) the basal cell plasma membranes of basal keratinocytes and the hemidesmosomal plaques,
(ii) lamina lucida), (iii) lamina densa and (iv) the sublamina densa?®. The basal keratinocytes
are attached to the DEJ via specialised multi-protein complexes called hemidesmosomes.
Hemidesmosomes contain plectin, collagen XVII, integrin a6B4, and the bullous pemphigoid

antigens (BPAG)1 and BPAG2.

As a unit, this region has functions integral for skin homeostasis. The zone links the keratin
filaments of the basal keratinocytes and the collagen components of the superficial dermis?®.
It is also a regulator of epithelial-mesenchymal interactions, acts as a permeability barrier,
participates in signal transduction?® and provides structural integrity for resistance against
external shearing forces!?. The absence or aberrant expression of hemidesmosomal proteins,
as seen in inherited cutaneous disorders such as epidermolysis bullosa, have demonstrated

skin fragility and blister formation in humans3C. The DEJ also allows transmission of cells under
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homeostatic (e.g. melanocytes and Langerhan’s cells) or pathological conditions (e.g.
lymphocytes and tumour cells)?” between the cutaneous layers, which may be important in
the context of wound repair, the healing of skin grafts, and the recapitulation of skin with

respect to laboratory-based skin equivalents.

The Dermis
The bulk of the skin and its structural integrity as a whole is largely attributable to

the dermis!?. Along with the subcutaneous layer, it is derived from the embryonic
mesoderm?3, It supports and provides nutrients to the epidermis. The thickness of the dermis
varies by sex and body region — it is thicker on palms and soles compared to the eyelids, and

is thicker in men than women?’.

Fibroblasts are the most abundant cells within the dermis, and are able to synthesize and
remodel the extracellular matrix (ECM)*2. The dermis is composed mostly of collagen
produced by the fibroblasts3. In addition to ECM, it contains lymph vessels, nerve endings,
hair follicles, and glands.!! It comprises two structurally different layers: the more superficial
papillary dermis and the thicker reticular dermis3!. The papillary dermis contains nerve
endings?®, collagen (mostly Type Ill) and loose elastic fibres. The reticular layer is mostly dense
connective tissue with collagen, mostly Type I'7. It contains two vascular plexuses. The
superficial vascular plexus separates the papillary from the reticular dermis, and is responsible
for thermoregulation®3. The deep vascular plexus is present at the junction of the reticular

dermis and the underlying subcutaneous fat*®.

The dermis is thus critical during the proliferative phase of wound healing, when the
production of ECM is important. The proteins of the ECM act as a scaffold for inflammatory
cell migration, along with granulation tissue generation. It provides a temporary substrate
which the re-epithelialisation takes place via the epidermal keratinocytes3?. Fibroblasts
promote interactions between the epidermis and dermis through paracrine, autocrine and
other forms of communication33. and their proliferative and the synthetic activity increases
during wound healing!?. Other cells residing in the dermis include macrophages and mast
cells?. Fibroblasts have the ability to differentiate into myofibroblasts, which are responsible

for wound contraction32.
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Fibroblasts are not homogenous3* 3>. The two types, papillary and reticular, originate from
differing cell lineages and have varying functions in wound repair and skin homeostasis. This
has been investigated by using transplantation assays, lineage tracing, and flow cytometry in
mouse models34. The papillary dermis and the dermal papillae (at the base of the hair follicles)
fibroblasts are from a similar lineage. These regulate the growth of hair follicles and the
arrector pilli muscles. The reticular fibroblasts, myofibroblasts and hypodermal cells arise
from a similar cell line, and are incapable of inducing hair follicles. These are largely
responsible for the synthesis of ECM in the primary wave of dermal regeneration during

wound healing.

A recent work by Korosec et. al. (2019)36 associated Fibroblast Activation Protein (FAP) and
CD90 expression as markers of papillary and reticular fibroblasts respectively. Cell surface
markers in human fibroblasts were identified in in vitro models using flow cytometry. Papillary
fibroblasts (FAP+/CD90-) exhibited greater proliferative potential and could not be
differentiated into adipocytes. In contrast, FAP-/CD90+ cells expressed high levels of CD36
(associated with cells of the lower dermis), and easily undergo adipogenic differentiation; this
is pathognomonic of reticular fibroblasts (the relationship of adipocytes of the hypodermis

with the fibroblasts is discussed later sections).

Fibroblast heterogeneity has also been investigated in adult humans by Tabib et. al. (2018)3.
Two major and distinct fibroblast sub-populations were defined based on SFPR2 and FMO1
markers. SFPR2 expression defined a distinct subpopulation of fibroblasts that are small,
elongated, and distributed in high frequencies amongst collagen bundles compared to the
cells with FMO1+ lineage. These cells were seen throughout both layers of the dermis. SFPR2+
cells also expressed higher levels of common matrix genes such as Type | collagen and
fibronectin, implying their role in ECM production. In contrast, FMO1+ cells were larger with
larger nuclei. Their function was less relevant to matrix production, demonstrating lower
expression of the collagen-related genes COL1A1 and COL1A2. It confirmed that these two
distinct populations were present throughout the dermis and not specifically aligned with the
papillary or reticular layer of the dermis. This suggests that although papillary and reticular
subpopulations are established during development, there is fluidity in fibroblast

subpopulation maintenance in adults.
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The FMO1+ cells identified in Tabib’s work would fit best with the characteristics of papillary
fibroblasts (and SFPR2+ cells with reticular) if we were to consider the behaviour as outlined
by Driskell and colleagues. However, studies using single-cell RNA sequencing techniques
show that although the function of fibroblasts is separated by layers, much like the epidermis
is with keratinocytes, the organisation of these cells is more complicated than initially
thought. Both populations of SFPR2+ and FMO1+ cells were divided further into
subpopulations, further adding to the idea that ‘fibroblasts’ may be a simplistic, collective
term for a diverse group of cells involved in wound healing. However, it is important to note

the divergence in human and murine models.

Nevertheless, the differences between papillary and reticular fibroblasts are numerous, both
structurally and functionally, and are summarised in the review by Rippa and colleagues

(2019)**. A modified table is below.

Characteristics

Morphology
ECM

Positivity for a-Smooth
Muscle Antibody (SMA)
Contribution to skin
equivalents

Scarring

Papillary Fibroblasts

Spindle-shaped

Weaker alignment of
collagen fibres, higher
proteoglycans content.
Small part of fibroblast is a-
SMA positive.

Support the formation of a
multilayered, more
stratified and differentiated
epidermis with ridges.

ECM components promote

the growth of keratinocytes.
May improve scar condition.

Reticular Fibroblasts

Stellate-shaped

Ordered network of
collagen fibres and elastin
strands.

Most part of fibroblast is a-
SMA positive.

Do not support the
formation of a fully-
stratified epidermis.
Altered basement
membrane composition.

Generates a matrix typical
for fibrosis.

Table 1: Characteristics of papillary versus reticular fibroblasts. Rippa et. al. 201914,

Hair Follicles

As epidermal renewal is thought to be controlled by stem cells located in the stratum
basale or a portion of the hair follicles called the bulge to induce hair follicles could lead to
epidermisation, and thus the potential closure of a wound. The hair follicle has been identified
as a reservoir of cells with a wide range of therapeutic possibilities not limited to the

development of hair3°.
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Regeneration of the epidermis after wounding involves the activation, migration and
proliferation of keratinocytes from stem cell niches of the surrounding unwounded epidermis
and other appendages such as hair follicles. The presence of active hair follicles has been
shown to accelerate wound healing in murine in vivo models®. Hair follicles consist of both
follicular (epithelial) stem cells and mesenchymal stem cells. The follicular stem cells reside in
the bulge area of the follicle (located below the sebaceous gland), and the dermal papilla at
the base of the follicle lower down'4. Structurally, murine hair follicles are similar to human
follicles and they contain the same principal cell types. Although they also undergo repetitive
cycling, significant interspecies differences do exist, thus limiting the translational capacity to

humans from murine models?*!.

In contrast to epidermal basal cells, which are unipotent and differentiate to form the mature
epidermis in adult skin*?, hair follicle stem cells from the bulge region have been shown to
have regenerative capacity of hair follicles as well as epidermal regeneration following
wounding*3. Defects in the hair follicle bulge in wounded transgenic mice established an acute
delay of wound re-epithelialisation*3. Lineage analysis in transgenic mouse wounds have
found that stem cells in the hair follicle bulge contribute to wound repair but not to

homeostasis of the epidermis®*.

The dermal papilla also contains mesenchymal stem cells®. In vitro studies of murine
fibroblasts and dermal papilla cells demonstrate they reorganise the ECM in a similar fashion
in culture, as well as forming the cytoskeletal protein vimentin in similar timelines?®®. Hair
follicle cells were even found to be superior to fibroblasts in influencing DEJ formation in
murine in vitro and in vivo models*’, demonstrating their multi-functional role in wound

healing.
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Figure 1.4: Schematic representation of the human hair follicle. Modified from Fuchs, E and
Nowak, J. A. 200948,

The Hypodermis
The hypodermis, or the subcutis, lies beneath the reticular dermis. It is made up of

looser connective tissuel’. This layer of subcutaneous fat insulates the body, serves as a
reserve energy supply, cushions and protects the overlying skin, and allows for its mobility

over the underlying structures'> 17,

The dermis and the hypodermis are structurally and functionally integrated through networks
of nerves and vessels, as well as in the continuity of epidermal appendages'?. Both the dermis

and the hypodermis are derived from the embryonic mesoderm?3.

The hypodermis is composed mainly of adipocytes, organised into lobules!’. They have roles
in the storage of triglycerides as an energy source. They also function as endocrine cells that
secrete growth factors (for example, fibroblast growth factor and its receptor are expressed
in both white and brown human adipose tissue*®) and cytokines associated with physiological

processes such as glucose and lipid metabolism>°

The ability of adipose tissue and adipose-derived cells to influence wound healing has been
demonstrated in vivo. When seeded onto a polymer scaffold, cultured for 14 days, and grafted
onto athymic mice, fibroblasts derived from human adipose significantly stimulated
angiogenesis and re-epithelialisation when compared with fibroblasts derived from the
papillary dermis>!. Complete wound re-epithelialisation was only observed in mice treated

with adipose cultured constructs in the same study.
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In a full-thickness burn wound mouse model, where there is by nature a lack of dermis, fat
grafting of the wound bed has positively influenced angiogenesis®2. Mice treated with fat
grafts also demonstrated a decrease in wound fibrosis, as measured by immunostaining and
biochemical markers. This highlights the ability of adipocytes, even in transplanted form, to

affect change in the wound bed milieu.

Dermal defects that occur in the absence of adipocytes demonstrated a loss of wound closure
integrity and a resulting recurrence of the wound, as investigated in lipoatrophic “fatless”
mice>3. The same study also demonstrated that not only do alterations in adipocyte formation
hinder the production of fibroblasts, they may also promote fibroblast production from an
unknown fibroblast precursor cell to mediate fibroblast recruitment during skin wound

healing.

1.3. Wound Repair

Wound repair has been extensively investigated>* >>. It is a process that seems aimed
solely at wound closure and survival rather than functional and aesthetic outcomes. Our
increased understanding has led to the advancement of the way we treat injuries such as
burns and chronic wounds. Nevertheless, wound healing is still appreciated as a complex
process that may be derailed by a host of factors. Better understanding of the processes
involved may assist in the development of new methods of wound management and

treatments to improve outcomes.
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Figure 1.5: Phases of wound healing in humans. Enoch, S. & Leaper, D. J. 2008°°.
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1.3.1. The Classic Model of Spontaneous Wound Repair

Haemostasis and Inflammation
Although thought of discrete phases, the stages of wound healing overlap in cellular

and molecular levels. The first stage of acute wound healing is dedicated to haemostasis and
the formation of a provisional wound matrix by way of a clot. This phase is immediate upon
injury, and also initiates the inflammatory process. When a cutaneous wound occurs, blood
and lymphatic vessels are traumatized, and blood thus enters the wound, flushing it to
remove antigens and micro-organisms®’. The clotting cascades are initiated, vasoconstriction
triggered by the platelets, and the blood clots. This provides a provisional matrix that acts as

a scaffold for the migration of the cells of wound healing>®.

Both platelets and leukocytes release cytokines and growth factors to activate the
inflammatory process (IL-1a, IL-1B, IL-6 and TNF-a), stimulate collagen synthesis (FGF-2, IGF-
1, TGF-B), activate the transformation of fibroblasts to myofibroblasts (TGF-B), commence
angiogenesis (FGF-2, VEGF-A, HIF-1a, TGF-B) and support the re-epithelialisation process
(EGF, FGF-2, IGF-1, TGF-a)>°. Cytokines and growth factors relevant to this will be discussed

in further detail below.

Concurrent with haemostasis, early inflammation occurs from days 0-2 post injury and is
marked by neutrophil recruitment. ‘Late’ inflammation occurs from days 2-3 post injury. This

phase is marked by the appearance and transformation of monocytes>® >°.

In early inflammation, neutrophils are recruited to the site of skin injury by the products
released by degranulated platelets and the by-products of bacterial degradation. The

neutrophils kill the local bacteria and help to breakdown necrotic tissue®.

Neutrophils release inflammatory mediators such as IL-1B, TNF-a, and IL-6. In turn, these
stimulate other cytokines and growth factors such as VEGF and IL-8 to allow for the next
stages of wound healing such as angiogenesis and epithelialisation. Following this, during the
late inflammatory phase, neutrophils are replaced by macrophages, and enter the wound to
continue the wound healing process by phagocytosing pathogens and cell debris present.
They also secrete growth factors, chemokines, and cytokines, some of which are able to

activate the next phase of wound healing (the proliferative phase)°>.
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Interleukin-6
The interleukin-6 (IL-6) family belongs to a family of cytokines including IL-6 and IL-

115! and is commonly used as a marker of inflammation. IL-6 is involved in the growth and
differentiation of numerous cell types of dermal and epidermal origin®. IL-6 is not
spontaneously produced by intact normal cells; in wound healing, it is primarily produced by
epidermal keratinocytes with smaller amounts being produced by macrophages, Langerhan’s
cells, and dermal fibroblasts®3. Increased IL-6 levels have been seen in papulosquamous skin
pathologies such as psoriasis, with IL-6 also stimulating the proliferation of human
keratinocytes in vitro®. In vivo rat and mouse models have also demonstrated that an
overexpression of IL-6 in normal, unwounded rats causes epidermal proliferation and
inflammation®; while overexpression in transgenic mice causes a thickened stratum
corneum®®. In murine skin lesion models, IL-6 has been observed to consistently peak early in
the inflammation phase as a pro-inflammatory cytokine, with a concurrent increase in TNF-a
and IL-1B%7 %8, In a murine excisional wound model, the peak of IL-6 was observed at 18 hours

post wounding in comparison to a non-wounded control®°.

Fibroblasts, through the expression of IL-6 and keratinocyte growth factor (KGF)-2, cause the
proliferation and migration of keratinocytes>*. The importance of IL-6 in wound healing is
evident from delays wound healing observed in IL-6 deficient mice. IL-6-deficient mice (IL-6
knockout, KO) require up to three-fold longer to heal in comparison to wild-type controls,
with decreased inflammation, granulation tissue formation and neovascularisation. This delay
was reversed with a single dose of recombinant murine IL-6 or intradermal injection of an
expression plasmid containing murine IL-6 ¢cDNA’°, IL-6 has also been demonstrated to
indirectly induce keratinocyte migration only in the presence of fibroblasts in IL-6-KO mouse
in vitro models. Keratinocytes and fibroblasts were isolated from neonatal IL-6-KO mice and
treated with recombinant mouse IL-6 (rmIL-6). rmIL-6 alone did not significantly modulate the
activity of cultured IL-6-KO keratinocytes, whereas there was a significant 5-fold increase in
the migration of IL-6 KO keratinocytes when co-cultured with fibroblasts following the rmlL-

6 treatment’L.

The wound healing delays in steroid-induced immunosuppressed mice was also reversed by
administration of recombinant murine IL-6. Conversely, in control mice, administered murine

IL-6 delayed the wound healing process. Furthermore, the increase in MMP-10 expression
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seen in steroid-treated mice was attenuated with recombinant [L-6 administration,
suggesting that IL-6 may also influence dermal matrix formation and collagen synthesis’?. Its
activity on fibroblast differentiation has been investigated further, with data indicating that
ao-SMA expression (a marker of myofibroblasts, the primary mediators of wound contraction)
is dysregulated in IL-6 KO mice’3. This behaviour of IL-6 — expressed in two distinct phases:
upregulated quickly after skin injury peaking 12 hours post-injury, and again at >72 hours’3 —

may be an indicator of the pleiotropic nature of this interleukin.

Interleukin-16
The interleukin-1 (IL-1) family has 11 members including IL-1a and IL-1B. IL-1B is a

potent pro-inflammatory cytokine that was originally identified as a pyrogen®®. Both the a
and B subtypes are synthesised by multiple cell types including monocytes, macrophages, and
neutrophils; however, it is thought that the expression of IL-1B is induced primarily as a
response to microbial molecules’®. Macrophages secrete paracrine IL-1 and KGF that
stimulate fibroblasts in both in vivo rat and in vitro human studies’>”’. In silico and in vitro
studies have demonstrated that IL-1B stimulates murine keratinocyte and fibroblast cell lines
to produce keratinocyte-derived chemokine (KC, homologous to human IL-8) to recruit more

inflammatory cells in an autocrine fashion’®.

IL-1B has been shown to be upregulated in a murine model of excisional wounds, along with
a number of other cytokines. Its peak was observed at 24 hours post wounding compared to
a non-wounded model®®. A murine partial-thickness (heated rod) burns model was observed
to have a peak of IL-1B protein, at the 3 day mark post injury’®. Chemically-induced skin
lesions (using lewisite, an organoarsenic compound) were examined in hairless,
immunocompetent SKH-1 mice, and both IL-1 proteins (a and B) were downregulated®’. SKH-

1 mice and their role in wound healing studies will be discussed later in this review.

Diabetes is associated with impaired wound healing, and there is evidence of elevated levels
of IL-1B in the wounds of both diabetic humans and mice®® &', Expression of IL-1B from
macrophages isolated from wounds of human diabetic patients was negatively correlated
with Peroxisome Proliferator-Activated Receptor (PPAR)-y in a 2015 study by Mirza et. al.8? In
a healing wound, macrophages undergo a transition from pro-inflammatory to healing
phenotypes, and this switch is dependent on the activation of PPAR-y. Thus, IL-1B may

negatively regulate PPAR-y activity in diabetic, non-healing wounds.
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The activity of IL-1 has also been implicated in abnormal scarring: oxidative and heat stress
proteins (important mediators in abnormal scar formation) are stimulated through IL-1B
pathways, and are shown to develop in scars after severe burns. This has been demonstrated
in human in vitro studies comparing fibroblasts from normal skin and hypertrophic scars®.

Tumour Necrosis Factor-a
Tumour necrosis factor (TNF)-a is a potent inflammatory mediator of the innate

immune system®?, It is secreted by macrophages and mast cells, and has been shown to
exhibit properties cytotoxic to tumour cells. Like IL-1, TNF-a is thought to promote re-
epithelialisation through the production of KGF and its effect on fibroblast activation. It is a
pro-inflammatory cytokine implicated in sepsis®* and chronic inflammatory conditions such

as rheumatoid arthritis®.

Its role in the modulation of the inflammatory response has also been observed. A study by
Yimin et. al. investigated the granulomatous and inflammatory response of mice inoculated
with Rhodococcus aurantiacus, a Gram-positive bacteria related to the Mycobacterium
species responsible for tuberculosis®®. It was found that the TNF-a knockout mice had a high
bacterial burden after inoculation, but if pre-treated with exogenous recombinant TNF-a the
day prior to infection, there was an increased rate of bacterial elimination post-infection.
Administration of anti-murine IL-6 mouse antibodies (to deplete the endogenous IL-6 in vivo)
the day prior to infection had no effect on bacterial clearance, but improved the overall
mortality of TNF-a knockout mice. It thus appears that TNF-a plays an essential role in

bacterial clearance.

TNF- a levels peaked at 72 hours post wounding both in a murine excisional wound healing
model as confirmed by ELISA assay and Q-PCR®, and in a murine partial thickness burns model
confirmed by PCR.” Much like IL-1B levels in chemically-induced skin lesions®’, TNF-a did not
demonstrate an increase in response to sulfur-mustard exposure®®; in fact, there was no
observable change in levels in this chemical-wound model. This would suggest that
chemically-induced skin lesions may not be an on optimal vehicle to examine the
inflammatory consequences of wounds given the difference in profile, and that excisional or

thermal wound models would be more effective.
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Valvis et. al. (2015)%” demonstrated that at day 1 post the administration of a full-thickness
burn to mice, TNF-a was significantly elevated compared to an equivalently sized full-
thickness excisional wound. The same study also demonstrated the delayed onset of IL-6
production in the excisional model compared to the burn model, and an earlier neutrophil
chemoattractant response with no significant increase in macrophage inducing cytokines. The
expression of IL-6 was increased in the burns model compared to the excisional wound model.
The cytokine profile of burns injuries, in particular partial-thickness burns injuries, will be

discussed later.

Interleukin-8
Compared to the other inflammatory cytokines, interleukin-8 (IL-8) is relatively new

following discovery of its properties as a neutrophil-activating peptide in the early 1990588 &,
It is a chemoattractant, pro-inflammatory cytokine produced by a variety of cells including
keratinocytes and macrophages> and has been demonstrated to play a causative role in
inflammation by recruiting and activating neutrophils®. It also enhances neutrophil
adherence, chemotaxis and granule release as well as enhancing epithelialisation®*, with a
role in angiogenesis®! particularly in tumours. A recent review by Fousek, et. al. °? highlights
the multifaceted role of IL-8 in tumour progression and disease prognostication due to its

potency in affecting immune cells.

In addition to its effects on inflammatory cells, an in-vitro study observed that IL-8 also
stimulates endothelial cell proliferation and capillary tube organisation through direct
interaction with the endothelial cells®?. Endothelial cell survival and programmed apoptosis
are critical for the maintenance of the vascular structure and cell turnover in angiogenesis;
and as such, endothelial cells treated with culture medium containing IL-8 in the same study
showed higher levels of active Matrix Metalloproteinase (MMP-2 and MMP-3) production.
This indicates that IL-8 plays an important angiogenic role in wounds and tumours; however,
the exact mechanism through which this occurs remains unclear. Its roles in murine full-

thickness wound repair and behaviour at the grafted wound bed is also yet to be determined.

Proliferation
Proliferation occurs 2-10 days after injury®, and consists of epithelialisation,

angiogenesis, and provisional matrix formation>.
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The first event is the migration of keratinocytes over the wound bed (epithelialisation). They
migrate from the edges of the wound until a sheet of cells completely covers the wound. A
highly conserved cellular program between metazoan organ systems termed epithelial-
mesenchymal transition (EMT) allows stagnant epithelial cells to gain motility, much like
mesenchymal cells, and travel across the wound®*. Epithelialisation begins shortly after
wounding and is initially stimulated by IL-1 and TNF-a.

Platelets and macrophages from the haemostatic clot continue to stimulate fibroblast
proliferation and migration into the wound bed by producing platelet-derived growth factor
(PDGF) and transforming growth factor (TGF)-B1. By the third or fourth day, the wound
becomes rich in fibroblasts which lay down the extracellular matrix with proteins such as
hyaluronan, fibronectins and proteoglycans. Nearby damaged endothelial cells secrete basic

fibroblast growth factor (bFGF) to signal endothelial cell migration.

This new stroma of extracellular matrix, or ‘granulation tissue’, is pink, vascular, and fibrous.
Fibroblasts also subsequently produce collagens and fibronectins®. Fibroblasts then
synthesize and secrete KGF-1, KGF-2 and IL-6 — these stimulate adjacent keratinocytes to

migrate to the wound area, proliferate, and differentiate in the epidermis>*.

The concurrent formation of new blood vessels (angiogenesis) is necessary to sustain the
newly formed granulation tissue. It relies on extracellular matrix in the wound bed, as well as
the stimulation of endothelial cells by vascular endothelial growth factor (VEGF)®8. VEGF is
secreted predominantly by keratinocytes on the wound edge, but also by macrophages,
platelets, fibroblasts and other endothelial cells)** in response to injury and hypoxia.

Keratinocytes can be stimulated to produce VEGF by IL-1, TNF-a, TGF-B1, and KGF.

Fibroblasts, which can come from the wound edge as stated above or from the bone
marrow®®, may begin transforming into myofibroblasts under the influence of macrophage-
secreted TGF-B1 whilst also synthesizing collagen. The appearance of contractile
myofibroblasts corresponds to the commencement of wound contraction.

Transforming Growth Factor-61
The TGF-B superfamily includes types 1, 2 and 3. It was originally isolated in the 1970s,

when attempts to define an individual peptide growth factor that could ‘transform’ or

promote cell growth®”. There are also three TGF-B receptors (TGFBR1, 2 and 3)%. It is the B1
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subtype that predominates in cutaneous wound healing. It is primarily synthesised and
produced by macrophages, fibroblasts, keratinocytes and platelets®®. Wounds of transgenic
mice lacking a TGF-3 receptor, TGF-B receptor Il (TGF-BRII), have been shown to have delays
in re-epithelialisation compared to wild-type mice 3 days post-wounding. There was also an
almost complete absence of dermal regeneration and impaired fibroblast migration and
myofibroblast differentiation as shown through immunohistochemical staining. However, the
same study also demonstrated that TGF-BRII-null mice contained more proliferating
keratinocytes compared with the wild-type control at 7 days, reflecting the complexity of TGF-

B functionality®.

The TGF-a subtype has been shown to directly stimulate keratinocyte migration and
proliferation®?. However, the effect of the B1 subtype on keratinocyte activity remains
unclear whether TGF-B1 promotes keratinocyte proliferation directly or by secondary effect
via the promotion of ECM production and deposition. In vitro studies have shown that TGF-
B1 has the capacity to induce keratinocyte motility through its interaction with integrins®?
and its ability to induce epithelial-to-mesenchymal transition in cell culture®. An
overexpression of TGF-B1 in transgenic mice resulted in aberrant keratin expression, and
growth arrest of the epidermis and hair follicles'. Phenotypically, the mice were born with

taut skin, which ultimately proved lethal due to their inability to move and breathe.

Deletion, rather than overexpression, of the TGF-B1 gene in mice has also demonstrated
lethality. In half of embryos born, multi-organ failure followed with death by 3 weeks in those
successfully born alive'®®, There was a decrease in granulation tissue formation, vascularity,
collagen deposition and epithelialisation in the wounds of these mice, along with a marked
increase in the inflammatory infiltrate of the wound bed compared to wild-type mice%. Koch
et. al. in 2000'%7 also demonstrated that, although wounds of both TGF-B1-KO mice and wild
type mice were both healed by 10 days, the KO mice showed an overall reduction in the
amount of granulation tissue and an increased rate of epithelialisation compared to wild-type

controls. Together, this suggests a negative effect of TGF-B1 on epithelialisation.

Scar formation is heavily influenced by TGF-B1, as it is a potent stimulator of collagen
production by fibroblasts'®®, It also suppresses the expression of matrix metalloproteinases
(MMPs), the enzymes that modulate the synthesis and degrade the ECM%, As a result, TGF-
B1 has been implicated in aberrant scar formation pathologies such as keloids.'° It has been
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shown to accelerate wound healing in partial-thickness murine wounds through its
stimulatory effect on fibroblasts and ECM deposition rather than the inhibition of
keratinocyte migration. In full-thickness wounds, however, it has demonstrated wound
closure delays by the inhibitory effect on keratinocyte migration!'?, by prolonging the
inflammatory phase of wound healing through its intrinsic pro-inflammatory effect!'2 and by

leaving the wound open.

Platelet Derived Growth Factor
PDGF is a disulphide-linked dimeric protein composed of varying combinations of four

polypeptide chains (A, B, C and D). It acts through tyrosine kinase receptors and the
downstream extra-cellular regulated kinase (ERK) cascade'?, and directly increases fibroblast
proliferation, along with indirectly increasing fibroblast proliferation through its effects on IL-
1, TNF-o, and TGF-B>*. It was the first growth factor shown to be chemotactic for cells
migrating into the wound bed such as neutrophils and fibroblasts, and stimulates fibroblasts

to contract collagen matrices along with inducing the myofibroblast phenotype°.

The BB isoform, known as PDGF-BB, was shown to be the major stimulating factor for human
dermal fibroblast motility in an in vitro study performed by Li, et. al. in 20044, Human dermal
fibroblasts were cultured on polylysine control matrix or a type | collagen matrix, with or
without PDGF-BB. Kinetic analysis of the cells’ behaviour in vitro revealed that PDGF-BB does
indeed enhance the migration of cells. This enhancement is more evident in the later phase
of migration (i.e. more evident 16 hours post seeding compared to 2 hours post).
Furthermore, PDGF-BB would not induce fibroblast migration without the collagen matrix,
indicating again the PDGF-BB alone cannot initiate cellular migration in the absence of a
physiological ECM. Conversely, in the absence of PDGF-BB, collagen was able to initiate
cellular migration, until a plateau was reached around the 4 hours post seeding mark. The
addition of the PDGF-BB allowed cells to continue to migrate over the plateau reach by the
collagen alone. This highlights two important points: that fibroblasts require groundwork by
way of an ECM to migrate, and that PDGF-BB demonstrates promotility effects for

fibroblasts!14.

The topical application of recombinant PDGF-BB (rPDGF-BB) to an avascular wound model in
rabbits to facilitate skin grafting demonstrated an increased amount of granulation tissue at

equivocal timepoints, as assessed macroscopically, compared with an avascular wound
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treated with control buffer. Although the addition of hyaluronic acid with the rPDGF-BB
generated more granulation tissue macroscopically, it was not until a vascular wound bed in

the in vivo model was added that the most granulation tissue was produced.

All skin grafts subsequently applied to the granulation tissue with vascularised wound beds
and those treated with rPDGF-BB survived completely. All skin grafts in the control buffer
group, and the rPDGF-BB alone treated groups failed to take, with the exception of those that
were grafted with onto a vascular wound bed*>. This once again serves to highlight that PDGF
seems to only work effectively in concert with other factors such as other cytokines and
wound bed qualities. Following several clinical trials, it was approved in 1997 by the Food and
Drug Administration in the United States of America for the treatment of diabetic foot

ulcers!®, It remains the only growth-factor based adjunct to wound therapy to be so.

The efficacy of PDGF-BB as a topical adjunct to improve full-thickness acute wound healing in
non-diabetic humans, has also been demonstrated. Seven healthy volunteers were given
either an antibiotic or PDGF-BB gel to treat full-thickness punch biopsy wounds. More PDGF-
BB treated wounds were healed in comparison to antibiotic gel treated wounds at all study
time points. These differences were statistically significant'’.

Vascular Endothelial Growth Factor-A
The vascular endothelial growth factor (VEGF) family contains multiple members

(VEGF-A to VEGF-E).?° VEGF-A is one of the most important positive regulators of angiogenesis
along with fibroblast growth factor (FGF)-2, also known as basic-FGF (bFGF)>°. They bind to
three different transmembrane tyrosine kinase receptors, named VEGF receptors (VEGFR) 1-
3 (i.e. VEGFR-1, VEGFR-2, VEGFR-3) localised to the endothelial surface of blood vessels. VEGF-
A binds to VEGFR-1 and -2.1'8 It is produced by endothelial cells, keratinocytes, fibroblast

smooth muscle cells, platelets, neutrophils and macrophages® 1%°.

VEGF-A expression was strongly induced following cutaneous injury in rat and guinea pig
models confirmed by in-situ hybridisation, with keratinocytes and macrophages being the
major producers'?°. Macrophages stimulate keratinocytes to express VEGF with IL-1 and TNF-
a, and fibroblasts stimulate keratinocytes to express VEGF with TGF-B and KGF-2>4, KGF-
knockout mice have shown decreased angiogenesis and VEGF mRNA levels in vivo,

highlighting a regulatory positive feedback within the growth factor families*?*.
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Interleukin-10
IL-10 is an anti-inflammatory cytokine, regulating the synthesis of pro-inflammatory

cytokines such as IL-1B, IL-6 and TNF-a in activated macrophages'?3. Both IL-10 mRNA and
protein levels were detectable in a murine incisional wound model for 10 days after injury,
with biphasic peaks at 3 and 72 hours post incision?4. IL-10 expression also had biphasic peaks
in a murine full-thickness burns wound model, however peaking at days 1 and 7 post-burn'?,
These peaks were similar to the temporal profile of TGF-B1 in the same study. Its role in the
proliferative phase of wound healing is demonstrated in IL-10 deficient foetal mice, whose
wounds heal by scar formation rather than by scarless regeneration as is commonly seen in

foetal wounds!26.

Injections of a purified IL-10 in mice given full-thickness wounds produced wounds that had
accelerated re-epithelialisation, increased granulation tissue coverage and improved wound
revascularisation when compared to mice injected with placebo control. In addition, mice
treated with IL-10 induced a reduction of TGF-B1 expression and limited myofibroblast

differentiation, further highlighting the suppressive role of IL-10 on fibrosis and scarring.
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Remodelling
The final stage of wound repair commences 7-10 days following injury, and lasts for a

year or longer. The main feature of this phase is the deposition of collagen into an organised
network for wound integrity and strength>* >, If there are matrix deposition problems, then
wound strength is compromised. If there is an excess of collagen production, then a
hypertrophic scar or a keloid scar may result. During this stage, fibroblasts also differentiate
into myofibroblasts under the influence of TGF-B!?” and PDGF to facilitate wound contractility

for closure, and cicatrisation of the resultant scar.

Initially, this matrix is composed mainly of fibrin and fibronectin laid down previously in the
haemostasis stage of inflammation by macrophages. Following this, fibroblasts synthesise
glycosaminoglycans and proteoglycans, providing a haphazard framework for the new matrix.
It is this temporary matrix that is replaced by an organised collagen matrix>*. Types | and Ill
collagens make up about 95% of the collagen of a scar. The collagen in uninjured skin is 80-
90% Type | collagen, and 10-20% Type lII; granulation tissue has 30% Type Il collagen, and a
mature scar only has 10%28, This continual decrease in Type Il collagen as the scar matures
is mediated by the matrix remodelling proteinases (MMPs) and is influenced by changing
concentrations of TGF-B, PDGF, IL-1, and EGF. The suppression of MMPs is, in turn, suppressed
by tissue inhibitors of metalloproteinase (TIMPs), whose production by fibroblasts is

upregulated by TGF- and IL-6.

Collagen: Types | and |l
The major component of connective tissue in a developing scar is collagen. It is

organised as fibres composed of individual polymerised collagen molecules. These molecules
are made up of three polypeptide chains arranged in a characteristic triple helix'?8. Their main
function is to provide mechanical stability to animals, with up to 28 collagen types evident in
humans and mice!?°. Type | collagen is the main protein in human bone, skin and tendon, type
Il is specific to cartilage; and type lll along with type | are the main structural components of

blood vessels??.

During the remodelling phase of wound healing, Type | collagen replaces the fibronectin and
Type |l collagen present in the provisional matrix laid down during proliferation, becoming
the predominant constituent in the extracellular matrix'?® 39, This change in protein levels is

reflected in the burn wounds of a mouse model. Partial thickness burns were applied to
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C57BI/6 mice and the inflammatory markers in the wounds measured. Fourteen to 21 days
post burn, Type Ill collagen (Col3a1) mRNA levels were higher compared to Type | Collagen
(Colla2) levels. By 70 days post burn, the inverse was found. Both types peaked at day 28

post burn, likely reflecting the transitioning state of the extracellular matrix”°.

Similar to inflammation and proliferation phases, the remodelling phase in a full-thickness
burn model in mice demonstrated significant differences between the excisional wound and
burn wound repair models. The expression of collagen type | peaked much earlier, between
days 3 to 14 post-burn compared to a simple excisional wound model further reflecting
fundamental differences in repair process of two different types of wounds'?> 131, In the
mature burn scars of humans, histological specimens demonstrated an increase in the type |
collagen density and thickness and a decrease in the amount of type Il collagen, compared

to normal skin controls, with a lack of the “basket-weave” pattern of normal skin®32,

Collagen has been demonstrated to be a requirement for cellular motility of human dermal
fibroblasts in vivo, independent of any topical growth factor agents such as PDGF-BB!4, The
interplay between other extracellular matrix proteins and collagens has also been
demonstrated in excisional wounded rat models. The topical application of a low-molecular
weight hyaluronic acid (the principal glycosaminoglycans found in extracellular matrix)
accelerated excisional wound healing by modulating inflammatory cytokines (such as IL-1,
IL-6 and TNF-a), promoting epithelialisation and neovascularisation, and remodelling collagen

from a Type Il to a more mature Type 133,

There also seems to be a difference in expression of Type | collagen between fibroblasts in
non-ulcerated skin of patients with diabetes and skin from diabetic foot ulcers.
Immunofluorescent staining suggested that Type | collagen was intracellularly localised in
fibroblasts from diabetic foot ulcers and non-ulcerated skin of diabetic patients. In contrast,
non-ulcerated, non-diabetic fibroblasts had their Type | collagen located extracellularly. This
may indicate the lack of ready availability of Type | collagen in a population prone to poor
wound healing, and perhaps the fibroblast phenotype inherent on a patient population may

contribute to impaired wound healing through aberrant ECM production®3°,
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Matrix Metalloproteinases and Tissue Inhibitors of Metalloproteinases
The collagen remodelling in a wound is mediated by specific collagenases, MMPs, and

their inhibitors, Tissue Inhibitors of Metallo-Proteinase (TIMPs), which are expressed in
fibroblasts under tight regulation. MMP-2 deficient mice have been shown to have reduced

neovascularisation after epithelial corneal injury 3*. MMP-9 deficient mice have shown poor

135 136

arterial remodelling following aortic injury >, poor angiogenesis at a fracture site**°, and
delays in full-thickness excisional wound closure!®’. As discussed earlier some pro-
inflammatory growth factors show a second expression peak days after injury, indicating their
role during proliferation and remodelling phases. IL-1 contributes to remodelling phase by
stimulating MMPs expression, while IL-6 stimulates TIMPs expression. It has been shown that
TGF-B stimulates both MMPs and TIMPs expression during remodelling phase, indicating the
complex role that growth factors play during wound healing. It is often the balance of growth

factors, rather than individual ones that drives biological outcomes>*.

High levels of MMP-8 and MMP-9 have been detected in plasma of burns patients regardless
of their degree of burns with peaks within hours from injury. TIMP-1 was also elevated with

a peak around 24 hours post injury and its level corelated with 90-day survival'38,

1.3.2. Cellular Interactions
The overlapping phases of wound healing lead to an array of cellular interactions. The

collective, coordinated activity of the layers and their various cell types are necessary for
wound repair. The dermis and its cells have been shown to coordinate relationships between

the cells of the other layers.

Epithelial cells have been shown in in vitro assays of human skin equivalents to modify their
behaviour following injuries to the basement membrane. Laminin 332, previously known as
Laminin 5%, has been shown to accelerate the assembly of the DEJ and encourage the
conversion of epithelial cells to a migratory phenotype to assist in re-epithelialisation. Lineage
tracing in mice has also shown that hair follicles are mobilised to the wound area, and
contribute to the repair of the damaged epidermis®. Incisional wounds in genetic mouse
mutants that completely lack hair follicles have a delay in re-epithelialisation compared to

their wild-type counterparts3?,

42



Keratinocyte-fibroblast interactions were investigated with human wound-healing
myofibroblasts!??. The presence of wound healing myofibroblasts in the dermis induced a
delay of epithelialisation and a disorganised dermis as seen through immunostaining.
Furthermore, basement membrane protein deposition was also delayed when the dermis

contained wound healing myofibroblasts.

The relationship between the ECM and dermal fibroblasts has recently been demonstrated in
in vivo mouse models and in silico techniques. The idea that fibroblasts undergo fate
restriction (i.e. terminal differentiation) has previously been discussed3*. However, Rognoni
and colleagues demonstrated that fibroblasts have the capacity to come out of quiescence.
Their models indicated that the presence of an ECM was sufficient to prevent further
fibroblast proliferation, and that the presence of an ECM could also encourage fibroblasts out
of their quiescent state!®l. This duality of function demonstrates that this inhibition is
reversible, may be a source of fibroblast recruitment when skin is injured, and that skin
homeostasis is dependent on this complex interplay. Despite this contrast of cellular fate,
these two studies emphasize that cellular interactions can occur between cutaneous layer,

and cells within a single layer itself.

1.3.3. Deviations from normal wound healing — non-healing wounds
In humans, problems with wound healing can manifest as either delayed wound

healing (e.g. from diabetes or radiation exposure) or excessive healing (hypertrophic, keloid
scars)®> Local factors (e.g. infection, ischaemia and mechanical trauma) as well as systemic
factors (e.g. chronic diseases such as diabetes, and nutritional deficiencies) are involved in

the cycle of non-healing wounds!#2,

Full-thickness wounds in rabbit models have demonstrated that exacerbated and prolonged
inflammation (as measured through RNA and protein expression via Q-PCR and ELISA) impairs

wound healing and increases scar formation seen histologically*3.

Punch biopsies from chronic diabetic wounds and chronic venous ulcers in humans
demonstrated a prolonged presence of ECM proteins compared to an acute wound model*#4,
Proteolysis of the ECM is an important step during normal wound healing, allowing for the
removal of debris and encouraging cell migration and angiogenesis>*. However, overactivity

of this proteolysis could result in excess tissue degradation, and prolongation of healing.
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Proliferation assays of human fibroblasts from chronic wounds have demonstrated that they
produce similar amounts of ECM compared with normal fibroblasts, indicating that it is

through matrix processing and ECM remodelling that a chronic wound may persist*4°.

Chronic wound fluid contains high concentrations of active neutrophil elastase, which is
responsible for the degradation of proliferative cytokines such as PDGF-BB and TGF-B1%, It
also contains a significant higher concentration of MMPs, which remove ECM#. TGF-B also
upregulates the expression of tissue inhibitor of metalloproteinases (TIMPs) and decreases
MMP production. In humans, other cytokines such as IL-1B, IL-6 and TNF-a induce the
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expression of some MMPs!4’, and upregulates TIMP>%. It appears that the milieu of the

chronic wound provides an array of aberrant cellular interactions.

Extensive deep burn wounds will not heal in a timely fashion according to the classic models
of acute wound healing. This is largely because epithelial elements at the edge of such wounds
will only be able to proliferate to cover extensive areas over a prolonged period of time,
during which the wound will become chronic. In the context of available surgical resources,
such wounds will be skin grafted in order to achieve healing. Severe burns induce a raft of
systemic physiologic changes, including insulin resistance, hypermetabolism and an
hyperinflammatory state'“®. Severe trauma in general causes an increase in endotoxins,
systemic IL-1B, IL-6 and TNF-a, and reactive oxygen species, resulting in sustained

inflammation4°,

Early burn wound excision has been shown to significantly reduce inflammation as well as the
risks of infection, wound sepsis, and multi-organ failure> *>° with benefits in reducing patient
mortality and length of hospital stay>%1>2, As a result, burns wound excision and subsequent

autologous grafting remains the gold standard of care for deeper burns.

Skin grafts as a treatment for burns was first noted post-second world war#, and provides the
epidermis that contributes to wound healing. The destruction of the cutaneous barrier and
the altered immune status leads to an increased susceptibility to infection and consequent
sepsis, hence the need for expeditious wound coverage. The acute wound model that has
been extensively investigated provides a dilemma when the size of the wound to heal

overwhelms the healing mechanisms available. This is none more evident than in extensive,
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large total body surface area (TBSA)% burns when the percentage area of injury surpasses the

area available as a donor site.

The severity of burn wounds can be estimated by TBSA% as calculated in multiples of nines
(“The Rule of Nines”), and by the depth of the burn. The larger the percentage of TBSA injured,
and the deeper the injury, the more severe the burn. It is more difficult to facilitate wound
spontaneous wound repair with a higher TBSA of burn, and it is also more difficult to find

appropriate donors for skin grafts. The following figures outline this grading scheme.
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Growth factors and Cytokines in Burn Wounds
In addition to mitigating infection and sepsis risks, early excision and grafting of burns

is undertaken to avoid the presence of granulation tissue and subsequent future scarring

issues!®>.

Several studies in humans have investigated the temporal relationship of several pro- and
anti-inflammatory cytokines during the first few days to weeks post a burn injury. In this
hyperinflammatory state, plasma levels of IL-6, IL-8, IL-10 and TNF-a and granulocyte colony
stimulating factor (G-CSF) were elevated in burns patients compared to non-burns patients at
all observed time points in one study*®®. IL-6, -8 and -10, although fluctuant in their levels, all
peaked at Day 1 post burn, whereas TNF-a peaked at Day 7. In addition, a general trend
observed was that the higher the burn TBSA%, the higher the levels of the aforementioned
cytokines. Fatal burns also saw significantly higher levels of IL-6, IL-8 and GCSF compared to

non-fatal burns patients®’.

This elevation of cytokine plasma levels post burn was also seen in the paediatric burns
population?®®, The prognostic ability of cytokines has also been investigated, and of those
mentioned in this review, IL-6 may be used as a prognostic indicator of mortality in burns
patients®®®. It is interesting to note that these cytokines are generally considered to be
inflammatory cytokines, and to the best of our knowledge, a study that investigates the
continuous temporal profiles of proliferation and remodelling cytokines in burns patients is

yet to be undertaken.

The fluctuating levels of inflammatory cytokines post injury is also evident in mouse models®”
2. A mouse model for partial-thickness burn wounds demonstrated peaks of IL-1 and TNF- a
at day 3, and a peak of IL-6 at day 1, which sharp declines of all cytokines at Day 7 and minimal
amounts between Days 10-14. This model establishes that a thermal burn induces a strong
pro-inflammatory response that subsides prior to burn closure; however, this response leads

to sustained effects on downstream scar remodelling.

1.3.4. Skin Grafts
There is paucity of information available as to how a skin graft takes on a biomolecular

level, and how it modulates wound healing.
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There exist general principles as to how a skin graft heals. To have graft take, skin grafts
require that the recipient wound has a graftable bed, i.e. one with a functioning vascular
supply*®®. Therefore, skin grafts will not take on exposed bone, tendon or cartilage, but will
take on periosteum, paratenon, and perichondrium. Like wound healing, graft healing has
been proposed to consist of phases: (i) adherence, (ii) plasmatic imbibition, (iii)

revascularisation, and (iv) remodelling.

Burleson first described an elastin-fibrin bond in 19728 using rat models xenografted with
partial-thickness porcine skin grafts. This acute stage of adherence was seen to occur within
the first 24 hours of grafting. Concurrent to this, the first 48 hours sees the extrusion of plasma
from graft recipient site capillaries as seen in rat® and guinea pig models!®!. This plasma is
thought to either nourish the graft or merely keep the graft moist and to keep the graft vessels
open whilst circulation is being established. After 48 hours, blood vessels can be seen within
the fibrin layer of the graft. The formation of these blood vessels was thought to either be by
inosculation (the kissing of a graft and a wound bed vessel)® or by neovascularisation first
from the recipient bed growing into the graft’. Hypoxia inducible factor (HIF-1a, which
stimulates the expression of VEGF) increased the macroscopic take rate of autologous skin
grafts in mouse models. HIF-1a knockout mice had significantly impaired graft take. The
mechanisms through which this occurs was not elucidated, and histological staining showed

no difference in epithelialisation between the knockout and wild-type mice'®?,

The graft then undergoes a remodelling phase, where the graft itself regains the architecture
of normal skin. By day 6, lymphatic channels have been established, and by day 7, collagen
replacement has begun, increasing to normal levels by 42 days. Further vascularisation and
remodelling continues for months following, and sensation may begin to appear at 3

weeks163,

These insights have been achieved largely through macroscopic observations of grafted
wound beds, and more recent studies have only sought to highlight wound factors that may
increase or contribute to visual graft take. Such external wound factors include the use of
negative pressure wound therapy to encourage plasmatic imbibition or to create a well-
vascularised wound bed prior to grafting®*1%6, A review by Schneider et. al. (2007)’
ultimately concluded that an intrinsic wound bed factor to encourage increased graft take is
an alkaline wound bed milieu.
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In research where cellular interaction was investigated, no protein confirmation of
biomarkers was undertaken. Allografting human keratinocytes onto partial thickness burn
wounds post-debridement demonstrated immediate shifts in integrin expression. It allowed
the epidermal integrin expression to normalise rapidly, shifting the epidermis from an
inflammatory to a regenerative state as investigated through the histology of human wound
biopsies post graft'®8. This has also been demonstrated when cultured epithelial autografts
were transplanted onto a homograft dermis, along with regeneration of the wounded DEJ¢°,
Accelerated assembly of the DEJ has been shown to accelerate wound healing (see Section

1.2.1).

Rudolph in 197570 investigated full-thickness skin grafts in rats (using light and electron
microscopy) and concluded that the application of a skin graft rapidly decreases the number
of wound bed myofibroblasts. This is not through the inhibition of myofibroblast formation,
but rather by speeding up the completion of their life-cycle. Desmouliere et. al. (1995)"
found that, in rats, the senescence of granulation tissue is mediated by apoptosis; this also
mediates the decrease in cellularity, particularly of myofibroblasts, during the transition
between granulation tissue and scar (observed to begin at around day 12 post wounding).
This finding was mimicked when a similar full-thickness wound was applied to a similar rat
model, and the wound bed covered with a local rotation flap’2. However, this apoptosis, as
seen via in situ labelling of fragmented DNA and electron microscopy, was seen to commence
at day 3 post wounding. This opens the door for the idea that skin grafts modulate the wound
bed by altering the wound healing trajectory as seen in the classical model of wound healing;

but this is yet to be investigated and confirmed on the protein and RNA levels.

In addition to the role of MMP in ECM remodelling during spontaneous wound repair, these
proteases are also involved in remodelling vasculature in grafts. Immunofluorescence analysis
illustrated MT1-MMP was present at the emerging wound vessel sprout-tips, indicating that
a possible role for MT1-MMP in endothelial growth during inosculation in an autologous FTSG
mouse model'’3. Whereas, MMP-2 initially rose within the wound bed followed by
predominating within the skin graft at 96 hours suggesting a role in remodelling as opposed
to the role of angiogenesis. At 24 to 48 hours, MMP-9 had upregulated expression

concentrated in the upper dermis of the graft at the level of non-perfused vessels, and was
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associated with disorganised cell morphology, implying a role in the ordered regression of the

pre-existing graft vasculature!’4,

A recent study by Jalili et. al.?’®> used split-thickness skin grafting in porcine models to
investigate the possible sources of the cells that fill the wound bed below the graft. Their
immunohistochemical findings suggest that the new skin under the graft regenerates in a
“bottom-up” approach, undergoing proliferation and demonstrating a-SMA-positive
expressing cells. In addition, the immune cells infiltrating the wound bed were thought to

acquire the capacity to become skin cells, as early as day 10 post-wounding.

1.4. Dermal Matrices
The limited availability of donor skin grafts in large burns becomes a significant

challenge. Split-thickness skin grafts are often meshed to maximise the harvested skin, but
can cause contractures. The thickness of the skin graft and the depth of the underlying wound

bed affects the extent of scar tissue formation7¢.

Since the 1980s, bioengineered skin substitutes have been developed as an adjunct or
alternative to the use of the patient’s own skin in the context of the aforementioned
limitations often found with burn wounds. More specifically, dermal substitutes are
biomatrices that fulfil the functions of the cutaneous dermal layer when the dermal layer has
been destroyed!’’. They act as matrices or scaffolds, and promote new tissue growth and

enhance wound healing?’® 17°, and may improve the resultant scar quality*.

There exist various bioengineered skin substitutes and dermal templates in the market””- 179,
as the type of scaffold can influence the delivery of wound healing cytokines to the wound
bed'8!. The scaffold being investigated in this research project is NovoSorb Biodegradable
Temporising Matrix (BTM). BTM is a fully synthetic dermal template in the form of

biodegradable polyurethane foam with a temporary non-biodegradable polyurethane seal.

The mechanism through which matrices heal wound beds is also another question yet to be
answered. Greenwood et. al. in 2009'®2 revealed that neovascularisation with Integra results
in large vessel, high volume, rapid flow circulation contrasting markedly from normal
inosculation process in skin grafts and the capillary circulation in normal skin. Our laboratory

in 20168 revealed earlier neovascularisation of BTM compared to Integra, a dermal matrix
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comprised of human collagen | and GAG. The biomolecular profile of both synthetic and

autologous graft take is yet to be investigated.

1.5. The Mouse Model

1.5.1. Animal Models in Research
There is currently no ideal model of cutaneous wound healing'84. In vitro models of

wound healing serve to isolate specific elements of the wound healing process, so they can

be studied in a simpler system.

Results therefore need to be extrapolated in vivo. There are various in vivo models; and
although different mammals can have differing wound healing characteristics, wound healing
is conserved across evolution, so observing lower species can inform us of this basic

biology'®.

Approached from structural perspective — hair density, blood supply, relative epidermal-
dermal thickness and skin laxity — pig dermis is structurally the most similar to that of
humans!® 186 187 However, porcine models are cumbersome, expensive, and genetically
heterogenous'®. Other models include rat and rabbit models; but the most commonly used
animal model is the mouse, as they are easy to handle and maintain, produce rapidly, and are

economically more acceptable.

As human and murine skin have the same layers of cells in the epidermis and dermis, there
are similarities in skin healing between the two species despite the great different in thickness
of layers'®’. However, mice have a panniculus carnosus — similar to the human muscle of the
plastysma — a thin layer of muscle resting directly under their hypodermis. As a result, mice
wounds heal via contraction as opposed to re-epithelialisation seen in humans'® 18 |n
general, mice have greater hair follicle density which facilitates a faster wound repair
compared to wound repair in humans. One way to avoid cutaneous contraction of open
wounds in mice is to splint the wound open with silicon or metal8* 189 1%0; and one way to

avoid the greater hair follicle density is to use a hairless mouse model.

1.5.2. The SKH-1 Hairless Mouse Models
The immunocompetent, outbred albino hairless SKH-1 mouse is the most widely used

in dermatological research as it allows for the ready manipulation of the skin and easy

visualisation of the cutaneous response.'®! Its lack of hair is similar to human skin, and has an
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epidermis and dermis similar to that of humans. Its outbred status means, however, that the
mouse will reject anything not autologous, and for a mouse widely used in research, its

genetic status remains relatively uncharacterised.

1.6. Hypotheses, Aims and Methodology

1.6.1. Hypotheses
We hypothesise that:

i Skin grafting facilitates wound repair by altering the wound micro-environment such
as modulating the inflammatory response.
ii. A synthetic matrix graft allows for the wound to repair by similar changes in the

wound micro-environment as autologous skin graft.

1.6.2. Aims
i.  Toestablish a mouse model for studying changes in wound microenvironment in skin

grafting over time.
ii. To identify key molecular markers to aid in the investigation of wound healing
progression.

iii.  To identify biomolecules associated with successful graft take.

1.6.3. Study Design
Our study will use male SKH-1 mice, aged approximately 8-10 weeks and weighing

>21g at the time of surgery. Male mice have more subcutaneous fat particularly at the flanks,

which can thus facilitate a greater ease in the surgical portion of the experiments.

Arm 1: Full-thickness wound model
The aim of the first arm is to establish and confirm the stages of full-thickness wound

healing in this mouse model. The results of this study will guide the experimental arm.

Two full-thickness wounds will be made on the dorsum of the mice under general anaesthesia
and splinted open with a pre-made silicon ring, and sutured on to prevent contraction

following a similar protocol from Dunn et. al.**°

The mice will be monitored for the duration of the experiment, and will be euthanised at their
endpoints by CO; inhalation. The wounds, and a small margin of surrounding tissue will be
collected as well as tissue near the tail (unwounded host tissue) from the mouse after

euthanasia for histological, protein and RNA analysis.
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Arm 2: Autologous full-thickness skin graft and synthetic dermal graft models
The second arm is similar to the first, where mice will be given two wounds and culled at

varying timepoints. Differing in this arm, however, is that we will be giving mice a graft
alongside the full-thickness wound. This graft will either be an autologous full-thickness skin
graft or a synthetic graft, one of NovoSorb BTM. The mouse’s endpoint will be one of three:
a day that coincides with the inflammatory phase of wound healing, a day that coincides with
proliferation, and a day that coincides with an early remodelling timepoint. These days will
be dictated by the results of the first arm of the study. Again, the mice will be monitored for
the duration of the experiment, and will be euthanised at their endpoints by CO; inhalation.
The wounds, and a small margin of surrounding tissue will be collected as well as tissue near
the tail (unwounded host tissue) from the mouse after euthanasia for histological, protein

and RNA analysis.

1.7. Transition into the Clinical Setting
Ehrlich’s perspective article in 19961%® stated that “graft take replaced the healing

process for the closure of the defect”; but perhaps, a skin graft is merely another method of
healing process that modulates not only the wound bed, but the temporal trajectory of the
classic model of wound healing. Investigating the microenvironment in full-thickness
autografted and synthetically grafted wounds may relay significant information as to the
method of wound healing attributable to skin grafts and synthetic grafts. Identifying the
minimal requirements for a graft to take could feed back into the composition of comparable

skin substitutes.

Furthermore, to outline why a particular dermal substitute is successful in the context of
burns injuries would convey a better knowledge as to why dermal cells behave the way they
do when injured. A better understanding of the way dermal cells behave in differing cell-
matrix environments could pave the way for a wider usage of these dermal substitutes not
previously approached in the context of not only Burns injuries, but in the realm of

Reconstructive surgery.
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CHAPTER 2: MATERIALS AND METHODS
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2. Methods

2.1. The Mouse Model

All experiments were performed using male SKH-1 mice. SKH-1 mice were acquired
through a pre-existing collaboration with researchers from Baker IDI Institute (Melbourne,
Australia). Mice were between 8-10 weeks old at time of surgery and weighed >21g. All mice
arrived at the Precinct Animal Centre (PAC) seven days prior to their surgery date to
acclimatise to the environment of the holding room. On this day, mice undergo a health check
and their weight recorded. At least two days prior to their surgery date, mice were housed in
divided cages using sterile caging equipment, given Neomycin drinking water in dark water

bottles, and given wet mash to acclimatise to the texture of food.

2.1.1. Ethics
All experiments were performed on animals in accordance with the guidelines set by

the Animal Ethics Committee (AEC) of Monash University and Baker Institute, Melbourne (AEC
E/1920/2019/A).

2.1.2. Neomycin drinking water
The stock solution of Neomycin (100x, 180mM) was prepared by adding Neomycin

powder (Neomycin Trisulfate, Sigma-Aldrich) to sterile filtered water (MilliQ) in an autoclaved
bottle and left to stir and dissolve using a magnetic flea. As Neomycin is light sensitive, all
bottles were wrapped in aluminium foil. The drinking water solution of Neomycin (1x, 1.8mM)
was prepared by acidifying 1L of MilliQ using hydrochloric acid (HCl) to a pH of 2.5, adding
10mLs of the 100x stock solution of Neomycin, and filter sterilised using a vacuum filter

(Nalgene, Merck).

2.1.3. Mouse surgeries and dressing changes
Fresh paracetamol (in 300ul of phosphate-buffered saline (PBS), 150mg/kg) and

buprenorphine (100ul in PBS, 0.01mg/kg) injections were prepared. Extra paracetamol at
50mg/kg was made to be added to the mash on the day of surgery. Two buprenorphine
syringes were prepared for each mouse, as they required a second, post-operative dose of

analgesia 8-12 hours post-surgery.

Mice were then transported from their holding room to PAC theatre. The theatre set-up

included a recovery area (a sterile recovery cage on a heat rack) and a sterile theatre table on
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a heat rack with an anaesthetic machine and an instrument bench. Prior to the operation,

mice underwent a final pre-surgery health check and their weight recorded.

Mice were anaesthetised using an inhaled anaesthetic (isoflurane, (2-chloro-2-
(difluoromethoxy)-1, 1, 1-trifluoro-ethane)) at 3L/min in an induction chamber. A mouse was
considered anaesthetised when the animal was breathing steadily, does not right itself when
the induction chamber was tilted, and when gentle pressure on the foot pad and tail does not
elicit a response. Following confirmation of anaesthetisation, the mouse was moved from the
induction chamber onto a nose cone, with the isoflurane maintained at 1.5L/min. Eye gel was

then applied.

A sterile field was set up around the mouse. The area of excision (on the dorsal side of the rib
cage, 1cm on either side of the midline at around the flanks of the mouse) was cleaned with
80% alcohol (EtOH, v/v) and PBS. Two 1.5cm circles were marked on the mouse’s skin using a
round template such as a biopsy punch and an inkpad. The tissue was excised using a pair of

surgical scissors.

Mouse surgery for both arms of the study were similar, however in the second arm, only one
wound was treated, either with an autologous full-thickness skin graft (FTSG) or the synthetic

Biodegradable Temporising Matrix (BTM).

In FTSG group, the skin excised with surgical scissors was turned 180 degrees and sutured
onto one of the two wounds with monofilament nylon sutures (size 6/0 Dafilon nylon
monofilament sutures, Warner & Webster) with 4 to 6 simple interrupted sutures. The
adjacent wound was left as an ungrafted full-thickness wound. The remaining tissue from the
untreated wound (“unwounded”) was collected and immediately immersed in TRl Reagent

(Sigma-Aldrich) for processing later that day (see section 2.3.1).

In the BTM group, BTM was sutured onto one of the two wounds instead of the excised skin
in the same fashion as above. The BTM was pre-cut to wound size prior to surgery and soaked

in 0.9% Normal Saline 30 minutes prior to use.

Two custom-made silicon rings (Press-to-stick silicon, Life Technologies/ThermoFisher, P-
18178) were adhered to the outer edges of each wound using skin glue (Histoacryl glue,

BRA1050044) and sutured in place along the outer circumference of the ring with the
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monofilament nylon suture with 6 to 8 simple interrupted stitches. Prior to dressing,
photographs of the mice were taken using a camera, measuring the size of the wound using

digital electronic surgical calipers (Sterihealth Labs).

The two wounds were dressed following the final suture with one layer of a paraffin
impregnated gauze (Jelonet, Smith & Nephew), two layers of a non-absorbent but porous
wound dressing (Surfasoft, Otago Healthcare) and dry gauze. These were fixed to place with
an adhesive, waterproof dressing (Tegaderm, 3M Company), and a self-adherent bandage

(Coban, 3M Company) was applied to hold the bandage in place.

Mice were given an 300uL intraperitoneal injection of non-opioid analgesia (paracetamol,
3mg/ml in saline) and a 100puL subcutaneous injection of opioid analgesia (buprenorphine,
0.01mg/kg). A flush of oxygen was delivered to the mice, and placed in the recovery cage and
closely observed while they regained consciousness. Once the mice started to move around,
they were placed in their home cages. Animals were returned to their holding room at the
end of the surgery day and were monitored on a daily basis post-operatively (see Appendix 2:
Post-surgery Animal Monitoring Sheet). Another dose of buprenorphine in as a 100uL
subcutaneous injection was given to the mice 8-12 hours post their first injection as an adjunct
pain relief. Carprofen (5mg/kg) was available as a 100uL subcutaneous injection if the mouse

monitoring indicated that the mice needed extra analgesia due to their pain.

Dressing changes were performed on the mice on days 5, 10 and 15 post-op. The anaesthetic,
intra-operative monitoring and dressing regime was as the primary operation. Photographs
were also taken at these time points. An intraperitoneal injection of paracetamol was

administered to these mice following their dressing changes.
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Figure 2.1: (a) Experimental timeline for the full-thickness wound model. Mice were culled
at endpoints that coincided with inflammatory, proliferative, and remodelling timepoints.
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Figure 2.1: (b) Methodology flowchart for the full-thickness wound model.
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Figure 2.2: (a) Experimental timeline for the autologous- and synthetic-grafted wound
models. Mice were culled at three distinct timepoints as guided by the results of the full-
thickness wound model.
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Figure 2.1: (b) Methodology flowchart for autologous- and synthetic-grafted wound
models.
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2.1.4. Euthanasia
Mice were euthanised at their assigned end-points using a CO2/CO; gas mix. Mice were

placed in the chamber and the CO; turned on at a low flow rate (25-30% of the volume of the
chamber per minute). The mouse was monitored until the animal had stopped breathing.
After its final breath, the CO, was left on for a further 1-2 minutes and then turned off.
Heartbeat, respiration and pain reflexes were checked to verify death. The mouse was given
a pneumothorax by piercing its diaphragm below the heart as a secondary measure of

euthanasia to ensure death.

2.2. Excision of Tissues
Following euthanasia (See Section 2.1.4), dressings were removed from the mouse

and photographs taken of the wounds with caliper measurements prior to removal of the
silicon rings. The two wounds (left — “L” and right — “R”) and its surrounding host tissue were
excised along with skin from the tail end of the mouse. These were laid flat onto filter paper
placed into the wells of a six-well plate and carefully soaked in PBS. The wound bed (“wound”)
tissue and the tissue from the tail (“tail”) were halved for processing with TRI Reagent and for

tissue embedding in OCT for histological cryopreservation, as outlined below.

Tail, FTSG and tissues excised from the wounds at day 21 for both conditions (FTSG or BTM)
were separated into epidermis and dermis as follows. Tissues were soaked in 1M of sodium
chloride (NaCl) following halving and gently rocked for 1.25 hours, prior to processing the
specimens with TRI Reagent, snap freezing or saving in RNA-later. To separate the layers, once
the specimen had soaked in NaCl, it was turned dermis side up and the dermis scraped off

from the epidermis until the shiny underside of the epidermis was seen.

Tissue specimens (L, R and T) were prepared in TRI Reagent (“TR”) prior to RNA and protein

purification on the day of tissue excision following animal euthanasia.

2.2.1. Tissue Processing: using TRiReagent
Specimens were homogenised in TR (1000uL per 50-100mg of tissue) using a tissue

homogeniser. The homogenate was then centrifuged at 12,000 x g for 10 minutes at 2-8°C to
remove the extracellular material such as hair. These cell suspensions were either used

immediately to purify RNA and proteins, or stored in -80°C for up to 1 month.
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Following tissue homogenisation, the samples were left to stand for 5 minutes at room
temperature prior to adding 100uL of 1-bromo-3-chloropropane (Sigma-Aldrich) per 1000uL
of TR to the Eppendorf tube, shaken vigorously for 15 seconds, and allowed to stand for 5
minutes at room temperature. These were then centrifuged at 12,000 x g for 15 minutes at
2-8°C to separate the sample into its three phases: a bottom pink organic phase containing
protein, a middle white interphase containing DNA, and a top clear aqueous phase containing

RNA.

Purification of RNA and proteins will be discussed in later sections (see Section 2.4.1: RNA
extraction and purification, and: Section 2.5 Protein extraction and purification of tissue

lysates).

2.2.2. Tissue Processing: snap freezing
Another method was used to process the tissues to maximise the protein and RNA

yield of specimens. Once the tissues were halved, and the half soaked in 1M NacCl for
epidermal and dermal separation, the half was bisected again (into quarters) for RNA and
protein. The quarter for RNA was stored in RNA later and soaked overnight prior to storing at
-80°C prior to extraction. The quarter for protein was immediately snap-frozen in dry-ice and

stored in -80°C.

2.3, Histology Methods

2.3.1. Cryopreservation of specimens
Tissues for cryopreservation were lightly fixed in 4% Paraformaldehyde (PFA), 20min, washed

in PBS and placed in a cryomold with OCT overnight. The skin grafts were frozen on dry ice
while keeping them in profile the next day. Specimens were stored at -80°C until use for

cryotomy.

2.3.2. Haematoxylin and Eosin Staining
Cryopreserved specimens were cut using a cryotome and left in room temperature

overnight prior to staining. Slides were then washed in tap water for 2 minutes prior to
staining with Harris’s Haematoxylin for 30 seconds, then washed again in running tap water
for 30 seconds. The slides were dipped in Acid Alcohol for 1 second, washed in running tap
water for 30 seconds, then dipped in Scott’s tap water for 10 seconds. The slides were washed
in running tap water again for 30 seconds, and stained with Eosin for 1 minute. Following this,

the slides were washed in absolute alcohol three times for 2 minutes each and then
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dehydrated in xylene three times for 2 minutes each. Slides were then mounted with DPX

(Dibutylphthalate Polystyrene Xylene, Merck), and left to dry overnight prior to imaging.

2.3.3. Masson’s Trichrome Staining
Masson’s Trichrome staining was performed with thanks by the Monash Histology

Platform Services (Clayton, Melbourne, Victoria). Briefly, cryopreserved specimens were cut
using a cryotome at 7um thickness per section. Sections were then brought to water, and
placed in Bouin’s fixative either overnight at room temperature or 1 hour at 60°C. Slides were
then washed in running water prior to staining with Celestin blue for 5 minutes, and then
washed again. Slides were placed in Weigert’s haematoxylin for 30 minutes, washed in tap
water following, and differentiated in acid alcohol briefly. Slides were washed again in running
tap water for 10 minutes before staining with Biebrich scarlet-acid fuchsin for 5 minutes. Five
percent tungstophosphoric acid was applied to the slides with brief washed in distilled water
before and after. These were then stained with Aniline blue staining solution for 5 minutes,
washed in 1% aqueous acetic acid for 3 minutes, and then dehydrated through 3 changes of
100% ethanol. Specimens were cleared in 3 changes of xylene period to mounting with DPX,

and left to dry overnight.

2.4, RNA Methods

2.4.1. RNA extraction and purification
RNA purification was firstly undertaken using the TriReagent instructions. Extraction

was then undertaken using the Qiagen RNeasy kit (Qiagen, 74136) following streamlining
methods. Following TR separation of the specimens into three phases, the aqueous phase
was aspirated into a new RNase-free tube, with care to avoid the contaminants of the middle
and bottom phases. The middle interphase was discarded, and the protein phase was placed

in the fridge for later precipitation.

For specimens directly kept in RNA-later, these were taken out of the -80°C freezer, thawed
on ice, and homogenised in 800ul of the RLT buffer provided in the Qiagen RNeasy kit before

proceeding with the following steps.

An equal volume of 100% EtOH was added to the RNA (extracted either by TR or by RLT buffer
homogenisation), mixed, and 700ul loaded into an RNeasy column seated in a collection tube.

Samples were spun at 8,000 x g for 30 seconds at room temperature, and the flow-through
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discarded. Next, 700ul of the RW1 buffer from the kit was added into the columns, spun 8,000

x g for 30 seconds at room temperature, and the flow-through discarded.

The column was transferred into a new tube, 500l of the RPE buffer (with added ethanol as
per manufacturer’s instructions) from the kit added to the tube, and spun at the above
parameters with the flow-through discarded. 500ul of the RPE buffer was added again to the
columns, spun at 8,000 x g for 2 minutes at room temperature, and the flow-through
discarded. The column was again spun for 1 minute at 8,000 x g to remove the remaining

buffer from the column.

The collection columns were transferred to a new 1.5mL tube, and 50ul of RNase-free water
pipetted directly onto the column membrane. The samples were allowed to sit at room
temperature for 2 minutes, and then spun at 8,000 x g for 1 minute to elute RNA. This addition
of 50ul of RNase-free water was repeated to elute a total of 100ul of RNA. Samples were

stored at -80°C.

A Nanodrop Spectrophotometer (Thermofisher) was use to evaluate the quantity of RNA
eluted (ng/uL), as well was the Azeo/280 ratios to assess the purity of the final RNA product.
Later quantitation involved use of the Quantus™ Fluorometer machine and kit (Promega),

which required use of the QuantiFlor® RNA System kit (Promega, Product no. 287813).

2.4.2. Complementary DNA synthesis
Complementary DNA (cDNA) was synthesised using the GoScript™ Reverse

Transcriptase Master Mix and Oligod(T) kit (Promega, A2791). cDNA for the wound sample
(e.g. SGO01L) as well as the no RNA (i.e. SGOO1L no RNA) and no reverse transcriptase (i.e.

SGO01L no RTC) negative controls were synthesised.

Volumes of the GoScript™ Buffer, GoScript™ Enzyme mix, and nuclease free water to add to
the microtubes (0.2mL, Axygen Corning) were as per below. The template RNA for a 500ng
concentration was also added to the microtubes for wound sample and the no RTC negative

controls. The enzyme mix was omitted from the no RTC negative controls.

Volume (uL)
Component

sample No RTC No RNA
Nuclease-free water 4 6 4
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GoScript™ buffer 4 4 4
GoScript™ Enzyme 2 0 2
+ +

Template RNA (=500ng) | x X 0
Nuclease-free water toa | 19 x 10 - x 10
final volume of

Final microtube volume | 20

All labelled tubes were vortexed and briefly centrifuged. A BioRad ThermalCycler was used to

synthesise cDNA according to the following program:

1. 25°Cfor 10 min (annealing)
2. 42°C for 60 min (reverse transcription)
3. 99°C for 5 min (denature RTase)

4. 4°Cfor 5 min (cooling)

cDNA was either used immediately for PCR or stored at -80°C until required.

2.4.3. Primer Selection
Primer pairs for all target genes of interest were selected by literature search through the

PubMed online database. Criteria for primer selection were as follows:

e The primer should span an exon-exon junction to include an intron, in order to avoid
the risk of genomic DNA (gDNA) amplification.

e Melting temperatures (Tm) to be between 60-64°C with an ideal temperature of 62°C.
The two primers should not differ by more than 2°C.

e A guanidine/cytosine content between 30-65% with an ideal of 50%.

For a full list of primer pairs (Sigma-Aldrich) including reference housekeeping genes, please
see Table 2.1. Lyophilised Primers were spun down prior to adding the amount of nuclease
free water required to reach a 100uM stock concentration as per the manufacturer’s

instructions. A final working concentration of 10uM was used for all PCR analysis.
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Gene of

interest Reference Forward primer Reverse primer
Wang et. al.
IL-1B o160 5-TTGACGGACCCCAAAAGATGAAG-3' | 5'-TTCTCCACAGCCACAATGAG-3'
N Brown et. al. 5" AGCCCACGTCGTAGCAAACCACCAA- | 5-ACACCCATTCCCTTCACAGAGCAAT-
1995106 3 3
Bryan et. al. 5 ATGAAGTTCCTCTCTGCAAGAGACT- |
IL-6 I, 5-CACTAGGTTTGCCGAGTAGACTC-3'
2005 3
B t al.
TGF-B1 l;;'g’" et a 5'-GCTAATGGTGGACCGCAACAACG-3' | 5'-CTTGCTGTACTGTGTGTCCAGGC-3'
PDGF-BB | In-house 5'-CGGAGTCGAGTTGGAAAGCTC-3’ 5" AATAACCCTGCCCACACTCT-3’
Wise et. al. , . . |
VEGF-A | i 5'-GCAGGCTGCTGTAACGATGAAG-3 5-GCTTTGGTGAGGTTTGATCCG-3
Yee et. al. , , , ,
IL-10 005 5" ATTTGAATTCCCTGGGTGAGAAG-3' | 5'-CACAGGGGAGAAATCGATGACA-3
Jentho et. al. i , , ,
Ke/exell |0 T, 5'-ACTGCACCCAAACCGAAGTC-3 5" - TGGGGACACCTTTTAGCATCTT-3
LIX / CXCL-5/6 | In-house 5'-CTCGCCATTCATGCGGAT-3’ 5" AGCTTTCTTTTTGTCACTGCCC-3’

Chalmers et. al.

CoBBAL | s 5'-TGGCACAGCAGTCCAACGTA-3' 5"-TGACATGGTTCTGGCTTCCA-3'
Marek et. al.

colar | 5 TCACCTACAGCACCCTTGTGG-3 5*-CCCAAGTTCCGGTGTGACTC-3
Prokopec et. al.

EFIAL | e | 5-GATGTTAGACGAGGCAATGTTG-3' | 5-CAATCCAGAACAGGAGCGTAG-3
Brattelid et. al.

Polr2A | " o, 5'- CTCCTTTGAGGAAACGGTGGAT-3' |  5'-GACTCCCTTCATCGGGTCACT-3!
Sanchez-Alvarez

TubalA 5'-CCTGGAACCCACGGTCATC-3' 5'-TGTAGTGGCCACGAGCATAGTTAT-3'

et. al. 2013°®°

Table 2.1: Primers used for conventional polymerase chain reaction and quantitative, real-

time polymerase chain reaction experiments. Housekeeping genes were: EF1A1 (elongation

factor 1-a, Polr2A (RNA Polymerase Il Subunit A), and TubalA (Tubulin a-1A chain).
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2.4.4. Primer specificity testing — conventional Polymerase Chain Reaction (PCR)
Primer specificity testing was undertaken using cDNA synthesised for only a “T” sample, e.g.

SGOO01T, as well as a no RTC and no RNA negative controls for the sample using conventional
PCR. This was performed using the GoTag® G2 Master Mix (Promega, M7822). Volumes added

to a microtube were as below.

Component Volume (uL) zic:‘:clentration
GoTaq® G2 Green Master Mix | 10 1X

Nuclease free water 7 N/A

Forward primer 1 0.8uM
Reverse primer 1 0.8uM

cDNA template 1 500ng

Final microtube volume 20

All labelled tubes were vortexed and briefly centrifuged. A BioRad ThermalCycler was used

for PCR synthesis with the following protocol:
1. 95°Cfor 2 min HotStart DNA polymerase activation
95°C for 30s (denaturation)
60°C for 30s (annealing)

2
3
4. 72°Cfor 35s (extension) [steps 2-4 repeated 34 times]
5. 72°C for 5 min (final extension)

6

4°C for 5 min (cooling)

Samples were loaded onto a 1.2% agarose gel (agarose in TAE (Tris-Acetate-EDTA)) with 5uL
of SYBR Safe DNA gel stain (Invitrogen, S33102).

The gel was placed into a separator (BioRad) with 1x TAE buffer. 20uL of each sample was
loaded into a lane, as well as a DNA ladder for comparison (100bp DNA Ladder and dye, New
England Biolabs, N3231S) in the first lane of the gel. PCR products were allowed to separate
at 110 volts for 50-60 minutes. Results were visualised using a ChemiDoc™ Gel Imaging

System (BioRad).
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2.4.5. Quantitative PCR

Q-PCR was undertaken to using the GoTag® qPCR MasterMix (Promega, A6002) and a

384-well plate. Each plate tested the cDNA of the wound samples, the tail sample, and the

two negative controls for each sample. Master mixes (no. of wells +1 extra) were made per

gene of interest and three reference housekeeping genes for the plate. These consisted of

primers, the master mix, and nuclease free water in the volumes, per well, as below.

Component Volume (uL)
GoTag® Hot Start MasterMix 5

Forward primer 0.25
Reverse primer 0.25
Nuclease free water 2.5

Total 8

+ cDNA template +2

Final volume in well 10

The plate was set up with 8uL of the target or reference gene master mix, and 2ulL of the

cDNA template in each well. Samples were run in triplicate. The plate was then sealed with

film (ThermalSeal RT sealing film, Excel Scientific), spun in the plate spinner for 30 seconds,

and kept on ice until reading using the LightCycler @480 System (Roche). The program used

to read each plate was as below.

Target Acquisition | Hold Ramp Rate | Acquisitions

[°C] Mode [hh:mm:ss] | [°C/s] [per °C]
Pre-Incubation | 95 None 00:10:00 4.8 -
Amplification 95 None 00:00:15 4.8 -

60 (annealing) | None 00:00:30 2.5

72 (extension) | Single 00:00:30 2.5
Melting Curve 95 None 00:00:05 4.8 -

65 None 00:01:00 2.5 -

97 Continuous | - - 5-10
Cooling 40 None 00:00:30 2.0 -
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Threshold cycle (Ct) values were extracted using the machine’s Abs Quant/2"? Derivative Max

function for all samples, and saved as a text file for later analysis.

Analysis of PCR
mRNA expression levels were calculated using the Comparative Method?%?, which uses the CT

values to evaluate the fold expression of each target gene. The fold expression is defined as

2 2ACT where:

—AACT = [(Cr Gene of interest A — Cr endogenous control gene A) - (Cr Gene of interest B —
Cr endogenous control gene B)]

Where: A =graft, B = internal control.

2.5. Protein Methods

2.5.1. Protein Extraction and purification of tissue lysates: TriReagent Method
Protein was precipitated by adding 1500ul of 2-propanol (Sigma-Aldrich, Merck) per

1000ul of TR to the pink protein phase samples and gently mixed prior to letting stand in room
temperature for 10-15 minutes. These were then centrifuged at 12,000 x g for 10 minutes at
2-8°C to precipitate a protein pellet at the bottom of the Eppendorf tubes. Supernatants were

discarded prior to washing.

The pellets were washed by adding 0.3M guanidine hydrochloride/95% EtOH solution
(guanidine hydrochloride, MW = 95.53 gmol, Sigma Aldrich) (2000puL per 1000uL of TR used)
to the tube, allowing to stand for 15-20 minutes, and centrifuging at 7,500 x g for 5 minutes
at 2-8°C. Washing with the guanidine hydrochloride was repeated a further two times for a

total of three washes.

Following this, 2000ul of 100% EtOH was added to the pellets, and the samples allowed to
stand for 15-20 minutes at room temperature prior to centrifuging at 7,500 x g for 5 minutes

at 2-8°C.

The supernatant following this final wash was discarded, leaving the pellets to air-dry until
the EtOH evaporated. Excess EtOH was carefully removed with a KimWipe (Kimberly-Clark).
Once dry, the pellets were allowed to dissolve in 300uL of RIPA buffer with added
Phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor. To facilitate dissolution, the

samples were pipette mixed carefully.
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The samples were spun down a final time at 10,000 x g for 10 minutes at 2-8°C. Protein

samples were stored at -80°C until use.

2.5.2. Protein Extraction and purification of tissue lysates: snap freezing method
Snap-frozen tissues were kept on dry ice prior to processing to allow for ease of

homogenisation and maximise breakdown by the blade. The homogeniser blade was cleaned
with MilliQ and EtOH (3 x 10 second pulses) prior to processing. 200uL of the RIPA buffer was
then added to the Eppendorf tube and the homogeniser blade placed within the tube.
Homogenisation was performed (3 x 10 second pulses). Samples were then centrifuged at
10,000 x g for 10 minutes at 2-8°C. The supernatant was transferred to a new tube, and

samples kept at -80°C storage for later use.

2.5.3. Protein quantification assays
The Pierce™ bicinchoninic acid (BCA) Protein Assay Kit (ThermoFisher, #233227) was

used to quantitate the amount of total protein isolated from each sample. Standards were
prepared by serially diluting the stock BSA (2000ug/ml) in PBS, to final BSA concentrations of
2000, 1500, 1000, 750, 500, 250 and 125ug/ml. The samples were prepared for triplicate in a
1:5 dilution with PBS.

10uL of both the samples and the standards were pipetted into a 96-well plate, as well as a
blank of PBS. The working reagent was made as per the manufacturer’s instructions by mixing
Reagent A (buffer) with Reagent B (copper sulfate) in 50:1. Two hundred microlitres of the
working reagent was then added to the wells with the samples, standards and blank, and
mixed with pipetting. The plate was then mixed further on a shaker for 1 minute and
incubated at 37°C for 1 hour. This was then allowed to cool for 10 minutes. The plate was
read using a reader at 595nm (FLUOStar Omega Microplate Reader, BMG Labtech) and the

absorbance values recorded.

To calculate the total protein of samples, the blank-corrected absorbances of the standards
were plotted against their known BSA concentrations, and the gradient the slope calculated
using Microsoft Excel. This resulted in a formula as calculated by the standard curve that
enabled calculation of the final protein concentration of the samples using the mean of their

absorbances as read off the plate.
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2.5.4. Elimination of spurious absorbance readings: Radioimmunoprecipitation

Assay Cell Lysis (RIPA) buffer optimisation
The RIPA buffer used in our lab was previously 50mM HEPES pH 7.4, 150mM NadCl,

10% Glycerol, 1.5mM MgCl;, 1mM EGTA, 1Mm NaOv, 1% Triton X-100, 1% Sodium
deoxycholate, 0.1% SDS, and 100mM NaF. Protease inhibitors (cOmplete™, Mini, EDTA-free
Protease Inhibitor Cocktail; Merck/Roche; 1 tablet for 10mL of buffer) were added to the
buffer prior to use. Additives were systematically eliminated and their absorbances read
against the standard curve produced by the BCA protein assay. The final buffer used in
experiments to facilitate protein pellet dissolution was 10mM Tris-HCl pH 7.3, 150mM NacCl,
0.1% SDS, 1% Triton X-100, 1% Sodium deoxycholate, 1ImM EGTA and 1.5mM MgCl,.

2.5.5. Enzyme-linked Immunosorbent Assays (ELISA)
IL-6 protein was evaluated using the BD OptEIA™ Set Mouse IL-6 Kit (BD Biosciences,

555240). A 96-well ELISA plate (NUNC-96, ThermoFisher) was coated with the capture
antibody from the kit diluted in coating buffer (100uL per well, 1:250 dilution) (100mL of
coating buffer: 100mL of MilliQ, 0.713g of NaHCOs3, 0.159g Na,COs; pH altered to 9.5 with 10M

of NaOH). The plate was sealed with parafilm and incubated in 4°C overnight.

The following day, multiple diluents were prepared prior to removing the incubating plate out

of the fridge as follows:

e Sample diluent —0.1% BSA in Dulbecco’s Modified Eagle Medium (DMEM)
o 8 standards require 500uL of sample diluent each ..4000uL required for
standards
o nx950puL of sample diluent, where n = no. of samples
e Assay diluent — PBS with 10% FBS
o Needed approximately 20mL/plate for blocking the plate at an earlier step and
10mL/plate to make the working detector solution at a later step

e Wash buffer — PBS with 0.05% of Tween-20

Once these were made, the plate was taken out of incubation and washed with wash buffer
(thrice, 200uL/well using a multi-channel pipette unless otherwise stated), and then blocked

with assay diluent at room temperature for 1 hour.

71



The standards and samples were prepared whilst this occurred. Preparation of the standards
were as per the manufacturer’s instructions. Samples were prepared using a 40ug of protein

per sample. An undiluted, 1:10 and 1:50 dilutions were prepared.

Following blocking, the plates were washed, and 100uL of the samples and standards were
added to the plate. The plate was sealed and incubated for 2 hours at room temperature.

Post incubation, the plate was washed five times.

100uL/well of working detector was added to the plate (20uL of detection antibody to 10mL
of assay diluent for a 1:500 dilution, with 80uL of enzyme reagent solution added for 1:250

dilution), sealed, and incubated for an hour at room temperature.

Post incubation, the plate was washed 7 times. 100uL/well of substrate solution was added
to the plate (TMB Microwell peroxidase substrate system, KPL Product/Australian Biosearch,
51200-00-53) and incubated under aluminium foil for darkness in room temperature. The

plate was monitored for colour saturation in the wells.

Once the colour saturation was adequate (the solution in the wells turned to blue), 50uL of
stop solution (1M H3PO4) was added to each well (turning the blue into yellow). The plate was

read at 450nm.

2.5.6. Antibody Arrays
Protein amounts for various targets was assessed using Antibody Arrays (Mouse Neuro

Antibody Array; Membrane, 23 Targets; AbCam, ab211069). Targets evaluated were: Fas
Ligand, Fractalkine, GCSF, IFN-y, IGF-1, IL-10, IL-1a, IL-1B, IL-4, IL-6, KC/CXCL-1, LIX/CXCL-5/6,
MCP-1, M-CSF, MIP-1a, MMP-2, MMP-3, RAGE, TARC, SDF-1a, TGF-B, TNF-a, VEGF-A.

Protein arrays are analogous to ELISA, but use a membrane as a substrate rather than a plate,

with the capture antibodies pre-manufactured on the membranes.

Protein lysates were thawed on ice with the blocking buffer that came with the kit. The 8-well
plate and membranes were brought to room temperature. Membranes were only handled

o ou

with forceps in one corner that was indicated with the sign to signify the top-left corner
of the membrane. Once thawed, 2ml of the blocking buffer was gently pipetted into each well

with a membrane, and incubated on a rocker at room temperature for 30 minutes.
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Lysates were used at a 50ug quantity. Volumes at this quantity were brought to 1ug/ul
dilution using fresh RIPA buffer with added protein inhibitor. Diluted lysates were brought up

to a volume of 1000ul with blocking buffer.

Once the membranes were blocked, the buffer was aspirated from each well, and the samples

were pipetted into each well and incubated in a 4°C cool room overnight on a rocker.

The following day, 20x Wash Buffer | and 20x Wash Buffer Il were diluted to 1X with MilliQ,
and the Biotinylated Antibody Cocktail were prepared by adding 2ml of blocking buffer to
each vial. The plate and rocker were then taken out of the cool room and samples aspirated
from the wells. Two millilitres of 1x Wash Buffer | was pipetted into each well and placed on
the rocker for 5 minutes three times for washing. Washing then followed with 2ml of 1x Wash
Buffer Il twice. After completing the washes, 1ml of the Biotinylated Antibody Cocktail was

pipetted into each well, and left to incubated for two hours at room temperature on a rocker.

The 1000x HRP-Streptavidin was diluted down to 1x with blocking buffer. Following
incubation with the antibody cocktail, the membranes were washed again as per previous,
2ml of the 1x HRP-Streptavidin pipetted into each well, and incubated for two hours at room

temperature on a rocker.

Membranes were washed again as per previous following incubation with the HRP-
Streptavidin. During the last wash, equal amounts of Detection Buffer C and D from the kit
were placed in to a fresh tube. Once washed, the membranes were carefully removed from
the wells and placed onto a plastic sheet provided in the kit. Five hundred microlitres of the
detection buffer mixture was pipetted onto each membrane and incubated at room
temperature for two minutes. Following this, another plastic sheet was carefully rolled onto
the first sheet so that the membranes (4 membranes to a plastic sheet) were sandwiched in-

between two plastic sheets. This was then read using a Chemidoc machine (BioRad).

2.6. Data analysis

2.6.1. Histological image analysis
Three fields of view from each section stained with Masson’s Trichrome staining (left

wound edge, wound bed, right wound edge) were imaged with a 20x objective. Image analysis
was performed using Image J software (National Institutes of Health) using the colour

threshold method. The threshold value was kept constant across all sections.
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2.6.2. Protein Array Analysis
Membranes were analysed using the Protein Array Analyser plug-in available through
Image J.

2.6.3. Wound contraction analysis

The macroscopic images taken for the mice whose endpoints were at D21 were
analysed for wound contraction analysis. Images taken at the day of surgery (D0O) and at every
wound change (D5, D10 and D15) were used. Wound surface area (mm?) was analysed using
the Measurement/Analysis tool in ImagelJ, using a ruler for scale within the analysed image.
The mean of these measurements for both arms, and in each condition in Arm 2 (i.e.

ungrafted vs. grafted wound bed), was used for statistical analysis.

2.6.4. Statistical analysis
Data collation and statistical analysis was performed using GraphPad Prism (Prism 8

for Windows, GraphPad Software LLC, version 8.3.1). Statistical analyses were performed
using (paired) T-tests; if there was a comparison of more than two groups, ANOVA was used

instead.
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CHAPTER 3: RESULTS

Establishing a mouse model for studying changes in wound microenvironment
when spontaneously repaired
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3. Results: Establishing a mouse model for studying changes in wound
microenvironment when spontaneously repaired

3.1. Introduction
In order to investigate how an autologous and synthetic graft modulates the normal

trajectory of repairing a full-thickness wound, the stages of wound repair must first be defined
in our mouse model. SKH-1 Hairless mice are used widely for dermatological research,
particularly with chemically-induced wounds ©7- 8, Here we investigated whether we can use
SKH-1 mice as a model to emulate the epithelialisation that leads to wound repair as seen in
humans, rather than repair by contraction. Two full-thickness wounds were created on the
dorsal side of each mouse. Mice were humanely sacrificed on D1, D2, D5, D8, D11, D14 and
D21. Here, we utilised histological, RNA and protein analysis of well-known wound healing

markers to characterise full-thickness excisional wound repair in SKH-1 mice.

3.1.1. Macroscopic changes of the wound over 21 days
The total body surface area (TBSA)% of the two wounds, sized at 15 mm in diameter,

was measured as less than 5% 202 293 (see below for the formula), even for mice that were at
the minimum weight of 21 grams. This was below the maximum TBSA recommended by our

institution’s guidelines when introducing full-thickness wounds in animal models.

TBSA = k x W(2/3)

Where: TBSA = area in cm?, k is Meeh's constant (k = 9.82 or 9.66) 202293 and W = weight in
grams.

On the day of surgery (D0), the wound edges were encircled by the silicon rings remained
visible, and the wound bed was moist. Minimal changes to the appearance of the wound
edges and wound bed were appreciated at the day 5 (D5) dressing change (see Figure 3.1a).
The wound bed remained moist. At the day 10 (D10) dressing change, wound contraction was
more evident macroscopically, as well as changes to the appearance of the wound bed such
as a cloudy, matte-like appearance around the periphery of the wound. This continued to
develop through to the day 15 (D15) dressing change, where the matte-like appearance
extended the width of the wound despite remaining patchy in most cases. This culminated in
an epithelialized wound at the day 21 (D21) endpoint. The epithelialized wound visualised at

D21 was of a slightly lighter shade compared to the native skin surrounding the wound, and
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was also opaquer. The dressings at D10 and D15 were slightly adhered to the wound bed,

whereas the dressing was easy to remove due to the moist wound bed at D5.

Wound measurements demonstrated that the wound surface area (SA) at DO was
approximately 150 mm?, with a steady decline to less than half the size of the original wound
at the D21 endpoint (see Figure 3.1b). The largest incremental decrease in wound size was
between D10 and D15, and this is also depicted in the macroscopic observations of the

wound. The size of the wound remained relatively stable between D15 and D21.
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Figure 3.1: Wound contraction in a murine full-thickness wound over 21 days. (a): Images
taken with a camera phone on a tripod at a fixed length and zoom. Below is a zoomed-in
picture of the wounds. (b): Wound (SA) changes measured using Image J. Left Y-axis indicates
wound size and the right Y-axis indicates the change from the original measured wound size
at DO. N = 6.
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3.1.2. Histological evaluation of spontaneous wound repair using haematoxylin
and eosin staining
The dermis in SKH-1 mice skin consists of an ECM that is stained densely pink with hair

follicles at various stages of arrest. The panniculus carnosus lies below the dermis, with a thin
connective tissue-like structure sitting below this. No hypodermis is evident. The epidermis,
the outermost layer of the skin, undulates throughout its course. It is a few layers thicker in
the dorsal skin (skin removed from the wound bed excised on the day of surgery, “D0”) than

the tail (samples taken at the tail on the day of the cull, “tail”) (Figure 3.2a).

Between days 1 to 5, the wound bed consisted mainly of disorganised inflammatory cells with
no discernible difference between epidermal and dermal layers or granulation tissue. Under
high magnification, these cells had multi-lobar nuclei (data not shown). A thin, acellular,
wound fluid sat atop of the granulation tissue above panniculus carnosus if present in the
section. Clusters of nucleated cells were evident in the wound bed at the wound edge and at
the wound bed at days 1 and 2 (see Figure 3.2a). The number of cells, possibly including
endothelial cells and/or fibroblasts, at the wound bed increased between days 2 and 5, and

again between days 5 and 8. Although, their identity and prevalence are yet to be determined.

At day 5, a different type of cell, possibly contractile fibroblasts, that is orientated
perpendicularly to the others became evident at the wound edge, and is most evident at day
8, where they also appeared at the wound bed (see Figure 3.2b). Neo-epidermis was visible
at the wound edges from day 8; and by day 11, there was a clear distinction between the two
layers of the epidermis and dermis. The epidermis hyperproliferated at days 11 and 14, then
eventually thinned out on the final endpoint at day 21. The cells of the dermis were stained
densely purple. Hair follicles had regenerated by this point at the wound edge but not in the

middle of the wound bed.
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Figure 3.2: (a) Haematoxylin and eosin staining of a murine full-thickness wound at Days 1,
2, 5, 8, 11, 14 and 21 post-operation. Line with left-sided dot indicates on LWE images
indicates wound edge (dot) and wound bed (line). Bottom right corner images are tail (dorsal
taken at day of cull) and DO images (skin taken on day of operation from excisional wound).
Scale bar reads 100um for all images. LWE: Left wound edge, WB: wound bed.
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Figure 3.2: (b) Haematoxylin and eosin staining of a full-thickness wound at the right wound
edge on D5 post-operation. Arrows indicate perpendicular oriented cells to most other cells
within the granulation tissue. Scale bar reads 50um.

3.1.3. Collagen deposition during spontaneous wound repair
Masson’s Trichrome staining of wounds at D1, D2, D5, D8, D11, D14 and D21 post-

surgery was employed to quantify collagen deposition (Figure 3.3a). Native dermis in the SKH-
1 mouse is densely stained with a dark blue marking collagen. Hair follicles, epidermis and the

panniculus carnosus were stained red or pink.

At the earlier endpoints (days 1-5), very little collagen was evident at the wound bed, and
some collagen was present at the edges. If a panniculus carnosus was present in the section,
collagen was evident both above and below the muscle (see Figure 3.3a). Only collagen above

the panniculus carnosus (i.e. dermis) was quantified.

By D8, collagen fibres were denser at the edges as well as at the bottom of the wound bed.
Collagen fibres were mostly oriented in a parallel-like fashion at the base of the wound bed.
Wound fluid, stained in red, was present more superiorly at the wound bed. The blue collagen
staining density increased between D11 and D21. By D21, the darkest blue (dense) staining

was most evident at the bottom of the wound bed, with a basket-weave like structure
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representing mature collagen. Collagen underneath neo-epidermis had a parallel-like

structure representing new collagen as well as at the edges of the wound.

The total area of the wound stained for collagen was quantified for both wound edges and
the middle of the wound bed. This demonstrated that the amount of collagen deposited at
the wound at D1 post-operation was significantly less than the collagen deposited at D11 (p
=0.02), D14 (p = 0.04) and D21 (p < 0.01). The same was true for D2 to D11 (p < 0.01), D2 to
D14 (p = 0.01), D2 to D21 (p < 0.01), D5 to D11 (p = 0.02), D5 to D14 (p = 0.02), D5 to D21 (p <
0.01), for D8 to D14 (p = 0.04) and D8 to 21 (p = 0.02) (see Figure 3.3b). One-way ANOVA was

employed for the comparison of the groups over the seven time-points, yielding a p = 0.004.

Figure 3.3: (a) Collagen deposition using Masson’s Trichrome staining of a murine full-
thickness wound at Days 1, 2, 5, 8, 11, 14 and 21 post-operation. Keratin and cytoplasm is
stained pink/red, and collagen is stained blue. The darkness of blue denotes that the collagen
stained is older. Line with left-sided dot indicates on LWE images indicates wound edge (dot)
and wound bed (line). Bottom right images are tail and DO images. Scale bar reads 200um for
all images. LWE: Left wound edge, WB: wound bed.
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Total collagen area stained (n = 2-4)
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Figure 3.3: (b) Quantification of the total collagen area stained with Masson’s Trichrome
(area per um?) with Masson’s Trichrome at Days 1, 2, 5, 8, 11, 14 and 21 post-operation.
Images were taken of sections at both wound edges and the middle of the wound bed with
BX100 camera and quantified using Imagel. Statistical analysis was performed using ANOVA.
The amount of collagen deposited at the wound at D1 was significant less than the collagen
deposited at D11, D14 and 21 (p = 0.03, p = 0.008, p = 0.02 respectively). The collagen
deposited at D2 was significantly less than the collagen deposited compared to D11 (p = 0.02),
D14 (p = 0.004) and D21 (p = 0.01). The total area of collagen stained at D5 was less than the
area stained at D11 (p = 0.049), D14 (p = 0.009) and D21 (p = 0.02). The collagen deposited at
D8 was less than the area at D14 (p = 0.02) and D21 (p = 0.04). The difference in collagen
deposition over the 7 time points was significant (p = 0.004). N =2 for D1, n=4 for D5, n =3
for all other days post-operation.

3.1.4. Inflammatory and proliferative growth factor profiles at an RNA level
during spontaneous wound repair
Skin from the tail and wound beds were harvested on D1 and days 2, 5, 8, 11, 14 and

21. RNA samples were purified and analysed for the expression of the inflammatory
cytokines/growth factors of interest TNF-a, IL-1B, IL-6 and the IL-8 homologues, CXCL-1 and
CXCL-5/6, using Q-PCR. These were calculated as expression-fold change and normalised to

the tail skin of that same mouse, with a fold change of 1 expressing “no change”. At all
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timepoints, all inflammatory cytokines/growth factors of interest expressed a fold change
greater than 1 (see Figure 3.4, dotted lines). The expression fold changes for TNF-a, IL-1B and
IL-6 were similar between D1 and D2. All three target genes peaked at D5 and again at later
timepoints (D21 and D14, see Figure 3.4, a-c). The IL-8 homologues, CXCL-1 and CXCL-5/6,
both peaked at D5 and at D21 (see Figure 3.4, d and e).

The expression of proliferative markers TGF-B1, IL-10, PDGF-BB, VEGF-A, Collagen 3 (Col3)
and Collagen 1 (Coll) in the wounds were also investigated. TGF-B1 and VEGF-A peaked at
D5. IL-10 peaked earlier at D2, and fold expression changes of PDGF-BB were similar between
D2 and D5. Coll increased significantly between D2 and D5, with an overall peak at D21. Fold
expression changes for Col3 were similar between D11-21, following a rise between D1-D5

(see Figure 3.5, a-f).
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Figure 3.4: (a-e) Quantitative RT-PCR results of inflammatory cytokines targets. Data was
analysed as expression fold changes of the targets against the average of the C: values of three
housekeeping genes (Polr2A, EF1A1, TubalA), and normalised against the C: values of the
same genes of the tail skin. Statistical analysis was performed using one-way ANOVA, which
did not yield any significant results. Dotted line indicates expression fold change =1 (i.e., no
expression fold change below this). N = 3.
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Figure 3.5: (a-f) Quantitative RT-PCR results of proliferation cytokine/growth factor targets.
Data was analysed as expression fold changes of the targets against the average of the C;
values of three housekeeping genes (Polr2A, EF1A1, TubalA), and normalised against the C;
values of the same genes of the tail skin. Statistical analysis was performed for all genes of
interest using one-way ANOVA. Expression fold changes of Coll were significantly higher at
D5 and D11 compared to D1 (p = 0.02 and p = 0.04, respectively), and higher at D5 compared
to D2 (p = 0.03). Dotted line indicates expression fold change = 1 (i.e., no expression fold
change below this). N = 3.
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3.1.5. IL-6 levels during spontaneous wound repair
IL-6 and CXCL-5/6 were the most abundant inflammatory growth factors during

spontaneous wound repair at an RNA level. IL-6 levels were analysed at protein levels in the
wound bed and tail. There was a difference between the levels of IL-6 expressed at the wound
and at the tail. The latter was considered to be a more systemic expression of the protein.
Systemically, IL-6 expression reached its maximum at day 1, with its lowest at day 11. There
was an overall downwards trend for the IL-6 expression systemically (see Figure 3.6). At the
wound, IL-6 peaked slightly at day 5, but reached its nadir at day 21. Its lowest was measured
at day 1. There was a statistically significant difference in the IL-6 expressed between the

wound and the tail (p = 0.04) at D5 post-operation.

IL-6 ELISA
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Figure 3.6: Protein expression of IL-6 at the wound beds and at the tail in the full-thickness
wound mouse model using ELISA. The protein expression was averaged between the left and
right wounds. There were significant differences in the levels of IL-6 expressed at both wound
beds at D5 compared to the tail at D5. The IL-6 expressed at the wounds at D21 was also
significantly higher compared to the wounds at D11. In addition, IL-6 expressed at D8 and D11
at the tail were significantly lower than on D5 at the tail. (* p <0.05). N = 3.
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3.1.6. Discussion
The behaviour and trends of various target inflammatory and proliferative genes have

previously been investigated in mouse models of wound healing® 192, However, the temporal
profile of key inflammatory and proliferative growth factors and cytokines has yet to be
characterised in the SKH-1 mouse strain. This strain is an adequate murine model of full-
thickness wound repair, as it is immunocompetent. It also has fewer hair follicles after
shedding its hair at approximately three weeks of age, which would thus hinder the brisk
wound repair that would occur due to the presence of epidermal stem cell niche within hair

follicles.

In order to facilitate the wound repair by epithelialisation as seen in humans, silicon rings
were attached to the periphery of the wounds given to the mice. Wound splints have
previously been successful in various other studies investigating murine wound repair204-206,
Following a similarly described protocol of wound splinting®®®, the contraction as normally
described!® that repairs murine wounds was impeded using our model. The wound remained

open by the D1, D2, D5 and even the D8 endpoints.

The splinting resulted in the successful epidermisation, similar to humans, that begins during
the proliferative phase of wound repair. This was also reflected in our mouse model, with
evidence of an epidermis beginning at D5 visible through haematoxylin and eosin staining
(see Figure 3.2a). The deposition of collagen beginning during the proliferative phase of
wound healing is also evident in the model. The behaviour of various cytokines and growth
factors involved in wound repair also seem behave similarly to the temporal profile of the

cytokines/growth factors seen in humans and pre-existing wound models.

Protocol Streamlining

Protein extraction
Throughout the process, protocols were streamlined and improved in order to

maximise and maintain result integrity. One such alteration was the method by which protein

was exacted from the tissues collected at the wound bed and the tail.

The primary method for collection of RNA and protein was the utilisation of TriReagent
(TRIzol, TR), given this method would allow for the collection of both RNA and protein from
the same tissue, and therefore reducing overall tissue requirement. However, it was clear

early on in the execution of the murine full-thickness wound model that the protein pellet
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extracted through the steps as outlined by the manufacturer’'s methods was difficult to

dissolve in the 1% SDS solution recommended.

Various extra steps were included as per the manufacturer’s instructions to facilitate
improvement of pellet dissolution. These steps included the elimination of extracellular
material that may render the pellet difficult to dissolve via centrifugation following initial
tissue homogenisation (see Section 2.3.1), and incubation of the pellet sample suspended in
buffer for 50°C. Despite the incorporation of these steps, the pellet remained difficult to
dissolve into solution. Therefore, the total amount of protein yielded was less than expected
(results not shown), even so far as producing amounts as little as 10ug in 200uL. This was
deemed insufficient for performing an ELISA to examine the expression of a single growth

factor or cytokine for that particular protein sample.

The size of the wound bed was increased from 0.8 cm diameter to a 1.5 cm diameter (data
presented in Chapters 4 and 5) in order to increase the total protein yield, as there was lack
of starting material present at the wound, particularly during the earlier stages of repair such

as D1-5 where tissue collected from the wound bed could have been as little as 10 mg.

207 and as such, a different buffer

Poor protein yield through the TR method is a common issue
was used to facilitate the improvement in pellet dissolution as recommended by various other
studies?”. 298, Kopec et. al. (2017) recommended an optimised standard lysis buffer (20mM
EDTA, 140mM NacCl, 5% SDS, 100mM Tris pH 8.0, 50mM NaF, 1mM activated NaOv, protease

inhibitors).

Our laboratory has previously used a similar buffer with extra additives for protein extraction
through snap-freezing by liquid nitrogen, and so this buffer was used to facilitate the
dissolution of the protein pellet extracted through TR. The radioimmunoprecipitation assay
(RIPA) buffer contained 50mM HEPES pH 7.4, 150mM NaCl, 10% Glycerol, 1.5mM MgCl,, 1mM
EGTA, 1Mm NaOv, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and 100mM NaF.
Protease inhibitors were added to the buffer prior to use. The RIPA buffer did demonstrate a
more efficacious dissolution of the protein pellet. However, it was also noted that when
accounted for as the blank during the BCA Protein Assays for protein quantification (see
Section 2.6.3), the RIPA buffer was providing an absorbance that negatively affected the

absolute quantification of protein.
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The systematic elimination of additives indicated that glycerol was responsible for producing
the absorbance readings that were likely to have been affecting total protein quantification.
Glycerol prevents protein aggregation and enhances the stability of proteins in an aqueous
solution?%®, however MgCl, has also been shown to improve protein extraction?'® as well as
reduced contamination of final protein and less interaction with other proteins?!!. Finally, the
buffer used in experiments to facilitate protein pellet dissolution was 10mM Tris-HCl pH 7.3,
150mM NaCl, 0.1% SDS, 1% Triton X-100, 1% Sodium deoxycholate, 1ImM EGTA and 1.5mM
MgCls.
RNA extraction

RNA was initially extracted using the TR method, with no requirement for further
purification by use of columns or other method as per the manufacturer’s instructions.
However, the 260/280 absorbance value ratios (Aze0/280) read via the Nanodrop
Spectrophotometer for the RNA processed through this method were consistently 1.7-1.8,
which is below the ratio considered for purity with RNA samples (2.0)?*2. The quantities as
assessed using the Nanodrop Spectrophotometer were the values initially used for cDNA
synthesis. However, it was noted that he Cr values of our housekeeping genes (Polr2A, EF1A1,
TubalA) were inconsistent particularly for the RNA samples of mice culled for the full-
thickness wound model. Other housekeeping genes (GAPDH, 18S) were trialled, with similar
inconsistencies. Further, 18S as a gene is without introns, which would thus make the

amplification of genomic DNA as a contaminant likely should the RNA product be impure.

Following this, various steps were taken to ensure the integrity of the RNA was well as the
resultant RT-PCR data. The first was to improve the RNA extraction, increasing the purification
steps involved. This required hybridisation of the TriReagent method and a column
purification method. A similar protocol can be found on the Qiagen website?3. This method
ensures that any genomic DNA contamination is inhibited through DNAse digestion, as well
as protecting the final RNA from degradation by the addition of RNAse inhibitor as a final step

prior to storage.

The second step was deviating from the Nanodrop Spectrophotometer. It has previously been
reported that the phenol component in TriReagent has an absorbance that can be read at 270
nm when the RNA quantity is low?!* 21>, The Nanodrop reads absorbances at both the 260

and 280 nm wavelengths. The spurious reading from the phenol may thus over-estimate the
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qguantity of RNA read via the Nanodrop. The resultant inaccurate measurement could
determine whether or not the following PCR procedures are deemed successful, and if so,
accurate. Correction has been suggested via a computational method?!° or by using 1-butanol
to precipitate the RNA instead of ethanol during the early stages of extraction?'* to improve

Nanodrop readings.

However, compared to spectrophotometric methods, fluorescent methods are more specific
to nucleic acids and are less affected by other components present in samples such as
phenol?!®, This leads to a more accurate determination of nucleic acid concentration. Thus, a
fluorometer was utilised in quantification procedures when working with RNA (see Section
2.5.1). The RT-PCR results that used these readings successfully eliminated the inconsistencies
between housekeeping genes, as well negating the need for extra corrective steps of RNA

quantity.
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CHAPTER 4: RESULTS

Investigating the molecular occurrences in autografted full-thickness wound
bed
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4. Results: Investigating the molecular changes in an autografted full-
thickness wound bed

4.1. Introduction
Following the establishment of full-thickness wound repair, the differences in the

wound repaired by a graft was characterised. In this section of the study, histological, RNA
and protein analysis were applied to investigate how an autologous full-thickness skin graft
modulates the repair of a full-thickness wound in our model compared to a wound allowed
to heal without intervention. Based on data presented in Chapter 3, wounds were analysed
D1, D5 and D21 following culls to represent the inflammation, proliferation, and remodelling

phases of wound repair.

4.1.1. Macroscopic changes of an autologous-grafted wound over 21 days
As with the previous group, two wounds on the dorsum of the mice were applied. For

this group, one wound was grafted with an autologous full-thickness skin graft (FTSG) with
the other left to heal spontaneously. Similar to the full-thickness wound model described in
the previous chapter, the full-thickness wound bed was moist prior to the application of the
dressing and waking the animal from anaesthesia. Minimal macroscopic changes were
appreciable at the D5 dressing change in this ungrafted wound, behaving similarly throughout

dressing changes to the wounds of the full-thickness wound model.

The full-thickness wound had epithelialized, as we were able to separate it into its epidermal
and dermal layers for tissue processing by soaking it in 1M NaCl for 1.25 hours (see Section
2.3). This was done in order to isolate the dermis from the epidermis, and to ensure that any

changes the grafts and the wound were attributed to the dermis.

The FTSG sutured onto the other wound bed was of similar colour to the surrounding native
skin at DO. At D5, the edges of the graft were pale as opposed to the hyperaemia evident at
the middle of the graft (see Figure 4.1 b). Eschar surrounded the graft, delineating the original

outline of the wound bed.

The colour of the graft was not homogeneous at the D10 dressing change. By D15, the graft
looked to have a pale layer that had begun to lift at the wound edges. By the D21 endpoint,
the top layer was able to be lifted off completely, revealing de-novo epidermis underneath.

The de novo epidermis was pink and integrated to the original wound edges. All mice assigned

92



to complete the full 21 days of the experiment were deemed to have “taken” grafts with no

signs of wound infection.

Macroscopically, the size of the grafted wound underwent minimal contraction, compared to
the decrease in wound size of the ungrafted wound bed (see Figure 4.1f). There were
significant differences in the wound sizes between the ungrafted wound and the wound with
FTSG at the D15 and the D21 endpoint (p < 0.0001 and p = 0.003, respectively), with the

ungrafted wound contracting to less than half its original size at DO compared to D21.
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Figure 4.1: (a-e): Contraction in an murine full-thickness wound grafted with a FTSG over 21
days. Macroscopic images taken with a camera phone on a tripod at fixed length and zoom.
A ruler for scale within the image (not shown) was used for image analysis. The wound bed,
zoomed-in, is below the images of the mice. (f): Graph indicating the changes in the size of
the wound surface area (SA) of the ungrafted (solid bars) and the grafted (shaded bars)
wounds. The surface area of the grafted wound was significantly greater at D15 and D21
compared to the ungrafted wound (****p < 0.0001, *** p <0.001). N =4.
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4.1.2. Histological evaluation of autologous-grafted wound repair using

haematoxylin and eosin staining
Both the grafted and ungrafted sides of the mice were collected, fixed in 4% PFA,

embedded and cryopreserved. The haematoxylin and eosin staining was performed in a

similar fashion described in section 2.4.2.

Similar to the full-thickness spontaneous wound repair group, the ungrafted wound beds at
D1 and D5 were populated with dense amounts of disorganised nucleated cells on a thin layer
of granulation tissue. The same clusters of nucleated cells evident at both the edges and bed
were present in the ungrafted controls at D1 and D5. The number of cells, again possibly

endothelial cells and fibroblasts, increased between D1 and D5 (Figure 4.2a-c).

The edges of the graft and the native tissue surrounding the wound bed were still disparate
at D1. Inflammatory cells with varying nuclear shapes, evident under high magnification (data
not shown), were seen at the bottom of the wound edge at the side of the native skin. These
were also seen at the bottom of the graft itself, below the panniculus carnosus. Unlike the
full-thickness wound model, it was difficult to visualise the enucleated wound fluid evident

on top of the granulation tissue in this group.

By D5, a bridge of purple-stained, nucleated cells (possibly immune cells) had formed
between the graft at the wound edge, with the number of cells remaining similar below the
graft between D1 and D5 (although this has not been quantified). The graft and native skin
had united by D5. The architecture of the skin of the graft remained relatively undisturbed at
D1 and D5.

By D21, there seemed to be fewer purple-stained cells that marked the cellular bridge
between the graft and native skin. Underneath the graft was a layer of granulation tissue of
similar appearance to that of the ungrafted control but with an increased number of
nucleated cells stained purple (data not shown). Images of the epidermal layer of the graft
taken at the middle of the wound bed show that a new stratum corneum forming underneath

a layer of lifting epidermis (see Figure 4.2 d).
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d)

Figure 4.2: Haematoxylin and eosin staining of a murine full-thickness wound bed with FTSG
and an ungrafted full-thickness wound at the inflammatory (a, D1), proliferative (b, D5) and
remodelling (c, D21) timepoints. Line with left-sided dot indicates on LWE images indicates
wound edge (dot) and wound bed (line). Scale bar reads 100um for a-c. (d) Haematoxylin and
eosin staining of the epidermis at middle of the wound bed grafted with FTSG on D21. Image
demonstrates the lifting of the old epidermis (topmost layer, star) and the new epidermis
forming below this (arrow head). Scale bar reads 50um. LWE: Left wound edge, WB: wound
bed.

4.1.3. Inflammatory and proliferative growth factor profiles during wound
repair in an autologous-grafted wound at an RNA level
IL-6, CXCL-1, CXCL-5/6, VEGF-A, TGF-B1, Collagen Ill and Collagen | were selected from

the range investigated in the previous chapter. This was due to their significant activity at the
wound bed (and at the tail, as with IL-6), their recorded activity at all periods of wound healing
in the literature, as well as their having further data with which to correlate histological

analysis.

The fold expression of the inflammatory targets IL-6, CXCL-1, and CXCL-5/6 were all higher in
the ungrafted wound beds compared to their grafted counterparts at during the
inflammatory and proliferative timepoints (see Figure 4.3 a-c). CXCL-1 levels were significantly
lower on D1 and D5 at the grafted wounds (p = 0.033 and p = 0.0140, respectively). CXCL-5/6
was significantly lower at the grafted wounds on D1 (p < 0.05). Levels of IL-6 were also lower

at the grafted wounds at D1 and D5, though these differences were not statistically
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significant. The levels of IL-6, CXCL-1 and CXCL-5/6 were higher in the grafted wounds on D21

compared to the ungrafted wounds, though it did not reach a significant level.

VEGF-A and TGF-B1 were lower at the wound beds grafted with an autologous full-thickness
graft than the wound beds without a graft on D1 and D5. This difference was significantly
lower for VEGF-A at D5 (p = 0.03), for TGF-B1 at D1 (p = 0.04) and for TGF-B1 at D5 (p = 0.02).
Col3 expression was also significantly lower at the grafted wound beds, with on D1 (p = 0.04)
and D5 (p = 0.003). Although also lower at the grafted wound at D21, this difference was not
significant. Levels of Coll were also significantly lower at the grafted wound bed on D5 (p =
0.003), with the highest expression of Col1l existing in the ungrafted wound bed at D5 prior to

decreasing again on D21.
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Figure 4.3: (a-g) Quantitative RT-PCR results of inflammatory and proliferative
cytokine/growth factor targets of ungrafted full-thickness wounds (solid bars) and wounds
grafted with FTSG (checked bars). Data was analysed as expression fold changes of the
targets against the average of the C: values of three housekeeping genes (Polr2A, EF1A1,
TubalA), and normalised against the C: values of the same genes of the tail skin. (a) Expression
fold changes of IL-6 were higher at the ungrafted wound beds at all timepoints, but not
significantly so. (b) Expression fold changes of KC/CXCL-1 were significantly lower at the
grafted wounds compared to the ungrafted wounds at D1 (p = 0.033) and D5 (p = 0.014). (c)
Expression fold changes of LIX/CXCL-5/6 were significantly lower at the grafted wounds
compared to the ungrafted wounds at D1 (p < 0.05). (d) Expression fold changes of VEGF-A
were significantly lower at the grafted wounds compared to the ungrafted wounds at D5 (p =
0.03). (e) Expression fold changes of TGF-B1 were significantly lower at the grafted wounds
compared to the ungrafted wounds at D1 (p = 0.04) and at D5 (p = 0.02). (f) Expression fold
changes of were Col3 significantly lower at the grafted wounds compared to the ungrafted
wounds at D1 (p = 0.04) and at D5 (p = 0.003). (g) Expression fold changes of Coll were
significantly lower at the grafted wounds compared to the ungrafted wounds at D5 (p =
0.003). Dotted line indicates expression fold change = 1 (i.e., no expression fold change below
this). N = 3.
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4.1.4. Inflammatory and proliferative growth factor profiles during wound
repair in an autologous-grafted wound at a protein level
The antibody array quantified the relative protein expression of 23 targets (IGF-1,

MCP-1, MIP-1a, TGF-B, VEGF-A, M-CSF, IL-10, TNF-q, IL-1a, IL-1B, IL-6, KC/CXCL-1, LIX/CXCL-
5/6, IL-4, MMP-2, MMP-3, Fas Ligand, Fractalkine, RAGE, GCSF, TARC, IFN-y and SDF-1a) in
autologous-grafted beds (FTSG) and the ungrafted wound. When normalised against their
own tail sample, there were no significant differences in the levels of the targets between the
ungrafted wound (‘FTSG — ungrafted’ — see Figure 4.4) and the grafted wound (‘FTSG —
grafted’).
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Figure 4.4: Protein levels of 23 targets in ungrafted full-thickness wounds (solid bars) and
wounds grafted with FTSG (hashed bars) at (a) D5 and (b) D21 post-operation using
Protein Array Membranes. Data was analysed using Array Analyser on ImageJ as signal
densities, and normalised against the positive and negative controls as well as the blank
spots on the array. The signal density of the particular target was also then normalised
against the signal density of the tail of the same target. N = 4.
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4.1.5. Discussion
Following investigation of wound repair in a full-thickness wound, the novel SKH-1

model was also utilised to investigate wound repair in grafted wounds. This also proved to be
an effective facsimile for the trajectory of graft healing macroscopically. As there are limited
studies that investigate the course of successful graft healing, it is somewhat more difficult to
compare the histological and biomolecular results of our study. Nevertheless, all autologous
FTSG for all four mice taken to the D21 endpoint were successfully taken, indicating that the

model itself may have a future as a vehicle for investigating the behaviour of skin grafts.

There are clear differences in the way inflammatory and proliferative cytokines and growth
factors behave at grafted and ungrafted wound beds at an RNA level within our model. If
merely evaluating the effect of grafts on an ungrafted wound bed, it would be pertinent to
state that grafts clearly dampen the effects of inflammation by reducing the levels of
inflammatory growth factors and cytokines at an RNA level. However, these differences were

not sustained at a protein level. This will be discussed further in Chapter 6.
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CHAPTER 5: RESULTS

Investigating the molecular occurrences in a synthetically-grafted full-thickness
wound bed and its differences with autografted beds
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5. Results: Investigating the molecular changes in a synthetically-
grafted full-thickness wound bed and its differences with
autografted wounds

5.1. Introduction
In a similar fashion to the autologous-grafted full-thickness wound, we applied

histological and protein analysis to investigate how a synthetic graft of BTM differs from the
repair of a full-thickness wound in our model. This was also contrasted to how BTM and FTSG

compare with each other in regards to the repair of a full-thickness wound

5.1.1. Macroscopic changes of a synthetically-grafted wound over 21 days
In this model, mice were grafted with 2 mm-thick BTM in place of a FTSG. The second,

ungrafted full-thickness wound left to heal spontaneously as per previous. Mice wounds were
analysed on D1, D5 and D21The full-thickness wound behaved similarly to the wounds of the
full-thickness wound model (see Section 3.2) and the ungrafted wound from the FTSG-grafted

group of mice (see Section 4.1).

The matte-like appearance of the ungrafted wound began to appear D10, with a continual
development of the left-to-right contraction of the wound from this day through to the
endpoint, as seen with the FTSG group. The nude colour of the wound bed was opaque
compared to the colour of the native skin surrounding the wound. Again, epithelialisation was
evident by the final endpoint of D21, and the wound was able to be separated into its

epidermal and dermal layers for tissue processing following the cull.

The BTM sutured onto the other wound bed was cream and pink coloured and had its top
polyurethane seal in-situ prior to the application of dressings at DO (see Figure 5.1, a). By the
first dressing change at D5, the BTM was more adhered to the wound bed and the centre of
the graft appeared similar in colour to the adjacent, ungrafted wound. There remained an
area of cream appearance around the periphery of the graft (see arrows on Figure 5.1, b). A
strong chemical smell was appreciable upon removal of the dressings for all of the mice
grafted with BTM that was not present in the mice grafted with FTSG. There was a minimal
difference in the colour of the wound bed as seen under the BTM between days 10 and 15,

which was a pink colour similar to the ungrafted wound. The cream appearance around the
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periphery of the graft remained. A white wound exudate (not shown) was present for one of

the mice grafted with BTM at D10, however this mouse remained well.

By the D21 endpoint, the colour of the wound underneath the BTM had changed from a pink
to an almost completely cream colour, although different from the original appearance of the
synthetic graft (see Figure 5.1, a vs. 5.1, e). The edges of the BTM seal were beginning to lift
for all mice at this point; however, the centre remained adhered to the wound bed. The
wound exudate observed for the single mouse out of continued to be present until D21. All
mice that had synthetic grafts were completely integrated to the original wound bed edges,

despite the slight lift of the seal around the graft periphery.

Some wound contraction was evident for both grafted and ungrafted wounds. The decrease
in wound size from DO was greater in the ungrafted wound compared to the grafted wound.
By D21, the surface area of the wound sizes between the two were significantly different,
with the grafted wound retaining 60% of its original wound size compared to the ungrafted
wound, which retained less than 30% of its original wound size at D21. The difference

between the surface area of the two wounds at D21 was significant (p = 0.02).
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Figure 5.1: (a-e): Changes in a murine full-thickness wound grafted with BTM over 21 days.
Macroscopic images taken with a camera phone on a tripod a fixed length and zoom. A ruler
for scale within the image (not shown) was used for image analysis. The arrow on image (b)
denotes the white graft edge. The wound bed, zoomed-in, is below the images of the mice.
(f): Graph indicating the changes in the size of the wound surface area (SA) of the ungrafted
(solid bars) and the grafted (shaded bars) wounds. The surface area of the grafted wound was
significantly greater at D21 compared to the ungrafted wound (p = 0.001). N = 4.

108



5.1.2. Wound contraction in an autografted full-thickness wound versus a

synthetically-grafted full-thickness wound
The size of the wounds with FTSG remained relatively stable whilst the wounds grafted

with BTM experienced minor decrease in wound surface area (see Figure 5.2), decreasing in
size over time through to the D21 endpoint. The wound surface area at the D21 endpoint was

significantly less in those grafted with BTM than those grafted with FTSG (p = 0.01).
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Figure 5.2: Wound surface area (mm?2) of full-thickness wounds grafted with FTSG versus
full-thickness wounds grafted with BTIM. Images of the mice that were taken through to D21
for both groups during the day of the operation, dressing changes and the D21 endpoint were
analysed using Imagel. Wound measurements for each grafted wound bed were normalised
to the respective non-grafted wound control of each respective mouse before comparison
between FTSG and BTM. The size of the wounds with FTSG remained relatively stable, whilst
the wounds grafted with BTM experienced some minor decreases in wound surface area
through to the D21 endpoint. The final surface area of wounds with FTSG were significantly
greater than the wounds with BTM (p = 0.01). N =4.
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5.1.3. Histological evaluation of synthetically-grafted wound repair using
haematoxylin and eosin staining
The haematoxylin and eosin staining was performed in a similar fashion described in

Section 2.4.2 and 4.2.

The appearance of the ungrafted wounds were similar to those at equivocal timepoints from
the full-thickness wound model and the autografted-wound model. Again, nucleated
inflammatory cells populated the wound bed at D1. Similar cells were seen at the bottom of
the BTM in the grafted wound beds, and very few of these cells were present within the
scaffold of the synthetic graft itself. It was difficult to appreciate clusters of possible
endothelial cells or fibroblasts in the grafted wound bed sections. The synthetic graft, stained
purple (see Figure 5.3a) was largely acellular. The top polyurethane seal was evident

histologically in some, but not all specimens.

By D5, uncharacterised cells had begun to infiltrate the scaffold of the BTM, with
inflammatory cells populating outside of the pores (see Figure 5.3b) and in an increased
concentration at the wound edges. Neither an epidermis nor dermis were appreciable due to
the disorganisation of the cells. By D21, the ungrafted wound bed had completely
epithelialized. The edges of the wound bed grafted with BTM had epidermised (presumably,
where the polyurethane seal had lifted); the middle of the wound bed did not have an
epithelial layer. Again, the nucleated cells that populated the BTM resided around the pores
of the synthetic scaffold. Masses of tissues/cells stained a dark pink and purple, possibly a
breakdown of the scaffold were seen at the edges of the wound bed, although these have yet

to be characterised.

graft

ungrafted wound
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Figure 5.3: (a-c) Haematoxylin and eosin staining of a murine full-thickness wound bed with
BTM and an ungrafted full-thickness wound at the inflammatory (D1), proliferative (D5) and
remodelling (D21) timepoints. Line with left-sided dot indicates on LWE images indicates
wound edge (dot) and wound bed (line). Stars on (b) and (c) denote the pores of the BTM
scaffold. Scale bar reads 100um for all images. LWE: Left wound edge, WB: wound bed.
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5.1.4. Collagen deposition during wound repair in both autografted and
synthetically-grafted murine full-thickness wounds
Masson’s Trichrome staining of cryopreserved wound sections was again employed to

investigate the collagen deposition in wounds. The collagen deposited in the ungrafted
wounds of mice given grafts, as seen through staining, was similar in appearance to the

wounds analysed in the full-thickness wound model (see Figure 3.3 and Section 3.4).

Comparatively, wounds grafted with FTSG had more collagen than wounds grafted with BTM.
At the inflammatory, proliferative and remodelling endpoints encompassed in our study,
wounds grafted with FTSG had significantly more collagen than those with BTM (D1: p =
0.0012, D5: p = 0.015, D21: p = 0.029).

In wounds grafted with FTSG, there was a more-than two-fold expression of collagen at D1
than wounds grafted with BTM. This increased slightly at D5, which was the endpoint that
produced the highest amount of collagen staining, before decreasing again at D21. The
difference between the amount at D1 and D5 was not significant. The differences between
the other timepoints were significant (D1 and D21: p =0.01, D5 and D21: p =0.004) (see Figure
5.6).

The trend was similar for those wounds grafted with BTM (amount of collagen rising between
D1 and D5 before decreasing again at D21. Within the BTM group, the area stained for

collagen was highest at D5, with significant differences between D1 and D21 (p = 0.04).

Wounds grafted with FTSG experienced a 54% decrease in the amount of collagen (2.7 at D5
versus 1.5 at D21). Wounds grafted with BTM experienced a 58% decrease in the amount of

collagen calculated between D5 and D21 (1.07 at D5 versus 0.64 at D21).
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Figure 5.4: Collagen deposition using Masson’s Trichrome staining of a murine full-thickness
wound with FTSG and an ungrafted full-thickness wound at the inflammatory (a, D1),
proliferative (b, D5) and remodelling (c, D21) timepoints. Line with left-sided dot indicates
on LWE images indicates wound edge (dot) and wound bed (line). Bottom right images are

tail and DO images. Scale bar reads 200um for all images. LWE: Left wound edge, WB: wound
bed.
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Figure 5.5: (a-c) Collagen deposition using Masson’s Trichrome staining of a murine full-
thickness wound with BTM and an ungrafted full-thickness wound at the inflammatory (a,
D1), proliferative (b, D5) and remodelling (c, D21) timepoints. Line with left-sided dot
indicates on LWE images indicates wound edge (dot) and wound bed (line). Bottom right
images are tail and DO images. Scale bar reads 200um for all images. LWE: Left wound edge,
WB: wound bed.
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Figure 5.6: Quantification of the total collagen area stained blue (area per um?) with
Masson’s Trichrome at Days 1, 5 and 21 post-operation in full-thickness wounds grafted
with FTSG (solid bars) and BTM (hashed bars). The total area stained for collagen was
normalised against the area of collagen stained at both wound edges rather for a consistent
comparator directly at the wound bed. The total area stained for collagen was significantly
lower at all timepoints in full-thickness wounds grafted with BTM (* p < 0.05, ** p <0.01)
compared to FTSG. N =4,
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5.1.5. Inflammatory and proliferative growth factor profiles during wound
repair in a synthetically-grafted wound at an RNA level

The fold expression of IL-6, CXCL-1, and CXCL-5/6 were all higher in the ungrafted
wound beds compared to their grafted counterparts at during the inflammatory and
proliferative timepoints (see Figure 5.7 a-c). However, the only target to yield significance
was IL-6 at D1 and D5, where levels of this inflammatory target were lower in the grafted

wound beds.

Similar to the autografted group, levels of VEGF-A and TGF-B1 were lower at the grafted
wound beds compared to the ungrafted control, however this did not reach significance
(Figure 5.7 d-e). The levels of VEGF-A at D21 were also higher at the ungrafted wound bed,
and although this was not significant, the difference in fold expression change was greater
at this time point between grafted and ungrafted wound bed than at the two earlier time

points.

Col3 expression at D5 was higher in the ungrafted wound compared to the grafted wound
bed (p = 0.006) (Figure 5.7 d). Unlike the autografted group, levels of TGF-B1, Col3 and Col1

at D21 were higher in the grafted wound, although the differences were not significant.
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Figure 5.7: (a-g) Quantitative RT-PCR results of inflammatory and proliferative
cytokine/growth factor targets of ungrafted full-thickness wounds (solid bars) and wounds
grafted with BTM (hashed bars). Data was analysed as expression fold changes of the targets
against the average of the C; values of three housekeeping genes (Polr2A, EF1A1, TubalA),
and normalised against the C: values of the same genes of the tail skin. Two-way ANOVA was
used to compare the two groups (ungrafted, BTM) at the three time-points. (a) Expression
fold changes of IL-6 were significantly lower at the grafted wounds compared to the ungrafted
wounds at D1 (* p = 0.03) and D5 (** p = 0.006). (b-e, g) Expression fold changes of CXCL-1,
CXCL-5/6, VEGF-A, TGF-B1 and Coll were not significant at any of the time points examined.
(f) Expression fold changes of were Col3 significantly lower at the grafted wounds compared
to the ungrafted wounds at D5 (** p = 0.006). Dotted line indicates expression fold change =
1 (i.e., no expression fold change below this). N = 3.
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5.1.6. Inflammatory and proliferative growth factor profiles during wound
repair in a synthetically-grafted wound at a protein level

The same protein antibody arrays were used as in the autologous-grafted mouse
model as was in the synthetically-grafted model (n=4). Of the 23 targets, KC (CXCL-1)
demonstrated the highest mean signal density for both the grafted and ungrafted wounds at
the D5 endpoint. This, along with MIP-1a and IL-6, demonstrated differences in the mean
signal density between the grafted and ungrafted wounds. Protein expression of MIP-1a at
D5 was significantly higher in the grafted wound bed than in the ungrafted wound (p = 0.02);
whilst expression of IL-6 was significantly lower in the grafted wound (p = 0.04) (see Figure
5.8a). The remaining targets demonstrated similar mean signal densities between the two

wounds at D5.

At the D21 endpoint, levels of IGF-1 were higher in the grafted wound compared to the
ungrafted wound, though this difference was not significant. Again, there were differences in
expression levels of KC, with the higher expression in the wounds grafted with BTM compared
to the ungrafted wounds (p = 0.004) (see Figure 5.8b). The other targets interrogated with
the Protein Array Membranes did not reveal any differences between the ungrafted and

grafted wounds of the mice in the BTM graft group.
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Figure 5.8: Protein levels of 23 targets in ungrafted full-thickness wounds (solid bars) and
wounds grafted with BTM (hashed bars) at (a) D5 and (b) D21 post-operation using Protein
Array Membranes. Data was analysed using Array Analyser on Imagel as signal densities, and
normalised against the positive and negative controls as well as the blank spots on the array.
The signal density of the particular target was also then normalised against the signal density
of the tail of the same target. ANOVA was used to analyse results. (a) Protein expression of
MIP-1% at D5 was significantly higher in the grafted wound bed than in the ungrafted wound
(p =0.02); whilst expression of IL-6 was significantly lower in the grafted wound (p = 0.04). (b)
Protein expression of KC/CXCL-1 at D21 was significantly higher in the grafted than in the
ungrafted wound (p = 0.004). N = 4.
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5.1.7. Inflammatory and proliferative growth factor profile differences between
wound repair in an autologous-grafted and synthetically-grafted wound at
a protein level

When comparing between the two graft groups, the differences in protein expression

was most evident at the D5 endpoint. IL-6 expression was significantly lower in wounds
grafted with BTM than with FTSG at D5 (p = 0.02); and wounds grafted with BTM expressed
significantly higher levels of IL-6 at D21 compared to D5 (p = 0.009) (see Figure 5.9b). IL-1B
levels were significantly higher in wounds grafted with BTM at D21 (p = 0.02).

The IL-8 homologues also had significant differences, with KC/CXCL-1 expression significantly
different between days and grafts. Wounds grafted with FTSG had higher levels at D5 (p =
0.04); the opposite was true at the D21 endpoint, where there were higher levels in wounds
grafted with BTM at D21 (p = 0.01). Levels decreased significantly between D5 and D21 in
wounds grafted with FTSG (p = 0.04) but increased between D5 and D21 in wounds grafted
with BTM (p = 0.01). LIX/CXCL-5/6 expression was significantly higher in wounds grafted with
BTM at D21 (0.007) (see Figure 5.9d and 5.9e).

There were no significant differences in the levels of TGF-B1, IL-10 or VEGF-A between D5 and
D21 post-operation at either the wounds grafted with FTSG or BTM. MMP-2 expression was
higher in wounds grafted with FTSG than in BTM (p = 0.04) at D5, but similar on D21 (see
Figure 5.10d). Expression of the remodelling protein increased between D5 and D21 in
wounds grafted with BTM (p = 0.02). The expression of MMP-3 decreased between D5 and
D21 in wounds grafted with FTSG (p = 0.04) (see Figure 5.10e).

121



= D5 = D21

b)

' -
T 0.0- T
BTM FTSG

Type of graft Type of graft

&

TNF-c IL-6

o
n
1
B
in
|
*

**

g
=3
1
r
=
1

-y
o
|

-
=
|

2
W
1

MNormalised mean
signal density (per blot)
5:
1
MNormalised mean
signal density (per blot)

g

NI
T

e
=
|

@
=
=

T
FTSG

KC/CXCL-1
*

IL-1p

o
O
—

2.5+

X}
o
|
*
*

*

2.0

1.5+

05 %
0.0

T
FT5G

L
(=]
1

I

Normalised mean
signal density (per blot)

v 5 &
-j*
===}
1

-
=
|

MNormalised mean
signal density (per blot)

@
3
=

g
S

Type of graft FTISG
Type of graft

LIXICXCL-5/6

)
e
B
T

=
n
|

MNormalised mean
signal density (per blot)
-

IR

B

T
FT5G BT
Type of graft

=
=
1
=

Figure 5.9: (a-e) Protein levels of inflammatory targets in grafted wounds at D5 (solid bars)
and D21 (hashed bars) post-operation. Protein levels for each grafted wound bed were
normalised to the respective non-grafted wound control of each respective mouse before
comparison between FTSG and BTM. (a) There were no significant differences in the levels
of TNF-a between D5 and D21 post-operation in either graft group. (b) IL-6 expression was
significantly lower in wounds grafted with BTM than with FTSG at D5 and wounds grafted with
BTM expressed significantly higher levels of IL-6 at D21 compared to D5. (c) IL-1B levels were
significantly higher in wounds grafted with BTM at D21. (d) KC/CXCL-1 expression was
significantly different between days and grafts, with higher levels in wounds grafted FTSG at
D5, higher levels in wounds grafted with BTM at D21; as well as decreasing between D5 and
D21 in wounds grafted with FTSG but increasing between D5 and D21 in wounds grafted with
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BTM. (e) LIX/CXCL-5/6 expression was significantly higher in wounds grafted with BTM at D21.
(* p<0.05, ** p <0.01). Grafted wound bed data is normalised to the non-grafted wound bed
of the respective mouse prior to comparison between the two grafts. N =4.
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Figure 5.10: (a-e) Protein levels of proliferation/remodelling targets in grafted wounds at
D5 (solid bars) and D21 (hashed bars) post-operation using Protein Array Membranes.
Protein levels for each grafted wound bed were normalised to the respective non-grafted
wound control of each respective mouse before comparison between FTSG and BTM. (a-c)
There were no significant differences in the levels of TGF-B1, IL-10 or VEGF-A between D5 and
D21 post-operation at either the wounds grafted with FTSG or BTM. (d) MMP-2 expression
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was higher in wounds grafted with FTSG than in BTM at D5 but similar in D21; expression
increased between D5 and D21 in wounds grafted with BTM. (e) MMP-3 expression decreased
between D5 and D21 in wounds grafted with FTSG. (* p < 0.05). Grafted wound bed data is
normalised to the non-grafted wound bed of the respective mouse prior to comparison
between the two grafts. N = 4.

5.1.8. Discussion
The behaviour of wounds grafted with BTM clearly differs at a biomolecular level

compared to wounds grafted with FTSG. Within the BTM graft group itself, the differences
between ungrafted and grafted wounds are minimal. This result is similar to the FTSG group.
Again, accounting for this may be as simple as increasing the cohort size from n = 4. It may
also be that as BTM is an acellular dermal template, both ungrafted and grafted wounds need
to be populated cells through their interactions at the matrix level, whereas the FTSG already

has pre-existing fibroblasts and keratinocytes that accompany it as a native graft.

All four mice in the BTM groups required extra care and animal husbandry as they
experienced weight loss between 5-16% of their initial post-operative weight with bandages
on at DO (all mice that lost greater than 5% of this initial weight was placed on a regimen of
additional care, which included more regular animal checks and supplemental dietary
additions such as seeds and diabetic jelly). In comparison, the four mice that received FTSGs

did not lose the weight required for extra care by the D21 endpoint.

All of the four mice in the BTM groups had synthetic grafts that were considered to be
successfully integrated into the wound bed. As these grafts did not have an epithelial layer,

their grafts cannot be considered healed in the same fashion as the wounds with FTSG.

Similar to wounds in humans grafted with BTM, this non-biodegradable polyurethane seal
would need to be removed (called “delamination”), and an epidermis provided by the D21
endpoint if the point of healing is to be considered as epidermisation. In humans, this
epidermis is provided as an autologous split-thickness skin graft (STSG or SSG). It would be of
interest to observe what would happen should the polyurethane seal be removed in a similar

cohort of mice, the splinting silicon ring removed in this mouse model.
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CHAPTER 6: DISCUSSION AND CONCLUSIONS

Investigating the molecular occurrences in synthetically-grafted full-thickness
wound bed and its differences with autografted beds
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6. Discussion

6.1. Wound repair in the novel SKH-1 full-thickness wound
model is a close representation of wound repair in humans

6.1.1. The SKH-1 mouse wound during inflammation
A wound is generally hypoxic upon injury due to endothelial damage and the

infiltration of leukocytes that require oxygen uptake for function. The early inflammation
phase of wound repair in humans occurs 0-2 days post injury, and is marked by neutrophil
recruitment and their invasion into the wound bed. Days 2-3 post injury sees macrophages

replacing neutrophils as the major immune cell to affect changes within the wound bed.

The re-epithelialisation that is required for wounds close was replicated in this novel SKH-1
model. This process began with the infiltration of inflammatory cells into the wound bed at
the first endpoint investigated, D1 (see Figure 3.2a, D1 boxes) This follows the normal
trajectory of spontaneous wound repair in humans®® . Although the cells are
uncharacterised in this study, observation of the cells stained with haematoxylin and eosin
under high magnification revealed that these cells had multi-lobar nuclei. This gives us clues
as to their possible identity as neutrophils. Future work could include the characterisation of
these cells using immunohistochemical techniques, for example with Ly-6G/Gr-1* to examine

neutrophils??’.

During inflammation in humans, neutrophils are recruited to the injury site via the by-
products of platelet degranulation such as histamine and bradykinin®. They release

inflammatory mediators such as IL-1B, TNF-a, and IL-6.

Given it is not spontaneously produced by intact normal cells, IL-6 is commonly used as a
marker to investigate the first stage of wound repair and inflammation. The IL-6 ELISA
performed on wound bed samples and the tail demonstrated the significant differences in

local and systemic IL-6 levels, respectively.

There was an upwards trend of IL-6 expression at the wound beds over 21 days, whereas the
opposite was seen at the tail. This suggests that IL-6 has possible systemic functions, and that
the systemic IL-6 may also differ in behaviour or interactions to the IL-6 function at the wound
bed in this model. With this in mind, the growth factors’ expression levels analysed by RT-PCR

was normalised against the tail skin to account for the likelihood that the other
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cytokines/growth factors of interest had systemic actions in unwounded skin, thus eliminating
any confounding information and allowing the results to focus solely on the changes at the

full-thickness wound bed.

Peaks of IL-6 are consistently seen within hours following injury in murine skin lesion and
excisional wound models®” 68, and again at greater than 72 hours following injury’3,

suggesting the possible role of IL-6 during the later stages of wound repair.

The first 18-24 hours of wound repair in our model was generally not observed; however, the
biphasic peaks of IL-6 at the wound bed seen in the literature is also seen in our model, with

peaks at D5 and D14 post-operation at an RNA level, and to a lesser degree at a protein level.

Of the cells that produce IL-6, macrophages may be responsible for the first peak seen at D5
in the wound bed. By D14, it is more likely that epidermal keratinocytes are producing IL-6.
Haematoxylin and eosin staining demonstrated the increasing organisation of the cells at the
wound by D8, and a dermis likely populated with fibroblasts becomes more evident.
Fibroblasts cause the proliferation and migration of keratinocytes through IL-6, which may

thus account for the hyperproliferation of the epidermis in the SKH-1 model at this timepoint.

With increases in IL-6, there are concurrent increases of TNF-a and IL-1B within hours post-
wounding in murine models of partial-thickness wound repair. TNF-a levels peaked at 72
hours at both RNA and protein levels in a murine excisional wound healing model®. The peak
of IL-1B was seen at 24 hours post wounding compared to a non-wounded model®. Within
the early stages of wound repair, our model demonstrated increasing levels of both TNF-a
and IL-1B at an RNA level, peaking at D5, declining during the proliferative phase, and rising

once again to reach a larger peak at 21.

Both TNF-a and IL-1B are produced by platelets during early inflammation, attracting
neutrophils to the wound and subsequently being produced by macrophages>. This coincides
with their rise in the inflammatory phase of wound repair in our model. IL-1B stimulates
fibroblasts, which in turn causes the keratinocyte proliferation and migration through IL-6. In
addition to their function within inflammation, both TNF-a and IL-1B induce and regulate
collagen synthesis?!® through inducing matrix metalloproteinase transcription, which likely

accounts for collagen and MMP peaks during proliferation (days 5-14).
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IL-8 is also expressed in cutaneous repair. In humans, its levels begin to rise at D1 after
cutaneous injury, declining at D4%%°. Rodents lack a direct homologue of IL-8; however, KC
(keratinocyte-derived chemokine, CXCL-1) and LIX (CXCL-5/6) are considered functional
homologues due to their heavy involvement in neutrophil recruitment??°. Topically applied
IL-8 on human skin grafts applied to a mouse model enhanced re-epithelialisation over non-
grafted controls, with wound contraction significantly diminished by 1L-822%, IL-1B has also

been seen to stimulate keratinocytes and fibroblasts to produce KC’2.

The decline of IL-8 seen in humans during the proliferative stage is mimicked in our murine
model, with RNA levels of both KC and LIX increasing to D5, subsequently declining, and rising

again during the late proliferation/early remodelling.

6.1.2. The SKH-1 mouse wound during proliferation and remodelling
As well as the inflammatory phase, the SKH-1 mouse model also observed the

proliferative phase, demonstrating epithelialisation from D5 both macroscopically and
histologically. The model also exhibited the synthesis of an extracellular matrix/granulation
tissue. It is expected that fibroblasts infiltrate the wound bed by D3-4 in human models, which
is difficult to extrapolate to our model given neither day is specifically captured in our study.
Nevertheless, the fact that a dermis begins to make itself evident by D5 in our mouse model
may be enough to indicate that proliferation in our model is following the trajectory as

stipulated in the literature* >7, 222,

As the levels of TGF-B1 increases in the wound bed, fibroblasts appear at the wound edge and
may begin transforming into contractile cells, causing the wound to contract. The levels of
TGF-B1 in our model increased from D1-D5, declined, before rising again to a larger peak at
D21. Immunohistochemical staining for a-smooth muscle antibody (a-SMA) can be employed
to evaluate the presence of contractile myofibroblasts in the wound beds. However, it is of
interest to note that the unidentified cells as seen in Figure 3.2b, which sat at a perpendicular
orientation to the rest of the cells in the granulation tissue, began to appear at the D5
timepoint. Cells of similar appearance have previously been seen in a healing diabetic foot

ulcer in a human case study, when the wound was beginning to contract??3.

IL-10 regulates the synthesis of pro-inflammatory cytokines, which may explain why peaks of

this anti-inflammatory cytokine are seen within the first few days post cutaneous injury in a
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murine model*?* as well as in this study. It has also previously been postulated that IL-10 may
play a suppressive role in fibrosis and scarring through the acceleration of re-epithelialisation
and improved wound revascularisation, exhibiting a possible inverse relationship with TGF-
B1%24, This trend is also seen in our mouse model (see Figure 3.5a-b). PDGF-BB also directly
increases fibroblast proliferation, as well as indirectly through its effects on other cytokines
such as TNF-a, and TGF-B1°%. It also induces the myofibroblast phenotype®®; and in our study,

it followed a similar trend in fold expression changes to TGF-B1 (see Figure 3.5c).

Vascularisation is important in spontaneous wound repair and wound repair via grafts.
Hypoxia begins the initial infiltration of cells that secrete a cascade of growth factors which
encourage vascularisation. Keratinocytes at the wound edge are the main source of VEGF-A
in addition to macrophages, fibroblasts and other endothelial cells. Vascularisation was not
directly investigated in our study. The initial steep rise of the RNA levels of VEGF-A (see Figure
3.5d) may indicate that vascularisation is crucial within the early phase of wound healing, as
the formation of the granulation tissue requires a large amount of nutritional support that
can only be acquired through vessels. Both TGF-f1 and IL-1 also indirectly induce VEGF
production through their actions on the fibroblasts and myofibroblasts®*. Thus, peak of VEGF-
A mRNA corresponding with a peak of TGF-B1 and IL-1B is justifiable.

It is expected that as the cells of the wound begin to organise into an epidermis and dermis

during proliferation, collagen synthesis and concurrent remodelling begins.

In humans, Col3 (the first subtype to appear at the wound bed as part of the provisional matrix
laid down proliferation) is seen to appear earliest at 2-3 days following injury; Coll appears
later at approximately 5 days??>. Coll peaks between days 11 and 21 post wounding but
continues to be modified in terms of fibre density, structure, orientation, and cross-linking
over a long period of time'?® 3%, Our mouse model saw increases of Col3 and Col1 from D1
to D5, with significant differences only in Col1 levels. Although Col3 expression changes over
21 days did not reach significant changes, the trend remained similar as previously described
to Col3 patterns in human wound repair, in that Col3 appears earlier than Col1 with a direction
for anincrease in the appearance and expression of both. As our study terminates at D21, an
endpoint that sits at the cusp of proliferation and remodelling, the lack of a distinct difference
between the expression fold change of Col3 and Coll at D21 may be reflective of the matrix’s
state of change. Remodelling can last for months to years*, and as such, perhaps the relative
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amount of Col3 and Coll and the difference are likely to be more apparent as the wound ages

and remodels.

As well as RT-PCR data, Masson’s Trichome staining was employed to histologically evaluate
collagen synthesis to great effect (see Figure 3.3). Simple observation under microscopy of
the sections with Masson’s Trichrome allows for the appreciation of the increasing collagen
deposition that occurs throughout spontaneous wound healing. In addition, it is clear that the
overall structure and appearance of collagen within the granulation tissue changes with time,
allowing for the recognition of older versus newer collagen as well as the transition of
‘parallel-like’ immature collagen to the ‘basket-weave’ pattern of collagen in normal skin'3?,
The remodelling that is mediated by MMPs and TIMPs was not directly evaluated in the full-
thickness wound model of this study. Expression of MMP-2 and MMP-3 was measured in the

autografted and synthetically-grafted mouse models (see Chapters 4 and 5).

Collagen deposition follows the path of the fibroblasts, which attach to the cables of the
provisional matrix??? following their appearance from the wound edges®®. A recent paper by
Jalili et. al. determined that full-thickness wounds grafted with autologous split-thickness skin
grafts in a porcine model healed from the bottom up’>. The relative density of the blue-
stained fibres, particularly at D5 and D8, is higher at the wound edges when observing
sections under microscopy. Although Masson’s Trichrome cannot readily distinguish between
Col3 or Coll, it is able to identify freshly-deposited collagen and established collagen via
darkness of the blue stain produced (i.e., freshly-deposited collagen is a lighter blue, ‘older’
and collagen is darker blue). As such, the darker blue is present at the edges in sections from
D5-21 at the wound beds of sections from D14 and 21. In addition, granulation tissue stained
a lighter blue was found closer to the epidermis. Therefore, in this mouse model, collagen is
deposited not only from the wound edges, but also from the bottom of the wound bed
upwards. In addition, image analysis suggests that collagen deposition is significantly

increased between inflammation and proliferation/early remodelling (see Figure 3.3b).

6.1.3. The selection of inflammatory, proliferation and remodelling endpoints
to examine wound engraftment as guided by the results of the SKH-1 full-
thickness wound mouse model

In order to guide the endpoints in experiments using the final two animal models of

our study, data was collated as above and a decision was made to use the D1 (inflammation),
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D5 (proliferation) and D21 (remodelling). This novel SKH-1 model demonstrated through the
RNA data that the fold expression changes of various targets were not significantly different
between D1 and D2. Further, the earlier peaks of the targets seemed to fall on the D5
endpoint, which indicated that this would be an appropriate endpoint to observe the
behaviour of many target cytokines/growth factors that were likely to be present. It also
underscored the transitional state of the wound bed as seen histologically, changing from a
wound bed infiltrated with inflammatory cells to one that was seeking repair through

granulation tissue synthesis.

Given the multiple cellular interactions during wound repair, it is difficult to state which cells
are directly responsible for the secretion and/or synthesis of the various inflammatory
cytokines; rather, it is likely that the complexity of wound repair in humans is also reflected
in the SKH-1 mouse model. Further studies to characterise the nature of the inflammatory
cells and dermal cells (by way of flow cytometry or immunohistochemistry) may give us
further insight into the wound repair behaviour in this model. Notwithstanding this however,
the characterisation of spontaneous wound repair in an SKH-1 mouse model is invaluable in
providing comparative insight into wound repair via grafts. In addition to this and even with
the small sample size for each experiment (n = 2-4 for Masson’s Trichrome analysis, n = 3 for
RT-PCR data, n = 3 for IL-6 ELISA), it is clear that this mouse model is an appropriate animal

model in which to investigate wound repair.

6.2. Wound repair in the novel SKH-1 full-thickness wound by
grafting
6.2.1. Skin grafts inhibit the wound contraction of an autografted full-thickness

wound in the SKH-1 mouse model
The application of a full-thickness skin graft to cover a wound is regularly employed in

Plastic and Reconstructive Surgery.

The behaviour of the murine full-thickness skin grafts under examination during the regular
dressing changes were surprisingly similar to the behaviour of FTSGs in humans; in that,
macroscopically, the graft may look hyperaemic around the graft edges with pronounced
pallor centrally at approximately 5-10 days post-operation. Regular dressing changes are

necessary to ensure the graft, in humans, is kept moist and to ensure graft take/healing.
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It is not uncommon that FTSGs in humans within this initial 5-10 period require minor
debridement to eliminate graft eschar that may form on top of the graft itself. With the
autologous full-thickness skin graft mouse model, the lifting of the native epidermis (i.e. the
original epidermis that accompanied the FTSG as grafted onto the mice) was initially thought
to be graft rejection. It was evident by the D15 dressing change, however, that the graft was
forming new epidermis underneath the peeling epidermis. This was confirmed through both
Haematoxylin and Eosin staining (see Figure 4.2d) and Masson’s Trichrome staining (see
Figure 5.4c). The murine wounds grafted with BTM also behaved in a similar fashion to that
of humans, in that by D21, the synthetic graft had integrated with the dermis of native skin

without de novo epidermis (see Figure 5.3c and 5.5c).

Grafted wounds inhibited the contraction seen in wounds left to repair spontaneously.
Analysis demonstrated that the ungrafted wounds in the FTSG group, significant at the D15
dressing change and the D21 endpoint, were smaller than the grafted wounds (see Figure
4.1f). Within the BTM group, the ungrafted wounds were again smaller than those grafted.
This difference was again significant at the D21 endpoint. Porcine wounds grafted with dermal
matrix or epidermal autograft has also previously demonstrated the inhibition of wound
contraction in a full-thickness wound model??®. A study with rats demonstrated that an
autologous FTSG also prevented wound contraction, however the degree of prevention had
a relationship with the size of the initial FTSG?%’. Notably, in our study, wounds grafted with
FTSG experienced less contraction than those grafted with BTM (compare Figure 4.1f with
Figure 5.1f, and see Figure 5.2), which remains in line with the current clinical acceptance that
the ability of a skin graft to inhibit wound contraction is directly proportional to the amount
of collagen intact within the dermis??8. Walden et. al. compared various grafts in a porcine
model, concluding that a wound will experience the least amount of contraction if a dermis
covers the wound, as well as an immediate epithelial coverage??®. The culmination of skin
bioengineering lies within this realm of a “one-step” graft, and understanding how an

autologous FTSG and a synthetic graft may allow us to take a step towards this.
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6.2.2. Anautologous full-thickness skin grafts alters the wound repair trajectory
of a full-thickness wound
A full-thickness wound bed in the SKH-1 model grafted with an autologous FTSG is

different to a wound without a graft. The density of inflammatory cells (which are
uncharacterised in this study, see Section 6.2.1) is less in grafted wounds than ungrafted
wounds. Quantification of inflammatory cells can be by the marking of specimens with an

inflammation grade by a blinded pathologist?2® or through immunohistochemical labelling.

As fibrin was not histologically evaluated at any part of the study, the presence or absence of
fibrin that is part of the elastin-fibrin bond postulated by Burleson® as a crucial first step to
the adherence and plasmatic imbibition phase of graft take was not evaluated. Specific anti-
fibrin antibodies for immunostaining would be necessary to qualify and analyse the presence
of fibrin in tissues to confirm in future. The acellular wound fluid that is stained pink in the
haematoxylin and eosin sections in the full-thickness wound model (see Figure 3.2a, D1-D5
boxes) may well be fibrin, as it stains as pink and acellular in both rodents??® and humans 230,

However, this needs to be confirmed.

Comparing FTSG with ungrafted wounds indicated a clear difference in the behaviour of key
biomolecules at an RNA level in the wound bed. This will be discussed in further detail

subsequently.

The effect of autografting on inflammation compared to an ungrafted full-thickness
wound
At an RNA level, the expression fold change of IL-6 in grafted wounds was less than

that in ungrafted wounds (see Figure 4.3a) at the inflammatory and proliferative timepoints
of D1 and D5, although not statistically significant (D1: p = 0.07, D5: p = 0.17). RNA levels of
IL-6 at the D21 wound bed did not differ between the grafted and ungrafted wounds. As with
IL-6 mRNA, levels of the IL-8 (functional) homologues KC and LIX were higher at the ungrafted
wound beds compared to the grafted wound beds at D1 and D5. At D21, KC/CXCL-1 was higher
in the grafted wound bed than in the ungrafted bed, but this result was not significant (p =
0.37). At D21, levels of LIX/CXCL-5/6 were similar.

Together, this would suggest that the FTSG dampens the actions of key pro-inflammatory
mediators, at least at an RNA level, compared to full-thickness wounds allowed to heal

spontaneously. This would support our primary hypothesis that skin grafting modulates the
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inflammatory response on its path to facilitate wound repair. How this is facilitated requires
further investigation, with consideration that a FTSG carries with it its native fibroblasts,
endothelial cells, keratinocytes and epidermal stem cell niches that are likely to facilitate the
dampening of inflammation. By D21, both wound beds are densely populated with cells of
the dermis and are epithelialized, hence the lack of difference between the grafted and

ungrafted wound bed conditions for the inflammatory targets of interest.

It has previously been suggested that skin grafting via a dermal template by itself or dermal
template with epidermal graft decreases the quantity of inflammatory cells present at the
wound bed up to 14 days post-wounding in a porcine full-thickness wound model?%®. This
would thus encourage the notion that the lack of inflammatory cells (such as neutrophils) at

the wound bed leads to less need for their recruitment of macrophages and other mediators.

In contrast, one may speculate the presence of keratinocytes and fibroblasts in an FTSG may
lead to higher levels of KC and LIX, as other inflammatory mediators (not studied in the skin
graft models) such as IL-1f3 are able to stimulate keratinocytes and fibroblasts to secrete IL-8.
However, it is likely that wound keratinocytes actively participating in wound repair (such as
those involves in epithelial-mesenchymal transition®*) would behave differently to pre-
existing keratinocytes that may be undergoing terminal differentiation?? and with different
growth factor/cytokine secretion profile influencing other cells’ behaviours and interactions

differently.

Interestingly, protein evaluation of IL-6 did not demonstrate any difference at D5 between
the grafted and ungrafted wound beds. The translational delay that occurs between mRNA
presence and protein expression is not able to explain this, as there was a difference in the

MRNA levels of IL-6 between the two wounds at D1.

Post-translational modification from mRNA to protein is possible, as although a promising
candidate for observing wound repair, the genetic background of the hairless SKH-1 strain of
mouse is relatively uncharacterised®!. Another possibility to account for this conspicuous
difference is that the protein may have degraded between absolute quantification and
protein array experiments, despite appropriate aliquoting of samples to reduce multiple

freeze/thaw cycles, and adding protease inhibitors to the final RIPA lysis buffer.

134



Issues with total protein yield (see Section 3.1.6) of lysates also influenced the amount of
protein used for the protein array membranes. A previous study from the Skin Bioengineering
Laboratory utilised a similar protein array membrane?3!, however lysates were used at a
100ug quantity. Correspondence with the manufacturing company (AbCam) was sought prior
to completing the experiments, which ensured that 50ug of protein was an acceptable
guantity for the membrane experiments. Nevertheless, there are no published studies in the
literature that utilise the Neuro Antibody Protein Array Membranes used in this current study
with protein lysates isolated from skin and cutaneous wound beds, and as such, 50ug of
protein may have been insufficient to yield a true result. In conjunction with this, the SKH-1
mouse wound bed may also contain proteases that degrade the protein, thus leaving wound
bed samples with poor protein content. Furthermore, to the best of our knowledge, skin
grafts have not been investigated in this train of mice, thus limiting the comparative ability of
any result. Inflammation may be in grafted epidermis and not in the wound bed. No other

study has dissected out the molecular changes in the wound bed from a grafted epidermis.

In addition to the wound bed itself, size and location of the wounds could have been major
factors in the behaviour of target proteins investigated. Despite increasing the wound bed
size to almost double halfway through the full-thickness wound model arm, the wound size
still could have been too small to allow for any discernible difference between IL-6 in
ungrafted or grafted wounds. Even with the increased wound size, two equally sized full-
thickness wounds in this strain (with mice weighing greater than 21g) only equated to less
than 5% of the total body surface area of the mouse according to the Meeh-Rubner

formula202 203,

The two wounds given to the mice on the day of surgery were applied on the dorsum of the
mice, approximately halfway down its body (See Section 2.1.3). To avoid excess mobilisation
of the mouse whilst it was under anaesthesia, the wounds were made to be accessible by the
operating researcher. Thus, the two wounds may have been too close in proximity to each
other; and accounting for wound contraction, may have almost been abutting each other by
the D21 endpoint. This may have affected the behaviour of growth factors and cytokines
within the wounds, as the systemic action of the growth factors and cytokines of interest in

this strain cannot be eliminated.
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Interestingly, wound measurements at DO were approximately 150mm? when calculated
through real-time measurements. A 15mm diameter wound would, through basic
mathematics, yield a SA of approximately 180mm?. It is evident that, even with gentle
manipulation of the mouse’s skin intraoperatively, it is possible that the wound size alters

through suturing and application of the silicon ring.

Finally, a simple explanation to account for the results seen in Figures 4.3 and 4.4 could be
that the sample size for the experiments are too small for any difference to be detected, given
the variability between each mouse. Power studies from previous work from the Skin
Bioengineering Laboratory!® determined that a minimum of 10 mice per endpoint in each of
the graft groups would be required to detect 30% differences between the two groups;
however, these numbers were not feasible given the pandemic-related constraints of the

year.

The effect of autografting on proliferation/remodelling compared to an ungrafted full-
thickness wound
The expression fold changes of VEGF-A, TGF-B1, Col3 and Col1 all increased between

D1 and D5 (see Figure 4.3 d-g). Levels of all four proliferation markers were all significantly
less in the grafted wound than in the ungrafted wound at D5. Notably, with the exception of
VEGF-A, the expression of these markers remains relatively unchanged through D1, D5 and
D21, which may indicate that an FTSG also alters the remodelling phase of wound healing, as

a secondary effect of its modulation of inflammation.

VEGF-A levels between an ungrafted wound and a grafted wound at D1 were not significantly
different, though levels of it are slightly higher in the ungrafted wounds at this point.
Angiogenesis in both spontaneous wound repair and grafted wound repair is induced through
hypoxia?3?, and both wounds are considered to be relatively hypoxic at D1°*. With grafts, the
low levels of oxygen triggers an increase in hypoxia inducible factor (HIF)-1 transcription
factor to induce upregulation of pro angiogenic growth factors such as VEGF2 233,234 The
pro-angiogenic growth factors promote the formation of spherical capillary sprouts from the
endothelial cells of the graft bed at 24 to 48 hours #3> 236, The subsequent decrease at D5
might indicate that other pro-angiogenic factors (such as bFGF) are now governing
vascularisation of the graft; it might also indicate that the remodelling phase is altered as a

direct result of the modulation of inflammation. Macrophages are one of the main producers
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of VEGF, with TGF-B1 also producing it via is actions on the fibroblasts and myofibroblasts>*
(which are not needed to the same magnitude that they are needed in wounds left to

spontaneously repair).

As expected, levels of Col3 increasingly rises from D1 to D21 in an ungrafted bed, but remains
low in a grafted bed (see Figure 4.3 f). Col1 levels are also low in a grafted wound bed (see
Figure 4.3 g). The FTSG already expresses the proteins at these timepoints through the graft

dermis, thus the wound is unlikely to require much more collagen.

It is curious that Coll declines sharply at the unwounded bed between D5 and D21 in the
grafted model; whereas, in the full-thickness wound model, expression fold change of Coll
was slightly higher at D21 compared to D5 (though not significant). Whether or not this is a
reflection that grafts may also have effects on nearby wound beds, or the variability in murine

subjects, requires further investigation.

MMP-2 is synthesised during proliferation where inflammation Is prominent?3’, and both
MMP-2 and MMP-3 have been identified as important in collagen degradation; MMP-3 also
contributes to keratinocyte migration during epithalialisation?38. At a protein level, there were
no significant differences between levels of MMP-2 at the ungrafted and grafted wound bed.
This was also seen with MMP-3. As the levels of Coll declines between D5 and D21, this would
imply that some sort of remodelling change was occurring in order to change the levels of the
collagen. By D21, equal amounts of granulation tissue remodelling may be occurring at both
wound beds according to the levels of MMP-2 and MMP-3. The reasons why we are not seeing

any differences in the protein data are likely multifactorial, as previously stated.

6.2.3. A synthetic dermal graft alters the wound repair trajectory of a full-
thickness wound
Similar to the wound bed grafted with an autologous FTSG, the wounds grafted with

BTM had less inflammatory cells present compared to those without grafts at D1 (see Figure
5.1a). In fact, any type of cell was relatively sparse at the D1 wounds grafted with BTM. The
grafted wound bed suddenly saw an increase of cells and collagen deposition at the graft bed

by D5.

Although all mice allocated to the BTM group that were taken through to D21 survived to the

endpoint, there was some mild concern regarding a white wound exudate that was present
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at the grafted wound beds during dressing changes (images not shown). Mice in this group
also received extra care and increased husbandry as a result of weight loss, which was not
seen in the mice grafted with FTSG. Haematoxylin and eosin staining was not able to identify
the presence of bacteria or other pathogen that may be responsible for this difference at D5

(see Figure 5.3).

The effect of a synthetic dermal graft compared to an ungrafted full-thickness wound
IL-6 was significantly different between the synthetically grafted and the ungrafted

wound beds at an RNA level at the inflammatory and proliferative timepoints of D1 and D5
(Figure 5.7 a). Unlike the autografted group, there were significant differences the expression
of some proteins between the grafted and ungrafted wound beds at both D5 and D21
timepoints. The RNA data is confirmed with protein data, as at D5, protein expression of IL-6
was significantly higher at the ungrafted wound bed compared to the grafted wound (Figure
5.9 b). IL-6 is also higher at an RNA level in an ungrafted wound at D1 post-op, where the
dominating stage of wound repair is inflammation; however, there is currently no protein

data to support this finding.

In addition, MIP-1a (macrophage inflammatory protein-1a) was higher in the grafted wound
(Figure 5.8 a). MIP-1a is produced by macrophages and monocytes after they are stimulated
by bacterial endotoxin?3° or if stimulated by pro-inflammatory mediators such as IL-1B, which

itself can be produced at the wound bed in the setting of bacterial infections.

We were not able to identify any bacteria at the grafted wound bed on D5 to account for the
endotoxins that may explain why MIP-1a expression significantly differs between the two (see
Figure 5.3b). Further, IL-1B expression was similar between the two wound beds at D5 (Figure
5.9 c). Despite this, a mild infection may have in fact occurred at the wound beds grafted with
BTM, accounting for the white wound exudate, weight loss, and elevated levels of MIP-1a not

seen in the mice grafted with FTSG at the equivocal timepoint.

The protein expression of IL-6 was higher at the ungrafted wound at D5, but similar to the
expression of IL-6 in the grafted wound on D21. Again, this is reflected in the quantitative RT-
PCR data. Protein expression of KC was higher in the ungrafted wounds at D5, although not
significantly. At D21, however, expression of KC was significantly higher at the autografted

wound (Figure 5.8 b). Interestingly, this was not confirmed by the RNA data, as at D21, levels

138



of KC/CXCL-1 were similar between the ungrafted and the synthetically grafted wound bed
(Figure 5.7 b).

At an RNA level, both Col3 and Col1 were higher in the ungrafted wound bed than that grafted
with BTM at D5, however, only Col3 yielded a significant difference. The general trend of both
targets is nevertheless similar, with an increase of the collagen between D1 and D5, followed
by a decrease, regardless of the wound bed condition. This differs from the FTSG group, where
the trend of Col3 was an incremental increase of Col3 at the ungrafted wound until it reached

a nadir at D21 (Figure 4.3 f).

RNA levels of collagen, in general, were higher at the BTM grafted wound beds compared to
the wound beds grafted with a FTSG (compare Figure 5.7 f with 4.3 f). It is possible that, as an
acellular dermal template, cells are required to infiltrate into the wound bed, bringing with it
a whole host of activity revolving around the recruitment of cells. As previously stated, a FTSG
already carries with it many of the required cells and player in wound healing, and thus, may

not require much more of an increase of the necessary proteins and their mRNA.

6.2.4. The stages of wound repair are altered at a biomolecular level between
autografted and synthetically-grafted full-thickness wound beds
It is evident from the findings in this study that a skin graft does alter the wound repair

environment in a murine full-thickness wound. Observation of the wound beds at the
inflammatory, proliferation and remodelling timepoints suggest that the cellular infiltrates
within the wound changes in a grafted wound bed; in that, cells of a likely inflammatory
nature are less present in a grafted wound. Again, identification of what these cells are would
be important in characterising the inflammatory process during this period, as well as allowing
for the identification of possible origins of various cytokines and growth factors. Knowledge
of the cellular components would likely be the next step in completing the overall picture

required to understand the molecular mechanisms that allow for grafts to take.

Collagen deposition is also heavily altered between the graft types. Wounds with FTSGs
consistently demonstrated higher amounts of collagen at D1, D5 and D21 timepoints
compared to wounds grafted with BTM. Interestingly, the amount of collagen deposited
increased between D1 and D5, and subsequently declining to at or below the D1 levels of

collagen for both the FTSG and BTM groups at a protein level.
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BTM is an acellular dermal template, and as such, essentially requires the synthesis of
granulation tissue, but in a more organised fashion (hence the general term for dermal
templates of ‘dermal matrices’ or ‘scaffolds’). FTSGs innately carry with them from the day of
the operation the fibroblasts and keratinocytes that are readily synthesised over a period of
days during spontaneous wound healing. Thus, the increased amounts of collagen at all
timepoints in the wounds grafted with FTSGs is justifiable. This 54% decrease in the amount
of collagen at the wound bed between D5 and D21 for wounds with a FTSG was significant,
whereas the 58% decrease in collagen seen in the wounds grafted with BTM between D5 and
D21 was not significant. It is possible that the remodelling occurring at the wound beds
grafted with an FTSG is more advanced compared to that occurring in BTM-grafted beds, and
further work regarding the examination of levels of Collagen and MMPs at wound beds

grafted with BTM is planned.

That notwithstanding, protein evaluation of the grafts at D5 and D21 using protein array
membranes was performed. Results from the grafted wound were compared to their
ungrafted counterpart on the same mouse, as well as between the types of grafts. When
comparison was made between grafts, the differences are noteworthy and certainly points

to the differential behaviour of the two types of grafts (see Figures 5.8 and 5.9).

These include a lower protein expression of IL-6 on D5 with wounds grafted with BTM
compared to FTSG. Whereas, the expression of IL-6 was higher at the BTM-grafted wounds
on D21 compared to FTSG-grafted wounds. Although neither of these were significant, there
was significantly higher expression of IL-6 between D5 and D21 for wounds grafted with BTM
(likely related to the increasing cellular production and activity of the fibroblasts and
keratinocytes responsible for IL-6). There were also various significant differences between
grafts with the IL-8 homologues, KC and LIX. Again, these pro-inflammatory cytokines
demonstrated lower levels in BTM-grafted wounds at D5 but higher levels at D21 compared

to FTSG-grafted wounds. The trend was the same for IL-1p.

These pro-inflammatory cytokines, particularly IL-1B, KC and LIX, help lead with the
hypothesis that during the early stages of wound repair, the biomolecular mediators of
inflammation are less present in wounds grafted with a synthetic, acellular dermal graft. The
subsequent rise in these pro-inflammatory cytokines between D5 and D21 may indicate that
inflammation persists along a much longer timeframe in synthetic dermal grafts. Given that
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BTM does not have an epidermis, this is also feasible. The idea behind dermal matrices was
that in large surface area cutaneous injuries of differing depths such as burns, the period in
which the matrix would integrate into the native skin would allow for the repair of other,
more superficial wounds so as to not overwhelm the systemic response to injury. As such, an
inflammation period that is slightly longer than in wounds with a full-thickness skin graft may
even be of benefit once the wound is sealed with an epidermis, as the granulation tissue still
has all of the mediators of wound healing present at the wound bed, leaving the wound bed

in a somewhat ‘primed’ manner.

Common markers investigated during proliferation and remodelling were also examined in
our study. In general, levels of TGF-B1 and VEGF were less in wounds grafted with BTM at
both D5 and D21; though these differences were not significant (see Figure 5.10a and c).
Perhaps an increase in the mouse sample size may reveal a significant difference between the
two. Interestingly, one would have thought that an acellular dermal template such as BTM
would influence the wound bed in a manner that captured a significant difference between
the two types of grafts. It is possible though that, at the end of the day, for these wounds to
heal, both need to be vascularised. Furthermore, VEGF-A is not the only pro-angiogenic factor
that could be investigated; perhaps investigation of another may lead to a discernible

difference between the two graft groups.

However, the lack of difference between various key inflammatory and
proliferative/remodelling targets, when using these membranes and when comparing grafted
and ungrafted wounds, is somewhat complicated to explain. Again, various explanations for
this are present and have previously been discussed. In future, it is possible to avoid the
proximity of the two wounds conditions (grafted and ungrafted) by increasing the number of
mice used in the study. This would thus lead to having a group of mice acting solely as the
full-thickness wound controls, another group to receive solely FTSG, and a final group to
receive solely BTM. This could also eliminate the need to create two smaller wounds, and
instead create a larger wound that might exhibit the changes in inflammatory/growth factors

of interest we are seeking.
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6.3. Conclusions and Future Directions
The threefold aims of our study were fulfilled, to a degree. The final aim of identifying

biomolecules related to successful graft take requires rigorous ongoing work, and likely
requires other animal models such as impaired wound healing model in order to contrast the

difference between unsuccessful and successful wound repair via grafts.

Nevertheless, establishing a novel mouse model with which to continue this work is integral.
As far as we are aware, this is the first time the temporal profile of various target pro- and
anti-inflammatory, as well as proliferation and remodelling markers has been investigated in
this strain. In addition, skin grafts are widely used in surgery to accelerate wound repair in
humans; but how they do so and how this differs from spontaneous wound repair was yet to

be observed. To our understanding, this is the first body of work that attempts to do so.

We conclude that the novel SKH-1 mouse model of full-thickness wound repair is an effective
animal model to use as a vehicle to investigate wound repair by epithelialisation. In
characterising the wound repair trajectory of this model, it behaves in a similar fashion along

as similar time-course to epithelialisation to wound repair in humans.

Further, we conclude that skin grafting with an autologous full-thickness skin graft can alter
the wound micro-environment of spontaneous wound repair as seen at RNA level.
Unfortunately, we were unable to confirm the same for the synthetic graft, BTM, due to time
and pandemic-related constraints. In addition to this, it is also evident that an autologous full-
thickness skin graft and a full-synthetic dermal graft behave differently at a biomolecular

level.

Future directions could include the characterisation of the cells that populate a grafted wound
bed, which would ultimately complete the picture by outlining which cells are responsible for
activities that occur at the wound bed. Characterisation of fibroblasts may also be of use, as
this may aid in the understanding of recapitulating the dermal adnexae that currently eludes
cultured skin substitutes. Identifying the activity of cells in the DEJ and the likely
communication between the epidermal and dermal layers to assist in graft heal may also be
of interest, and may certainly aid in the understanding of what allows a graft to heal at a

cellular level and how this is facilitated between cells. The investigation of terminal
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differentiation in wounds left to repair spontaneously versus wounds that are grafted could

also be a useful tool to highlight whether a particular stage of repair or healing is altered.

This study provides the first steps with which skin bioengineering can take in order to identify
various key factors in successful wound repair by grafts. It is likely the beginning of a larger
body of work. Knowledge of what constitutes a successful graft is imperative when it comes
to devising more efficacious grafts or skin substitutes that are more likely to take, and to

improve wound repair in a vulnerable population such as Burns patients.
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INTRA-OPERATIVE ANIMAL MONITORING SHEET

w
- Project Details: Wound treatment: Establishing novel mouse models and studying alternative interventions
TheAlfred Emergency Contacts: 1. Shiva Akbarzadeh (0449 798 966, 03 9903 0284) 2. Nikki Garcia (0432295886) 3. Mostafiz Rahman (0410 638

Skin Culture Lab 903, 03 9903 0616)

Victorian Adult Burns

Mouse ID Strain: SKH-1 Hairless Mice

Experimental Procedures

. Lab 1D: PAC ID: Date of Surgery:
Service Sex: Cage Mate: Weight prior to surgery/g: Estimated DOB:

PRE-OPERATIVE CHECKLIST: SURGERY RECORD:

Anaesthetic machine checked: YES / NO (Record the times)

Scavenger cannister has been weighed: YES/ NO Weight: Mouse placed in induction chamber:
Recovery area is prepared: YES / NO Mouse placed on anaesthetic nose cone:
Mouse ID verified: YES / NO First incision:
Mouse was individually housed: YES / NO Bandaged and removed from nose cone:
Mouse consumed paracetamol jelly: YES/NO OR Placed in recovery cage:
Pre-operative SC/IP injections prepared: YES/ NO Moved to recovery home cage:
Mouse has been weighed pre-op: YES / NO Weight after surgery (g)- with bandage:

Final health check has been performed: YES / NO

DO NOT PROCEED WITH SURGERY IF PRE-OPERATIVE CONDITIONS HAVE NOT BEEN MET

Observation

Time 1:

Time 2:

Time 3: Time 4: Time 5:

Time 6:

Isoflurane level

. No response
Withdrawal
Withdrawal/change in respiration

Reflex (pedal
and/or tail)

Slow
Rhythmic and stable
Fast

Respiration

Pink
Pale
Blue

Skin colour

L E B ol [TV Ry

CONTINUE WITH POST-SURGERY MONITORING SHEET AND EXPERIMENTAL ANIMAL LOG




> POST-SURGERY ANIMAL MONITORING SHEET
-

TheAlfred Project Details: Wound treatment: Establishing novel mouse models and studying alternative interventions AEC Number: E/1520/2015/A

Emergency Contacts: 1. Shiva Akbarzadeh (0445 798966, 03 59032 0616) 2. Nicole Garcia (0432 295 886) 3. Mostafiz Rahman (0410638503)

Skin Culture Lab Mouse ID Strain: SKH-1 hairless mouse
Victorian Adult Lab 1D: PAC ID:
Burns Service Sex: Cage Mate:

Experimental Procedures
Date of Surgery:

Weight prior to surgery/g: Estimated DOB:

ANIMALS TO BE MONITORED THREE TIMES IN THE FIRST 24 HOURS POST-5SURGERY, THEN 2 TIMES DAILY FROM 24 TO 72 HOURS, THEN ONCE DAILY
THEREAFTER. RECORD WEIGHT TWICE WEEKLY (*For weight loss: Administer standard supportive care, place on care form and increase frequency of

weighing to once a day, if weight loss is 20% or more of their pre-surgery weight should be euthanized. Note: a 1-2g daily fluctuation in weight is normal).
Record score 0-3. RECORD ANY ACTION TAKEN IN COMMENTS.

Date AND time AND initial

FIRST 24 HOURS POST-SURGERY DAY 2 POST-SURGERY

DAY 3 POST-SURGERY

Clinical Examination TIME POINT 1 TIME POINT 2

TIME POINT 3 TIME POINT 1 TIME POINT 2

TIME POINT 1

TIME POINT 2

Abnormal respiration

Hypothermia

Sunken appearance/dull eyes

Reduced appetite

Lack of nesting

Unusually docile or aggressive

Inactive

Increased muscle tone/
hunched appearance

Crbital tightening

Ear position

Wound infection

Bancaging

*Weight (twice weekly)

Other abnormal signs

Comments {record weight loss, bandage
treatment and bandage removal here if
applicable)




Lab ID: Date AND time AND initial

DAY 4 DAY 5 DAY 6 DAY 7 DAY 8 DAY 9 DAY 10

Clinical Examination

Abnormal respiration

Hypothermia

Sunken appearance/dull eyes

Reduced appetite

Lack of nesting

Unusually docile or aggressive

Inactive

Increased muscle tone/
hunched appearance

Orhital tightening

Ear position

Wound infection

Bandaging

* Weight (twice weekly)

Cther abnormal signs

Comments (record weight loss,
bandage treatment and bandage
removal here if applicable)

*For weight loss: Administer standard supportive care, place on care form and increase frequency of weighing to once a day, if weight loss is 20% or more of their pre-surgery weight
should be euthanized. Note: a 1-2g daily fluctuation in weight is normal.
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Lab ID: Date AND time AND initial

DAY DAY DAY DAY DAY DAY DAY

Clinical Examination

Abnormal respiration

Hypothermia

Sunken appearance/dull eyes

Reduced appetite

Lack of nesting

Unusually docile or aggressive

Inactive

Increased muscle tone/
hunched appearance

Orhital tightening

Ear position

Wound infection

Bandaging

*Weight (twice weekly)

Other abnormal signs

Comments (record weight loss,
bandage treatment and bandage
removal here if applicable)

*For weight loss: Administer standard supportive care, place on care form and increase frequency of weighing to once a day, if weight loss is 20% or more of their pre-surgery weight
should be euthanized. Note: a 1-2g daily fluctuation in weight is normal.
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