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THESIS ABSTRACT

Diabetes is the one of the most common metabolic disorders and is associated with a range
of complications including diabetic foot ulcers (DFU) [1]. It is estimated that 25% of patients
with diabetes develop DFU and of these a quarter do not heal resulting in amputation. This
places them at risk of lower limb amputation [1]. There are currently no therapies that actively
promote wound healing. It is increasingly being recognised that to improve biologically
complex wound healing, an effective therapy requires pleiotropic actions that targets multiple
facets of impaired wound healing such as prolonged inflammation and poor revascularisation.
High-density lipoproteins (HDL) possess significant wound healing properties and regulate
multiple important wound healing mechanisms including anti-inflammatory and pro-
angiogenic effects. HDL has traditionally been viewed as an atheroprotective protein, with a
well-established inverse relationship between plasma HDL-cholesterol levels and the risk of
myocardial infarction (MI). Efforts to pharmacologically raise HDL in large-scale clinical trials
have failed to show benefit on MI risk. This redirected the focus from HDL-cholesterol levels
to HDL functionality as a better predictor of disease. The relationship between HDL

functionality and diabetic wound healing is yet to be explored.

In this thesis we aimed to 1) determine the anti-inflammatory properties of topically applied
reconstituted HDL (rHDL) in a murine model of wound healing and to track its fate, 2) compare
changes in the functionality of HDL in patients with and without diabetes post-toe/s amputation
over time, and 3) determine the relationship between HDL functionality and wound closure in

patients with and without diabetes and an acute toe amputation/s.

Firstly, we utilised a murine model of diabetic wound healing to assess the effect of topical

rHDL on wound inflammation. Diabetic mice had delayed wound healing and higher levels of



wound macrophages, when compared to non-diabetic mice. Topical application of rHDL
completely rescued diabetes-impaired wound healing but had no effect on wound macrophage
content. There were, however, significant reductions in the mRNA levels of inflammatory
mediators Rela and Ccl2, and CCL2 protein in diabetic wounds following topical rHDL, 72hrs
post-wounding. Overall, this study showed topical rHDL exhibits anti-inflammatory effects in

diabetic wounds.

We next conducted a clinical study that determined changes in HDL functionality of patients
with and without diabetes at the time of amputation (baseline), 1- and 6-months post
amputation/s and tracked wound closure. We found that HDL isolated from patients with
diabetes had impaired cholesterol efflux, anti-inflammatory and pro-angiogenic functionality,
when compared to non-diabetic HDL at 1- and 6-months post-toe amputation/s. We identified
a significant positive correlation between HDL-cholesterol levels and the rate of wound closure.
Furthermore, there were significant negative correlations between the anti-inflammatory effects
of HDL for Ccl2 and Icam1, and the rate of wound healing in patients with diabetes 1-month

post-amputation.

In conclusion, this thesis has demonstrated that topical rHDL has anti-inflammatory effects
in diabetic wounds. This adds to its already well-characterised pro-angiogenic effects, making
rHDL a potential wound healing therapy with important pleiotropic properties. Our clinical
study revealed that HDL from patients with diabetes and toe amputations had impaired
functionality. Furthermore, we identified for the first time that the anti-inflammatory
functionality of HDL inversely correlated with wound closure rate, highlighting its potential as
new predictive marker of healing. In conclusion, rHDL presents as an exciting new topical
agent for improving wound healing in people with diabetes, and the anti-inflammatory capacity
of endogenous HDL shows potential as a predictive biomarker for diabetic wound healing

outcomes.
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CHAPTER 1- INTRODUCTION



1.1 Wound healing

Wound healing is one of the most complex physiological processes in the human body. This
process is critical for our survival as it stops excessive loss of blood through the wound (i.e.
haemorrhage), prevents the development of systemic infection within the body and restores the
normal anatomy of the skin to serve its physiological function [2]. This process is highly
dynamic and consists of four continuous yet overlapping phases characterised by haemostasis,
inflammation, proliferation, and tissue maturation and vascular remodelling (Figure 1.1).
Successful wound healing requires all four phases to occur in a coordinated sequence and time
frame. The timely transition from one phase of wound healing to the next is strictly regulated

by multiple growth factors and cytokines at the wound site.

1.1.1 Haemostasis

Haemostasis is the initial stage and foundation step for the wound healing process and occurs
in three steps: vasocontraction, primary haemostasis, and secondary haemostasis [3].
Immediately after an injury, the vessels in the affected area constrict to reduce bleeding and
prevent blood loss [4]. Endothelin is an important vasoconstrictor which is released by damaged
endothelial cells [3]. Additionally, a range of other vasoconstrictive compounds including
catecholamines, serotonin, bradykinin, and histamine are released almost immediately after the
injury to cause vasoconstriction [5]. After this short-lived vasocontraction (5 to 10 minutes) the
affected blood vessels vasodilate to compensate for the hypoxia caused by the vasoconstriction,
providing an opportunity for intravascular cells, platelets and fluid to pass through the vessel

walls into the extravascular space which leads to the next phase, primary haemostasis [5].

Primary haemostasis is characterised by the formation of the platelet plug (or clot) [3].
Platelets or thrombocytes in normal circulation are in their non-adherent or “resting” state
because of the endothelium’s anti-thrombin properties such as the production of nitric oxide,
prostacyclin, and negatively charged heparin-like glycosaminoglycans which prevent platelet

activation, attachment, and aggregation [6]. However, following wounding and rupture of blood
19



vessels, the thrombogenic subendothelial matrix is exposed and platelets are activated through
G-protein coupled receptors and form a platelet plug [3, 5]. Secondary haemostasis involves
coagulation and reinforcement of the platelet plug. The platelet plug forms dimers with
fibronectin in the presence of activated factor XIII to form a provisional extracellular matrix
(ECM) which serves as a scaffold for the efflux of cells such as neutrophils, monocytes,
fibroblasts, and endothelial cells [4, 5]. This provisional ECM also secretes growth factors and
cytokines such as platelet-derived growth factor (PDGF) and transforming growth factor (TGF)
B1 to recruit inflammatory cells such as neutrophils, monocytes, and macrophages that initiate

the inflammation stage of wound healing [7].

1.1.2 Inflammation

Inflammation starts with the migration of immune cells, especially polymorphonuclear
leukocytes, to the wound site. This migration is mediated by cytokines, chemokines, and growth
factors. The inflammation stages start within the first 6 h of the injury [5]. Neutrophils are the
first immune cells to enter the wound site and are the predominant active immune cell type in
the first 24 h post-wounding [8]. This invasion is mediated by a potent chemoattractant known
as fibrinopeptide, which is the product of fibrinogen to fibrin conversion. The main role of
neutrophils is to non-selectively destroy foreign bodies by releasing toxic granules containing
toxic oxygen species and to phagocytose bacteria and extracellular debris from the wound area
[5, 9]. Activated neutrophils release cytokines which, along with the degradation of proteins
from the provisional ECM, attract circulating monocytes to the wound area within 24 h post-

wounding [5].

Approximately 48 h after injury the migration of monocytes to the wound area is intensified
and these monocytes differentiate into macrophages. Macrophages are the key regulators of the
wound healing process as they take on distinct roles to ensure proper healing as their phenotype
evolves during the different healing stages [10]. Whilst macrophages can acquire a range of

phenotypes, the simplest classification is ‘M1-like’ pro-inflammatory and ‘M2-like’ anti-
20



inflammatory macrophages [11]. These phenotypes (or ‘polarity’) are based on their cell marker

expression, cytokine secretion, and function.

During the early phases of inflammation, transcriptional changes in macrophages result in
the formation of pro-inflammatory M1-like macrophages, which produce inflammatory
cytokines such as interleukin (IL)-1, IL-6, and tumour necrosis factor (TNF)-a [10]. These
macrophages also secrete matrix metalloproteinases (MMP)-2 and MMP-9 which break down
the ECM and provide a path for infiltrating inflammatory cells and the clearance of pathogens,
debris, and dead cells [12, 13]. During the later stages of the inflammatory wound healing
phase, the macrophage population transitions into the anti-inflammatory M2-like macrophage

phenotype [10].

1.1.3 Proliferation

The proliferation step of wound healing consists of re-epithelisation, angiogenesis, and
fibroplasia. Invasion of fibroblasts and increased accumulation of collagen in the wound
mediate the transition from the inflammatory to the proliferative stage of wound healing.
During this stage, granulation tissue composed of new capillaries, fibroblast, and fibrous
connective tissue is formed to fill the wound area beneath the scab. The purpose of this
granulation tissue is to protect the wound from infection and provide a surface for re-

epithelisation [5].

Shortly after an injury, epidermal cells (predominantly keratinocytes) at the margin of the
wound undergo phenotypic changes such as retraction of intracellular monofilaments [14],
dissolution of the physical connection between the cells, and formation of new peripheral actin
filaments which allow cell movement [15, 16]. Mobilisation and migration of epithelial cells
such as keratinocytes at the margin of the wound is the first predominant activity at the
epithelisation stage of wound healing [17]. Subsequently, epithelial cells behind these leading

21



cells proliferate to fill the gap. Migration and proliferation of keratinocytes is mediated by
multiple growth factors such as epidermal growth factor (EGF), TGF-a, and keratinocyte
growth factor which are produced by epithelial cells, wound fibroblasts, and wound

macrophages [5].

Simultaneously, in response to an injury, new blood vessels are formed through the process
of angiogenesis which is initially led by endothelial cells. Angiogenesis is the process of new
capillary growth from pre-existing vessels at the wound edges into an area previously
unoccupied by vascular structures [5]. Tissue hypoxia within the wound area triggers the
expression of the transcription factor hypoxia-inducible factor-1a (HIF-1a), a heterodimeric
nuclear transcription factor responsible for mediating adaptive cellular responses to hypoxia.
HIF-1a then induces the transcription of pro-angiogenic growth factors such as vascular
endothelial factor (VEGF), EGF, fibroblast growth factor (FGF), and platelet derived growth
factor (PDGF) [18]. These growth factors initiate the proliferation and migration of endothelial
cells for the formation of new blood vessels [19]. In addition, endothelial progenitor cells from
the bone marrow are recruited to the wound in response to CXCL12 (C-X-C motif chemokine

12), VEGF-A and MMP-9 and form a border along the injury site [20].

Another important process in the proliferation phase of wound healing is fibroplasia which
is characterised by the migration and proliferation of mesenchymal cells (predominantly
fibroblasts) [5]. These wound fibroblasts are stimulated by growth factors such as PDGF, TGF-
B and FGF, as well as the ECM and have different characteristic features to normal fibroblasts
such as myofibroblast appearance, abundant contractile features, intercellular tight junctions,

and a distorted nuclear envelope [21].
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1.1.4 Tissue maturation and vascular remodelling

The remodelling phase consists of regression of the vasculature, changes in ECM
deposition, and the subsequent transition of granular tissue to scar tissue [3]. Wound closure is
achieved by wound contraction as a result of a-smooth muscle cell actin expression by
myofibroblasts [22]. As the wound progressively closes, the composition of the ECM changes
from predominantly type Il collagen to predominately type I collagen which is stronger [3].
After re-epithelisation, myofibroblasts within the granulation tissue continue to secrete MMPs
and tissue inhibitor of metalloproteinases (TIMPS) to regulate the degradation of old collagen
and the synthesis of new collagen [23]. Following ECM modification, TIMPs begin to block
MMPs to halt further ECM degradation [3]. The blood vessels that infiltrate the healing wound
are leaky as they lack tight cell-to-cell contact as well as scant pericyte coverage to allow
increased immune cell infiltration into the wound [24]. During vascular remodelling, new
vessels undergo pruning to generate stable and well-perfused blood vessels; this pruning occurs
through endothelial cell apoptosis [25]. Once the epithelium is closed, the healed wound bed is
no longer in a state of hypoxia which causes changes in hypoxia-responsive elements (HRES)
through a negative-feedback mechanism. For example, endothelial cells express CXCR3 (C-X-
C motif chemokine 3) which, after binding to its ligand CXCL10, inhibits endothelial tube

formation, contributing to endothelial cell quiescence [3].
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Figure 1.1 Stages of wound healing.

(A) The first stage of wound healing is haemostasis. Upon injury, endothelin is released by
damaged endothelial cells to cause vasoconstriction. This short-lived vasoconstriction is
followed by vasodilation and the influx of platelets to the wound area to form a platelet plug.
This platelet plug combines with fibrin to form a provisional ECM. (B) The next stage of wound
healing is the inflammation stage which is initiated by the influx of neutrophils to the wound
area. Neutrophils non-selectively destroy foreign bodies by releasing toxic granules. Next,
monocytes are recruited to the wound area and differentiate into macrophages. Pro-
inflammatory macrophages are responsible for phagocytosing pathogens and releasing
inflammatory markers. Anti-inflammatory macrophages remove the neutrophils via
efferocytosis and release VEGF-A and PDGF in preparation for proliferation. (C) The
proliferation stage of wound healing involves epithelisation, angiogenesis, and fibroplasia. In
this phase, keratinocytes proliferate and migrate in response to EGF, TGF- a, and FGF2 to form
a new dermal skin layer. Simultaneously, endothelial cells respond to VEGF-A, FGF, and
PDGF released by platelets and endothelial cells for angiogenesis. Fibroblasts also proliferate
and migrate in response to growth factors such as PDGF, TGF- 1, EGF, and FGF. (D) The last
phase of wound healing is wound maturation and vascular remodelling. In this stage the
composition of ECM changes as type | collagen is replaced by type Il collagen and new blood
vessels form. Image adapted from thesis by Carla Maria Cannizzo, 2021, The University of

Sydney.
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1.2 Critical cell types in wound healing

1.2.1 Neutrophils

Neutrophils originate from promyelocytes in the bone marrow ; they are known as “the first
responders” as they are the first immune cells recruited to the wound site in response to “find
me” signals including damage-associated molecular patterns, hydrogen peroxide, lipid
mediators, and chemokines released from the wound site [26]. Within the first 24 h post-
wounding, neutrophils constitute 50% of all cells in the wound. Activated neutrophils release
signals to prolong and amplify neutrophil recruitment. Neutrophils destroy infectious agents by
releasing toxic granules to produce an oxidative burst which initiates phagocytosis and

generates neutrophil extracellular traps [3].

One characteristic of neutrophils is the formation of unique primary and secondary granules
containing toxic chemicals. The primary granules contain particles such as myeloperoxidase
and proteases. The secondary granules contain antimicrobial proteins, dAMMP-8. Proteases are
the major component of these toxic granules and are important for both antimicrobial activity
and break down of the ECM and basement membrane which allows further neutrophil

infiltration [3].

Activated neutrophils also release neutrophil extracellular traps, chromatin filaments that
extend into the extracellular space and are coated with histones, cytosolic proteins, and
proteases for the capture and elimination of exogenous bacteria, fungi, and viruses [27]. In
addition, neutrophils destroy cell debris and bacteria by phagocytosis, predominantly by fusing

with their released granules [3].
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1.2.2 Macrophages

Macrophages are one of the most critical immune cell types for normal wound healing and
tissue regeneration. Wounding causes macrophage infiltration and accumulation at the wound
site within the first 24-48 h [28]. Macrophages can be characterised by their surface markers.
Common surface markers used to identify macrophages include CD45/CD11b*/F4/80" in mice
and CD45%/CD11b*/CD66B" in humans. Macrophages at the wound site are sourced from both
tissue-resident macrophages and macrophages transformed from bone marrow-derived
monocytes, the latter being the predominant source of active inflammatory macrophages at the
wound site. Monocytes are recruited to the wound area in response to platelets and mast cell
degranulation, hypoxia-induced factors, and chemokines [3]. Monocyte chemoattractant protein
1 (also known as CCLZ2) is one of the main chemoattractants released by macrophages in order

to recruit additional monocytes to the wound area [29].

In the early inflammatory phase of wound healing, macrophages are microbicidal and pro-
inflammatory in phenotype, expressing TNF-a, IL-1p and IL-6 [3]. In addition, these pro-
inflammatory macrophages engulf pathogens, synthesise MMPs to digest the ECM, and clear
neutrophils by efferocytosis [3]. With the resolution of inflammation, inflammatory
macrophages within the wound transition to an anti-inflammatory phenotype. Anti-
inflammatory macrophages have also been referred to as pro-vascular macrophages as they
assist with new vessel formation during the resolution of inflammation by releasing growth

factors such as VEGF-A [30].

During the proliferation phase of wound healing, a unique subset of macrophages
(CD206%/CD301b") actively signal to dermal fibroblasts to trigger a transition to myofibroblasts
and increase collagen and a-smooth muscle actin deposition into the wound [31]. Interestingly,
macrophages can also transition into fibrotic cells and deposit collagen and other ECM

components. These macrophages are referred to as fibrocytes or M2a macrophages [32]. The
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interaction between macrophages and other cell types in the wound area is crucial: failure of

this communication can lead to complications such as fibrosis and delayed wound healing[3].

1.2.3 Keratinocytes

Keratinocytes are the most dominant cellular component of the epidermis and are in a state
of constant renewal [33]. During the re-epithelisation phase of wound healing, keratinocytes
migrate, proliferate, and differentiate to restore the epidermal barrier [34]. Injury and/or external
pathogens activate the expression of a range of immune genes in keratinocytes. As a first line
of defence, keratinocytes use pattern recognition receptors (PRRs) to detect the pathogen-
associated molecular patterns expressed by bacteria and other microorganisms [34].
Keratinocytes express various PRRs including Toll-like receptors (TLRs), C-type lectin
receptors, nucleotide-binding oligomerisation domain-like receptors and retinoic acid-inducible

gene I- like receptors [34].

After injury, TLR activation is a critical component of initiating and amplifying
inflammation. Keratinocytes express a range of TLRs including TLR-1, -2, -4, -5, and -6, and
the endosomal TLR-3 and -9. After stimulation, TLRs activate the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) to induce the expression of a host of inflammatory

cytokines and chemokines [34].

Active communication between keratinocytes and immune cells at different stages of wound
healing is critical for successful healing. Keratinocyte-secreted pro-inflammatory cytokines and
chemokines contribute to the recruitment of neutrophils and macrophages to the wound site.
Neutrophils and macrophages also secrete inflammatory markers such as IL-1B, TNF-o and IL-
6 which stimulate keratinocyte proliferation and increase the immune response [34]. Another
important cell population which interacts with keratinocytes upon injury is Langerhans cells, a
dendritic cell population [35]. The pro-inflammatory cytokines secreted by keratinocytes such

as IL-1B, TNF-a, and granulocyte-macrophage colony-stimulating factor enhance the migration
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of Langerhans cells from the skin to the drainage lymph nodes to prime naive T cells, therefore

bridging the innate and adoptive immune system [35].

1.2.4 Fibroblasts

Dermal fibroblasts are the major cell component of the dermis and consist of two distinct
subpopulations — papillary fibroblasts and reticular fibroblasts [36]. While papillary fibroblasts
are primarily involved in the immune response, reticular fibroblasts are responsible for
cytoskeletal organisation and cell mobility during wound healing [37]. The communication
between fibroblasts and immune cells, mast cells, and keratinocytes is integral to appropriate

and timely wound healing.

The interaction between fibroblasts is stimulated by TGF-B and results in the release of
connective tissue growth factors which promote collagen synthesis and fibroblast proliferation
under non-pathological conditions [36]. Production of nitric oxide by dermal fibroblasts
facilitates further collagen synthesis and increases fibroblast contractility [36]. During the
inflammatory phase of wound healing, dermal fibroblasts interact with immune cells such as
neutrophils and B-lymphocytes via the adhesion molecules intercellular cell adhesion molecule-1
(ICAM-1), B2 integrin, vascular cell adhesion molecule-1 (VCAM-1) and o4 integrin. This

facilitates the passage of these cells through the fibroblast barrier [36].

Dermal fibroblasts also interact with natural killer cells via the TNF receptor on fibroblasts
and membrane-bound TNF-o on fibroblasts to produce IL-6 and IL-8, two important
inflammatory cytokines [36]. As natural Killer cells are early immune responders, the
expression of these pro-inflammatory cytokines by dermal fibroblasts is important in initiating
the inflammation phase of wound healing [36]. The M2 macrophage-derived PDGF-CC
accelerates the differentiation of wound fibroblasts into the myofibroblast phenotype which is

essential for the proliferation phase of wound healing [36].
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The interaction between fibroblasts and keratinocytes is important for strengthening tissue
integrity, especially during the re-modelling phase of wound healing. Fibroblast-derived
soluble factors such as keratinocyte growth factor, hepatocyte growth factor, granulocyte-
macrophage colony-stimulating factor, 1L-6, IL-19, and FGF-10, diffuse into the epidermis and
affect both keratinocyte growth and differentiation [36]. Lastly, the presence of both fibroblasts
and the ECM is required for the formation of new blood vessels during wound healing as
fibroblasts are responsible for remodelling the ECM and delivery of several signalling
molecules to facilitate angiogenesis. VEGF is released by dermal fibroblasts then binds to the
VEGF receptor, VEGFR-1, on endothelial cells and activates intrinsic tyrosine kinases and
signalling cascades that result in endothelial cell migration and proliferation, which are required

for angiogenesis [36].

1.3 Chronic wounds

Some flexibility exists in the wound healing process to support imbalances within each step
and sequence, however, if this carefully regulated system is disrupted too much it can lead to
the development of a chronic non-healing wound. Chronic wounds are defined as wounds that
fail to proceed through the normal wound healing phases in an orderly and timely manner [38].
In patients with diabetes, a wound is classified as ‘chronic’ if it does not heal within the first
three months [39]. Chronic wounds can be classified as vascular ulcers (e.g. venous and arterial
ulcers), diabetic ulcers, and pressure ulcers [38]. Some common features shared by chronic
wounds include prolonged and persistent inflammation due to excessive pro-inflammatory
stimuli, persistent infection, formation of drug-resistant microbial biofilm, and the inability of

dermal and epidermal cells to respond to stimuli [38].

Repeated tissue injury in chronic wounds causes platelet-derived factors such as TGF-B1
and ECM growth factors to stimulate the constant influx of immune cells to the wound area.
This creates an excessive and prolonged pro-inflammatory cytokine cascade that causes

elevated levels of proteases [38]. As mentioned previously, in the proliferation phase of acute
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wound healing, protease activity (e.g. MMPs) is tightly regulated by inhibitors (e.g. TIMPs).
However, in chronic wounds the level of protease activity exceeds the level of the inhibitors
which causes the destruction of the ECM and degradation of important growth factors and their
receptors [38, 40]. Prolonged exposure of the wound tissue to pro-inflammatory cytokines
stimulates further production of proteases such as MMPs and inhibition of their respective
inhibitors, creating a vicious cycle [40]. The proteolytic destruction of the ECM prevents the
wound from transitioning to the next wound healing stage whilst also attracting additional

inflammatory cells, thereby amplifying the inflammation cycle (Figure 1.2)[38].

The other important imbalance in chronic wounds is the presence of excessive reactive
oxygen species (ROS), due to a predominantly hypoxic and inflammatory wound environment
[41]. In normal conditions, low concentrations of ROS provides an important defence against
pathogens, however, in chronic wounds excessive ROS levels damage ECM proteins and cause

cell damage [41].

Several studies have shown a senescent cell phenotype in chronic wounds for fibroblasts,
keratinocytes, endothelial cells, and macrophages that have impaired proliferative and secretary
capacities, making them unresponsive to typical wound healing signals [42, 43]. This senescent
cell phenotype is believed to be due to excessive oxidative stress which leads to DNA damage-
related cell cycle arrest [43]. For example, it is suggested that keratinocytes at non-healing
edges of chronic wounds are hyper-proliferative but non-migratory and therefore fail to close

the wound [34].

Another defect identified in chronic wound healing is the deficiency and abnormality of
mesenchymal stem cells [44]. Mesenchymal stem cells play a critical role in wound healing as
they are recruited into the circulation in response to an injury [44]. As an example, the timely

clearance of neutrophils (a type of mesenchymal stem cell) is critical as their disappearance
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marks the resolution of the inflammation phase [45]. Previous studies have shown failure of
neutrophil clearance and their persistence as a characteristic of chronic wounds such as diabetic

foot ulcers (DFU), pressure ulcers, and venous leg ulcers [45].
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Figure 1.2 Cellular characteristics of chronic wounds.

Chronic wounds display characteristics such as: (1) hyperproliferative and non-migratory
keratinocytes in the epidermis with reduced communication between epidermal cells; (2)
increased levels of inflammatory cells such as neutrophils and macrophages producing pro-
inflammatory cytokines and prolonged inflammation; (3) presence of infection, bacterial
colonisation, and biofilm formation; (4) reduction in angiogenesis and recruitment of stem
cells; and (5) impaired ECM remodelling compared to healthy wound healing. Image adapted

from [46].
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1.4 Diabetes
Diabetes is one of the most common metabolic disorders [47, 48]. The World Health

Organisation reported 382 million diabetic people in 2013, with 592 million predicted by 2035
[47]. Diabetes is a condition characterised by chronic hyperglycaemia. Most diabetes diagnoses
fall into two forms: type | and type 11 [49]. Type | diabetes is immune-based in nature, resulting
from cellular-mediated autoimmune destruction of pancreatic  cells so they cannot secrete
insulin [49]. Glucose uptake by cells is mediated by insulin; therefore a lack of insulin leads to
an elevation in blood glucose levels [50]. Type | diabetes accounts for only 5-10% of diabetic
people and their condition is managed by insulin therapy [49]. The main characteristic of type
Il diabetes is insulin resistance, defined as the resistance of cells to respond to insulin and a
failure of a compensatory mechanism. Most patients with type Il diabetes are obese, which is
linked to insulin resistance [49]. Other risk factors include age, lack of physical activity, and
genetic predisposition. Patients with type Il diabetes are not initially insulin-dependent and are
treated with oral hypoglycaemic agents, however, prolonged hyperglycaemia may result in B
cell destruction and therefore insulin dependency [49].
The current gold standard guidelines for diagnosing type Il diabetes in Australia are [51]:

« Haemoglobin Alc (HbAlc) >6.5% (=48 mmol/mol)

e Non-fasting plasma glucose >200mg/dL (>11.1 mmol/L)

o Fasting plasma glucose >126mg/dL (>7.0mmol/dL)

e Oral Glucose Tolerance Test 2 h glucose in venous plasma >200mg/dL

(>11.1mmol/L)

1.4.1 Diabetic complications

Generally, the complications associated with diabetes are categorised as either
microvascular or macrovascular. Macrovascular complications include coronary artery disease,
peripheral arterial disease (PAD), and stroke. Microvascular complications consist of diabetic
nephropathy (damage to kidneys), neuropathy (nerve damage), and retinopathy (damage to the

eyes) [52]. Additionally, the risk of impaired cutaneous wound healing is significantly elevated
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in people living with diabetes and this leads to formation of DFU [52]. This thesis focuses on

DFUs and the complications that lead to delayed wound healing in diabetes, such as PAD.

1.4.2 Peripheral arterial diseases (PAD)

Atherosclerosis is a progressive, immune-inflammatory disease characterised by the
deposition of lipids within the sub-endothelial space of arteries [53]. Inflammation is the
initiating driver for the development of atherosclerosis. Endothelial cells, leukocytes, and
smooth muscle cells all contribute to the inflammatory response. PAD is a manifestation of
atherosclerosis of the lower extremities [54]. Data from the Framingham heart study [55] have
shown that 20% of symptomatic patients with PAD have diabetes. This, however, is likely to
be an underestimation as many people with PAD are asymptomatic rather than symptomatic

[54].

The most common symptom of PAD is intermittent claudication which is characterised by
pain, cramping or aching in the calves, thighs or buttocks which is reproducible on walking and
relieved by resting [54]. Advanced PAD is associated with more extreme presentations such as
rest pain, gangrene or tissue loss which are collectively under the umbrella of chronic limb

threatening ischaemia (CLTI)[54].

The link between PAD and diabetes is thought to be associated with pro-atherogenic changes
that are exacerbated by diabetes such as increases in vascular inflammation and changes in the
cellular components of the vessels [54]. One example of this is a diabetes-induced increase in
C-reactive protein, which is strongly associated with the development of PAD [56]. The
mechanisms underlying this include the ability of C-reactive protein to bind to endothelial cell
receptors and promote apoptosis as well as co-localising with oxidised low-density lipoprotein

(LDL) in atherosclerotic plaque [54].
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1.4.3 Diabetes-related foot ulcers

Development of PAD and peripheral neuropathy are precursors for DFUs [57, 58]. Other
risk factors include foot deformities, previous ulcerations, and impaired resistance to infection
[59]. Approximately 25% of people living with diabetes develop a foot ulcer within their
lifetime and it is estimated that 20% of patients with DFUs require amputation [57]. The five-
year mortality rate for patients with diabetes and an existing DFU is 2.5 times higher than
patients without diabetes [57, 60]. DFUs can be divided into two main groups: neuropathic and

ischaemic/neuro-ischaemic [39].

More than 60% of DFUs are neuropathic ulcers [61]. Neuropathy in patients with diabetes
is manifested in the motor, sensory, and autonomic components of the nervous system (Figure
1.3) [61]. Damage to the motor and sensory components of the nervous system causes an
imbalance between the flexion and extension of intrinsic muscles in the foot as well as intrinsic
muscle wasting. These complications result in anatomic foot deformities which creates bony
prominences and pressure points that are prone to ulcer development [61]. In addition, damage
to the sensory nervous system and loss of sensation in patients with diabetes makes them more
vulnerable to developing DFUs due to unrecognised injury to the foot [61]. Autonomic
neuropathy leads to attenuation of sweat and oil production by the skin, resulting in dry and

callous skin susceptible to skin break down and ulcer formation [61].

Ischaemic ulcers are often seen on the margins of the foot, especially on the medial area
of the first metatarsal joint and the lateral fifth toe area [62]. These ulcers develop as a result of
diminished blood supply to the foot due to athero-occlusive PAD that is exacerbated by diabetes
[63]. Restrictions in oxygen-carrying blood impairs wound healing in ischaemic ulcers and the
rate of amputation is higher for these ulcers [64]. Regular non-invasive tests such as palpitation
of pedal pulses and measurement of the ankle brachial index or toe pressures can be used for
early detection of PAD.
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Diabetic foot ulcers may result from peripheral arterial diseases and/or peripheral neuropathy. Adapted from [65]
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1.4.4 Diabetic complications at the molecular level

At the molecular level, diabetic hyperglycaemia causes multiple metabolic disruptions that
cause cellular dysfunction including increased superoxide production, excessive production of
advanced glycation end-products, enhanced aldose reductase activity, increased protein kinase
C activity, increased hexosamine pathway flux, and overstimulation of the polyol pathway [66].
Under normal glucose conditions, the pyruvate produced from the glycolysis of glucose is
converted into acetyl-CoA and enters the Krebs cycle where electron carriers are generated for
use in the electron transport chain to make ATP for energy [67]. However, due to increased
glucose oxidation in the hyperglycaemic environment more electrons are pushed into the
electron transport chain which blocks complex Il and causes electron accumulation on
coenzyme Q [68]. Coenzyme Q then donates these electrons to damaging oxygen-generating

superoxides [69].

Advanced glycoxidation (also termed advanced glycation or glycosylation) end products
(AGEs) originate from 1-amino-1 deoxy ketose through the reaction between glucose and free
amino groups [70]. It has been shown that hyperglycaemic conditions result in higher AGE
production which interferes with normal ECM deposition through inappropriate cross-linking

of matrix proteins, a key trigger of diabetes-related wound healing complications [71].

In addition, hyperglycaemic conditions cause excessive glucose to be converted to sorbitol
by aldose reductase through the polyol metabolic pathway which requires reduced nicotinamide
adenine dinucleotide phosphate (NADPH) [72]. This affects the normal synthesis of key
antioxidant-reducing equivalents such as nitric oxide and glutathione [66]. NADPH levels are
further reduced by the activation of the hexosamine biosynthesis pathway which inhibits the
activity of glucose-6-phosphate dehydrogenase and consequently prevents the conversion of

NADH to NADPH [73].
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1.4.5 Prolonged inflammation in diabetic wounds

Diabetes causes substantial imbalances in each stage of the wound healing process. It is
associated with persistent, non-resolving inflammation and defective tissue repair responses
[74, 75]. For example, in hyperglycaemia neutrophils produce more superoxide and pro-
inflammatory cytokines [76]. Neutrophils from patients with diabetes are also in a hyperactive
state, indicated by increased expression of the activation marker CD11b [77]. Diabetes also
increases the levels of circulating inflammatory C-reactive protein in foot wounds [78].
Diabetic wounds also have increased total numbers of inflammatory cells, paralleled by
decreased concentrations of growth factors [79], which hinders the migration of the epidermis
layer over the wound that is essential for healing [79]. Diabetes also causes alterations in wound
structure and remodelling processes, causing a loss of heparan sulphate proteoglycans such as

syndecan-4 [80] and increased degradation of the ECM [81].

Diabetes significantly prolongs wound inflammation and halts the normal sequence of the wound
repair process; this includes disruption to wound macrophage regulation. The increased infiltration of
inflammatory cells including neutrophils and macrophages into the wound area results in significantly
higher levels of pro-inflammatory cytokines such as IL-1p and TNF-a, prolonging the inflammatory
phase and delaying the healing process [46]. These inflammatory cytokines can lead to activation of
NF-kB, a pivotal transcription factor that switches on further inflammatory gene expression,
leading to an exacerbated inflammatory response. The NF-kB complex (which consists of two
subunits, P50 and P65/RelA) is normally sequestered in an inactive state within the cytosol by
the inhibitor of «B proteins (1kB) [82]. Stimulation by inflammatory cytokines such as IL-1
and TNF-a induces the activity of IkB kinase which phosphorylate IxB, resulting in its
ubiquitination and consequent proteasomal degradation (Figurel.4). Degradation of IxB
liberates the NF-xB dimer (p50/p65-RelA), allowing it to translocate to the nucleus where it
initiates transcriptional activation of numerous target genes and creates an inflammatory

response (Figurel.4).
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Figure 1.4 NF-xB signalling pathway in inflammation.

Inflammatory cytokines such as tumour necrosis factor oo (TNF-ot) and interleukin 18 (IL-1p) lead
to activation of the inhibitor of the kB kinase (IKK) protein complex. This causes phosphorylation
of IkB, which normally sequesters the NF-kB dimer that consists of p50 and p65 subunits within
the cytoplasm. After IkB phosphorylation, IkB is targeted for ubiquitination and degradation,
liberating the NF-«xB dimer so that it can translocate to the nucleus and bind to NF-«B response

elements and activate transcription of a range of inflammatory genes. Image created on
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A major inflammatory disruption in diabetic wound healing is a delay or failure of the
phenotypic switch from pro-inflammatory macrophages to anti-inflammatory macrophages.
When the skin is uninjured, the population of tissue-resident macrophages is higher than monocyte-
derived macrophages. After injury, the influx of monocyte-derived macrophages results in a 2-fold
increase in their number and an acute reduction in tissue-resident macrophages [12]. Shortly after
injury and haemostasis, monocyte-derived macrophages enter the wound site and differentiate into
pro-inflammatory (M1-like) macrophages which release inflammatory cytokines including 1L-1f,
TNF-o. and IL-6 [83]. This is followed in the subsequent healing stages by polarisation into anti-
inflammatory (M2-like) reparative macrophages, which release anti-inflammatory cytokines such as
TGF-B and IL-10 and support tissue remodelling and fibrosis [83]. In pathological conditions such as
diabetes, the transition from the M1 to the M2 phenotype is delayed, causing an increase in wound
inflammation through excess M1-derived chemokine/cytokine expression. This persistent

inflammation is likely to result in the development of a chronic wound [12].

In a study done by Mirza et al [74], macrophages isolated from the chronic wounds of patients with
type 2 diabetes prominently exhibited a pro-inflammatory M1-like phenotype, expressing high levels
of inflammatory cytokines including IL-13 and TNF-a as well as MMP-9 [74]. Furthermore, wound
macrophages obtained from diabetic mice persisted as pro-inflammatory M1-like macrophages and
failed to transition to the reparative M2-like phenotype [74]. Suppression of inflammation can,
however, overcome these issues. For example, the use of an IL-1f blocking antibody improved wound
healing, reduced M1-like macrophages, and increased the presence of M2-like macrophages in
wounds [74]. It has also been observed that inflammatory cells from abnormal diabetic
inflammatory wound areas escape apoptosis and hence persist within the wound environment

[84].

High levels of TNF-a have been identified as a molecular predictive factor for failure of

wound closure, and high levels of serum TNF-a have been identified in type 2 diabetes [85].
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TNF-a is known to be involved in a positive feedback system and regulates its own secretion
as well as the secretion of IL-1p (Figure 1.5) [84]. Excess TNF-a levels have been shown to
reduce the wound tensile strength and to decrease type | and type 111 collagen expression [84].
In addition, TNF-a is responsible for enhanced T-lymphocyte adhesion to dermal fibroblasts
via upregulation of dermal fibroblast ICAM-1 and VCAM-1, which bind to the leukocyte
function-associated antigen 1 and very late antigen-4, respectively. These interactions
contribute to the accumulation, retention, and activation of T-lymphocytes under chronic

inflammatory conditions [36].
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Figure 1.5 Role of pro-inflammatory mediators in wound healing failure.

The cytotoxic effect of pro-inflammatory cytokines and glycation products in the failure of
diabetic wound healing. Hyperglycaemia stimulates the production of advanced glycation end
products (AGE). Inflammatory cells stimulate the production of TNF-a, IL-1p and IL-6 which
cause positive feedback with inflammatory cells. Inflammatory cells also stimulate the release
of pro-inflammatory cytokines and extracellular, newly identified receptors for advanced

glycation end products (EN-RAGE). Image adapted from [84].
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1.4.6 Impaired angiogenesis in diabetic wounds

Angiogenesis is a physiological process which occurs in an orderly manner and requires
coordination between several cells, growth factors, and chemokines. Diabetes leads to a
significant impairment in this process via several mechanisms. Firstly, endothelial cells become
dysfunctional when exposed to elevated systemic glucose concentrations leading to the loss of
functional integrity and increased apoptosis [58]. Secondly, high serum glucose causes an
imbalance in cytokine/chemokine and growth factor levels that disturbs normal angiogenesis.
Studies have shown that the ability of VEGF-A to simulate the migration of monocytes within
patients with diabetes is impaired when compared to monocytes from healthy individuals. This
was despite higher levels of VEGF-A in diabetic plasma, suggesting this is due to a deficiency
in VEGFR-2 activation. [86]. Furthermore, wounds in a diabetic murine model express
significantly lower mRNA and protein levels of VEGF-A compared to healthy controls [87].
Higher levels of the anti-angiogenic growth factor pigment epithelium-derived factor [88] and
low levels of the FGF-2 cell surface receptors syndecan-4 and glypican-1 [80] in patients with
diabetes also lead to impaired angiogenesis. Furthermore, increases in anti-angiogenic
molecules that cause proteolysis of VEGF-A have been observed in chronic venous ulcers [89,

90].

Impaired angiogenesis in diabetes also occurs because high glucose impairs angiogenic
responses to wound ischemia, a result of low oxygen supply due to tissue injury or PAD [91].
Central to this is high glucose-induced destabilisation of HIF-1a, the key transcription factor
that is activated in response to hypoxia/ischaemia to promote VEGF-A and angiogenesis [91].
Furthermore, there is a reduction in the recruitment of endothelial progenitor cells (EPCs) to
the site of diabetic wounds. EPCs make significant contributions to wound vascularisation in
response to ischaemia. In diabetes, the production of the chemokine stromal cell-derived factor
(SDF)-1a (CXCL12) in the wound is reduced. SDF-1a normally facilitates the migration and
recruitment of EPCs to the wound site and thus a reduction in its concentration leads to less
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EPC recruitment and neovascularisation. In summary, diabetes leads to a multitude of events

that cause a reduction in angiogenesis, an essential process for wound repair.

1.5 Current therapies for diabetic foot ulcers and their limitations

Based on guidelines prepared by The International Working Group of the Diabetic Foot, the
most common treatment options for DFUs are limited to debridement of hypertrophic tissue
surrounding the wound, application of appropriate dressings, and orthotic devices such as
casting or shoe modifications to offload the pressure from the ulcer area [92]. In some cases,
vascular reconstruction is required if macrovascular ischaemia is contributing to chronic wound

development [92].

A recent comprehensive review evaluated all previous evidence supporting standard
interventions and rated them based on the quality and level of evidence [93]. Interventions
included debridement and wound bed preparation, antiseptics and dressing products, negative
pressure wound therapy, growth factors and cellular products, placental-derived products, skin
grafts, oxygen and other gases, and physical therapies [93]. When looking at debridement and
wound bed interventions, which included sharp debridement [94], hydrodebridement [95],
enzymatic debridement [96], and larval therapy [97], sharp debridement was the only

intervention studied in a controlled manner and with adequate evidence to demonstrate benefit.

Previously studied topical interventions include antiseptics and antimicrobials [98], honey
dressings [99], alginate and collagen dressings [100], sucrose octasulfate dressings [101],
topical phenytonin [102], hydrogel dressings [103], and topical application of antibiotics such
as tobramycin beads [104]. From these studies, the sucrose octasulfate dressing was found to
be the most effective in a recent and well-controlled randomised multi-centre clinical trial
across France, Spain, Italy, Germany, and the UK [101]. The sucrose octasulfate dressing
demonstrated significant increases in wound closure in patients with non-infected neuro

ischaemic DFUs. The mechanism of action is believed to be via inhibition of MMPs which are
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found in higher concentrations in chronic wounds, increase inflammation and break down of
the remodeling process [101]. The study, however, did not control for offloading devices to
take away the pressure from the plantar surface of the foot between the multiple clinical centres.
Other wound dressings have also revealed positive findings. One dressing incorporated
autologous platelet-rich plasma and leukocytes [105]. Clinical testing showed improvement in
wound healing [106], however, the weakness of the study was that it was not controlled
appropriately. Another multilayered patch with a similar composition of autologous leukocytes,
platelets, and fibrin was tested in a recent multi-center study. An increase in wound healing was
reported in patients with ‘hard to heal’ ulcers but this dressing has the limitation of the high

cost of preparing the autologous cells [105].

Negative pressure wound therapy (NPWT) used in parallel with best standard care has
demonstrated promising benefits in clinical trials, especially when used after surgery [107].
However, for chronic wounds there is not enough evidence to establish whether NPWT has any
benefit over and above standard care. NPWT is predominantly recommended for acute and

larger wounds which have excess exudate that impacts wound healing.

Growth factors are essential for wound healing, particularly for promoting angiogenesis
[93]. Numerous clinical trials have tested the topical application of growth factors including
FGF, EGF, combined FGF-EGF, and others on diabetic wounds. Topical application of basal
FGF in a spray format onto DFUs led to a 75% reduction in ulcer area, however, the analysis
for this study was a per protocol analysis leading to bias [108]. Furthermore, a recent Phase |11
multicentre clinical trial using a spray form of recombinant human EGF found that it
significantly improved wound healing in 167 patients with DFUs [109]. It must be noted that
the studies that investigated the effect of growth factors have limitations in methodology, the
inclusion of appropriate controls, details regarding the ulcer status (e.g. vascular supply) and

poor statistical analyses leading to high bias and unclear outcomes. Further confounding the
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translation of growth factor therapy is their lack of cost-effectiveness, a significant

consideration.

In summary, despite the conduct of numerous clinical trials that have tested a wide variety
of interventions, there is still no universally approved or effective therapy for diabetic wound
healing which has been implemented to support the best standard of care. Most clinical
interventions target only a single mechanism of action in the wound healing process. This may
be insufficient to effectively heal mechanistically complex diabetic wounds. Agents that offer

pleiotropic actions on the wound healing process are therefore more likely to be effective.

1.6 High-density lipoproteins

1.6.1 High-density lipoprotein structure and biology

High-density lipoprotein (HDL) is the smallest class of circulating endogenous lipoprotein
particles. Mature HDL is a spherical biochemical compound composed of an outer monolayer
of phospholipids, apolipoproteins, and unesterified cholesterol surrounding a hydrophobic core
of cholesteryl esters and a small amount of triglyceride (Figure 1.6) [110]. HDL is the smallest
and densest of the five main lipoproteins [111]. Circulating plasma HDL comprises a highly
heterogeneous family of lipoprotein particles varying in density, size, surface charge, and
lipid/protein composition [112]. When subjected to centrifugation, HDL is separated into two
density subfractions: HDL> (1.063 - 1.125 g/mL) and the denser HDL3 (1.125 - 1.12 g/mL). Gel
electrophoresis can be used to distinguish HDL into five discrete populations by particle size
ranging from 10.6 to 7.6 nm in diameter: two belong to the HDL> subclass and three belong to

the HDLs subclass [113].

The main apolipoproteins found on the surface of HDL are apoA-I and apoA-Il, which
account for approximately 70% and 20% of total protein, respectively [114]. Another
classification system for HDL is based on the presence of these two apolipoproteins: (1) A-I
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HDL containing apoA-I but not apoA-I1 (less dense) is found in HDL, and (2) A-1/A-11 HDL
containing both apoA-I and apoA-I1 in a 2:1 molar ratio is found in HDL3[115]. ApoA-I is the
most predominant apolipoprotein and Al-HDL is the most abundant lipoprotein, however,
HDLs, in particular, is believed to be a subpopulation of HDL with superior anti-inflammatory

effects [116].

There are a number of enzymes on the surface of HDL which catalyse reactions critical for
the metabolism of HDL including lecithin: cholesterol acyltransferase (LCAT), cholesterol
ester transfer protein (CETP) and phospholipid transfer protein [117]. HDL interacts with three
key cell surface proteins: the cholesterol transporters ATP-binding cassette transporter 1
(ABCA1) and ABCG1, and the scavenger receptor SR-BI (SR-BI) [118]. A vast number of in
vitro, in vivo, and epidemiological studies have demonstrated that HDL exhibits athero-
protective, anti-thrombotic, antioxidant, anti-apoptotic, anti-inflammatory, anti-proteolytic,

and pro-angiogenic properties [112].
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Figure 1.6 The structure of mature high-density lipoprotein.

A schematic diagram showing the typical structure of mature high-density lipoprotein (HDL),
composed of an outer layer of phospholipids, unesterified cholesterol, and different
apolipoproteins surrounding a core of triglycerides and cholesterol esters. The predominant
apolipoprotein is apoA-I, however, other apolipoproteins such as apoA-I11, apoC and apoE are

present in certain subsets of HDL [119].
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1.6.2 HDL metabolism and remodelling

A major role of HDL is known as reverse cholesterol transport which involves scavenging
cholesterol from peripheral cells and tissues and transporting it back to the liver for metabolism
or excretion. To initiate this process, apoA-I is synthesised in the liver and released into the
plasma in a lipid-poor/lipid-free form [120]. Circulating apoA-1 then immediately combines
with phospholipids and unesterified cholesterol from cell membranes to form the earliest HDL
particle which is discoidal in shape. The transfer of lipid from cell membranes to discoidal HDL
is mediated by ABCAL [121]. The main role of ABCAL is to transport intracellular free
cholesterol and phospholipids to extracellular apoA-1[122]. Discoidal A-1 HDL is the preferred
substrate for LCAT, a hydrophobic plasma enzyme that generates cholesteryl esters [123]. As
cholesteryl ester is more hydrophobic than cholesterol, it immediately migrates to the centre of
HDL giving rise to the spherical and mature but small/dense HDLa3. The function of LCAT is
to create a concentration gradient to mediate the efflux of free cholesterol from the cell
membrane to the core of HDL [124]. Small/dense HDLs particles develop into large/light HDL>
particles through further cholesteryl ester formation or HDL particle fusion through the action

of LCAT and phospholipid transfer protein enzymes [125].

Conversion of HDL, (small/dense) to HDLs (large/light) is mediated by CETP and hepatic
lipase (HL) enzymes resulting in the release of lipid-free or lipid-poor apoA-I. The main
function of CETP is to replace neutral lipids in HDL, such as cholesteryl esters, with
triglycerides from LDL and low/very low density lipoproteins to form triglyceride-rich HDL
[122]. The enrichment of HDL with triglycerides enhances the action of phospholipid transfer
protein and generates a preferred substrate for HL. The HL-mediated hydrolysis of triglyceride
reduces the size of the HDL core, especially in A-1 HDL [122]. If the release of cholesteryl
esters out of HDL is greater than the uptake of the triglycerides, the result is small/dense HDL

which is HDLs [122].
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While most of the lipids in HDL are transferred to other lipoproteins, a portion of cholesteryl
esters are transferred to the liver and steroidogenic tissues via the action of the SR-BI receptor.
SR-B1 regulates the transport of free cholesterol in cells in a bidirectional manner, depending
on the gradient direction of cholesterol. In hepatocytes and steroidogenic cells, SR-B1 (as an
HDL receptor) facilitates the selective uptake of cholesteryl ester in two steps: (1) combining
HDL with SR-B1; and (2) diffusing cholesteryl ester molecules from the cell plasma membrane

[122].

1.6.3 HDL in cardiovascular disease and diabetes

A large body of evidence supports a relationship between low circulating HDL-cholesterol
levels and the risk of a cardiovascular events [126]. The first epidemiological study to discover
this inverse relationship was the landmark Framingham study which found that for every 0.13
mmol/L decrement in serum HDL there was a 25% increased risk of myocardial infarction
[127]. Consequently, several epidemiological studies have also established this relationship
[128, 129]. More recently, epidemiological studies have also shown an inverse relationship
between HDL cholesterol levels and the risk of developing diabetes. For example, levels of
HDL. were found to be inversely correlated with the incidence of type 2 diabetes [130].
Interestingly, lower levels of HDL have been associated with an increased risk of diabetic
neuropathy, an important contributing factor for DFU formation in both type 1 and type 2

diabetes [131].

Pharmacological elevation of circulating HDL-cholesterol levels using CETP inhibitors
has not demonstrated benefit in reducing cardiovascular events [132, 133], but interestingly,
CETP inhibitors delay the onset of type 2 diabetes mellitus, indicating an anti-diabetic effect
[130]. Furthermore, there is increasing evidence that HDL functionality is a more accurate
predictor of risk for cardiovascular disease rather than HDL cholesterol concentrations. HDL
functionality is impaired in conditions such as diabetes and cardiovascular disease [134]. For

example, in one study by Besler et al. [135], HDL obtained from patients with coronary artery
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disease failed to stimulate endothelial nitric oxide production, a key atheroprotective function
of HDL, which contrasted to HDL from healthy subjects. In another significant study, the
cholesterol efflux capacity (CEC) of HDL from macrophages, a metric of HDL function, had a
strong inverse relationship with both carotid intima-media thickness and the likelihood of

angiographic coronary artery disease [136].

Individuals with diabetes are at greater risk of developing cardiovascular disease (CVD)
compared to non-diabetic individuals, with approximately 60% of CVVD-related deaths occuring
in diabetic populations [137]. Type 2 diabetes and the collection of pathologies associated with
this metabolic syndrome, including insulin resistance, obesity, and high plasma triglycerides
are often associated with low HDL levels [138]. A hallmark of diabetes, as mentioned
previously, is increased glycation end products which promote oxidative stress and oxidation
of physiologically important biomolecules and increase inflammation, which can impact the
functionality of HDL [138]. In the presence of high glucose levels, the apoA-I component of
HDL can get glycated and there is a direct correlation between plasma glucose levels and extent
of apoA-I glycation, which alters the structural integrity of HDL and consequently its function
[139]. Non-enzymatically glycated apoA-1 was shown to have a reduced ability to inhibit NF-
kB activation and reactive oxygen species formation in a rabbit model of acute vascular

inflammation [140].

As mentioned, cholesterol efflux is one of the main roles of HDL and is a measure of its
functionality. The primary cause of decreased HDL-mediated cholesterol efflux is the oxidative
modification of the HDL particle and its main protein component, apoA-1 [141]. Given that
apoA-I is the main component of HDL that removes of cholesterol from macrophages,
particularly at the arterial wall, oxidative damage of apoA-I directly impairs HDL functionality
[138]. Zheng and colleagues [142] showed that myeloperoxidase oxidation of HDL and apoA-
I results in selective inhibition in ABCA1-dependent cholesterol efflux from macrophages
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[142]. 1t has also been reported that high levels of non-esterified fatty acids in individuals with
diabetes may inhibit ABCAl-mediated reverse cholesterol transport [138]. A clinical study
found that both apoA-I and HDL>-mediated cholesterol efflux were impaired in macrophages
treated with albumin isolated from patients with type 1 diabetes, compared with non-diabetic
albumin-treated cells. This observation was attributed to intracellular ABCAL protein content,
with the study showing that glycated albumin from poorly controlled type 1 diabetes mellitus
in patients with type 1 diabetes alters macrophage gene expression and impairs ABCA1-

mediated reverse cholesterol transport [143].

1.6.4 Anti-inflammatory properties of HDL in wound healing

Inflammation is important in the early stages of wound healing to combat infection; however,
prolonged, inappropriate inflammation negatively affects wound healing at every step of the repair
process. As discussed previously, diabetes exacerbates inflammation and substantially slows its
resolution, causing multiple complications in wound biology and healing. Agents that suppress
inflammation are, therefore, likely to have significant wound healing benefits. It is well-established
that HDL has anti-inflammatory effects that include: (1) the suppression of endothelial cell
inflammation and improved endothelial function; and (2) the reduction of monocyte/macrophage
activation and recruitment to sites of inflammation [110]. These properties of HDL all have benefits

on the wound healing process and the prevention of chronic wound development.

Endothelial cells play a key role in wound healing. They are the building blocks of wound
neovessels that are essential for repair. Through their expression of adhesion molecules,
chemokines, and cytokines, endothelial cells mediate the delivery of monocytes and
macrophages to the wound site. Controlled endothelial cell inflammation is, therefore, critical
for successful healing but when inappropriately prolonged or elevated leads to chronic wound
development. HDL exhibits potent inhibitory effects on endothelial cell inflammation (Figure 1.7).
For example, HDL reduces the expression of key cell adhesion molecules including ICAM-1, VCAM-

1 and E-selectin both in vitro and in vivo [116]. One of the mechanisms for the anti-inflammatory
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effects of HDL on endothelial cells starts with the interaction between HDL and the sphingosine-1-
phosphate (S1P)s receptor. This results in the phosphorylation and activation of the phosphoinositide
3-kinase (PI3K)/Akt pathway, which leads to the activation of endothelial nitric oxide synthase and
the production of nitric oxide. Whilst nitric oxide plays an important role in the promotion of wound
angiogenesis and in maintaining endothelial function it also exhibits anti-inflammatory effects. Several
previous studies have illustrated that HDL stimulates endothelial cell nitric oxide production [144].
Nitric oxide inhibits the TNF-a activation pathway via the suppression of inflammatory transcription
factor NF-xB [116]. rHDL (apoA-I complexed with phospholipid) also suppresses endothelial cell
chemokine expression including CCL2, CCLS5, and CX3CL1. This is mediated via interaction with
SR-B1 resulting in the inhibition of downstream kinase signalling and suppression of NF-xB

activation [145] (Figure 1.7).

Preclinical models of vascular inflammation have also demonstrated the anti-inflammatory effects
of HDL. For example, in a rabbit model of carotid occlusion [146], systemic infusion of rHDL
inhibited neutrophil infiltration, the expression of VCAM-1, ICAM-1, and the chemokine CCL2 [146].
HDL has also been reported to increase the anti-inflammatory enzyme platelet activating factor-acetyl

hydrolase, which inactivates platelet-activating factor and promotes inflammation [147].
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Figure 1.7 Mechanisms for the anti-inflammatory effects of HDL in endothelial cells.

Left panel: HDL increases formation of bioactive nitric oxide (NO) via interaction with the
sphingosine-1-phosphate 3 (S1P3) receptor, which activates PI3K/Akt and leads to the inhibition in
the action of NF-«kB. This prevents the translocation of the NF-kB subunits p65/p50 to the nucleus
where it binds to the NF-kB response elements in the promoter region of inflammatory genes
including vascular cell adhesion molecule (VCAM)-1 and intercellular cell adhesion molecule
(ICAM)-1. Right Panel: In an alternative pathway, HDL reduces the production of the
inflammatory cytokines CCL2, CCL5 and CX3zCL1 via interaction with scavenger receptor
(SR)-BL1 that leads to suppression of downstream kinase signalling (PI3K/Akt) and inhibition

of the NF-«B activation pathway. Image adapted from [148].

Macrophages are an important cell type for both the initiation and resolution of the inflammation
phase of wound healing [12]. Multiple studies have demonstrated that HDL has anti-inflammatory
effects on human monocytes and macrophages, which is likely to have substantial benefits on the
wound healing process. For example, HDL prevents the activation of primary human monocytes
by significantly decreasing the expression of CD11b [149]. In an in vitro study [149], HDL
inhibited phorbol 12-myristate-13-acetate (PMA)-induced activation of monocyte CD11b in a
dose-dependent manner [149]. Furthermore, when monocytes were pre-treated with HDL

followed by stimulation with PMA, CD11b expression was significantly reduced [149].

HDL has also been shown to promote a shift from M1-like macrophages to M2-like
macrophages. In a study by Sanson et al., [150] HDL suppressed both basal and IFN-y-induced
expression of M1 inflammatory markers such as iNOS, IL-6 and TNF-a. Furthermore, HDL
caused a 10-fold increase in the expression of the M2-like markers Arg-1 and Fizz-1 [150]. It
Is important to note that both Arg-1 and Fizz-1 are likely to contribute to tissue remodelling in
wound healing as they have been shown to mediate the deposition of ECM in animal models
[151]. These findings further highlight the biological plausibility of utilising the anti-
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inflammatory properties of HDL for wound healing. HDL also inhibits the production of
inflammatory cytokines from monocytes. One mechanism by which HDL does this is via binding of
the apoA-I component of HDL to the ‘stimulating factor’ on circulating stimulated T lymphocytes.
This blocks the normal interaction between monocytes and stimulated T lymphocytes, thereby
preventing cytokine release (e.g. IL-1B, TNF-o) from monocytes at sites of inflammation (Figure 1.8)
[152]. ApoA-I has also been shown to inhibit the production of inflammatory cytokines such as IL-13,
TNF-o, and intercellular reactive oxygen species by blocking the interaction of T cell ligands to the
leukocyte B2-integrin subunit [116]. Consistent with these findings, rHDL reduces the secretion
of the chemokines CCL2, CCL5, and CX3CL1 from monocytes and the expression of the

chemokine receptors CCR2 and CX3CR1 [145]
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Figure 1.8 Anti-inflammatory effects of HDL on monocyte/macrophages.

HDL blocks the interaction between stimulated T lymphocytes and monocytes by interacting with
‘stimulating factor X’ on T lymphocytes. This reduces the interaction between stimulated T
lymphocytes and monocytes which in turn reduces monocyte secretion of inflammatory cytokines and

reactive oxygen species. Image created on Biorender.
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HDL also suppresses TLR-induced expression of pro-inflammatory cytokines from macrophages
[153]. For example, pre-treatment of bone marrow-derived macrophages with HDL reduced IL-6 and
TNF-a secretion in response to a variety of TLR ligands. The mechanism for these effects of HDL was
found to be via regulation of the activating transcription factor ATF3 that is downstream of the TLR.
ATF3 is induced through TLR stimulation and acts through a negative feedback system to inhibit
excessive production of pro-inflammatory cytokines. Interestingly, infusion of HDL into mice
increased the level of ATF3 mRNA expression in the Kupffer cells (macrophages) of the liver. In the
same study, HDL demonstrated an endothelial-protective effect by increasing re-endothelisation of

carotid arteries after carotid injury, an effect that was not observed in Atf-3-deficient mice [153].

1.6.5 Pro-angiogenic properties of HDL in wound healing

A number of studies demonstrate a pro-angiogenic effect of HDL in vitro in response to
hypoxia and in pre-clinical murine models of hind-limb ischaemia and wound healing [91]. In
vitro, HDL has been shown to significantly induce proliferation, migration, and tubule
formation of endothelial cells, which are critical for angiogenesis. Investigation of the
intracellular mechanisms has revealed that these changes in endothelial cell function occur
through the Src family kinases PI3K and mitogen-activated protein kinase (MAPK) with the
involvement of SR-BI [154]. SR-BI has also been implicated as the receptor that mediates the
augmentation of ischaemia-driven angiogenesis in in vivo murine models of hind-limb
ischaemia and wound healing [155]. In SR-B17- mice, it was delineated that HDL activates the
PI3K/Akt pathway via SR-BI, leading to increased levels of HIF-1a and the transcription and
production of VEGF-A (Figure 1.9). Further investigation of the mechanisms of action revealed
that in endothelial cells, rHDL stabilises HIF-1a in high glucose through an increase in the
ubiquitin ligases Siah-1 and Siah-2 which then suppress the prolyl hydroxylase domain (PHD)
proteins PHD-2 and PHD-3 that normally target HIF-1a for degradation [156]. There is also
emerging evidence that rHDL stabilises HIF-1a and improves angiogenesis in diabetes by

correction of impaired metabolic reprogramming responses to hypoxia [157].
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VEGF-A is a potent pro-angiogenic growth factor that is under the control of HIF-1a. It
activates numerous angiogenic cellular activities once bound to its receptor, VEGFR-2, on
endothelial cells. Following binding, the extracellular signal-regulated kinase (ERK)1/2 and
p38MAPK downstream signalling pathways are activated which are important for endothelial
cell proliferation and cell migration, respectively. In a recent in vitro study, rHDL was shown
to augment VEGFR-2 phosphorylation and activate ERK1/2 and p38MAPK in endothelial cells
under hypoxic conditions, adding further mechanistic support to understanding the

proangiogenic effects of rHDL [158].

S1P is a bioactive lipid mediator that regulates angiogenesis, vascular stability, and
permeability [159]. HDL transports 60% of the S1P in the plasma making it the main acceptor
and carrier of S1P. It has been reported that HDL-mediated angiogenesis involves activation of
VEGFR-2 via the S1P3 signalling pathway [159]. This occurs via binding of the HDL/S1P to
the S1P3 receptor which then phosphorylates/activates VEGFR-2 and promotes angiogenic
functions including proliferation, migration, and tubule formation in endothelial cells [159].
The Ras-activated MAPK pathway was the reported intracellular mechanism of action for these

HDL-S1P/S1P3 receptor-driven pro-angiogenic effects of HDL [160].
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Figure 1.9 The pro-angiogenic effects of HDL in endothelial cells.

Following interaction with scavenger receptor (SR)-B1, HDL activates downstream PI3K/Akt
signalling. This increases HIF-1a stabilisation through an increase in the ubiquitin ligases Siah-
1 and Siah-1 which inhibits the prolyl hydroxylase domain (PHD) proteins PHD-2 and PHD-3
that normally target HIF-1a for degradation. With increased HIF-1a stabilisation it allows for
elevated levels of HIF-1a translocation to the nucleus. In the nucleus, HIF-1o binds to HIF
response elements (HRE) in the promoter regions of pro-angiogenic genes including VEGF-A
that increases their expression. This increases the interaction between VEGF-A with its receptor
VEGFR-2, leading to enhanced activation of ERK1/2 and p38 MAPK that promote endothelial
cell migration and proliferation, respectively, and result in increased angiogenesis. Image

adapted from [148].
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1.6.6 Emerging role of topical HDL in wound repair

Accumulating evidence demonstrates that HDL displays significant wound healing benefits.
For example, drop-wise topical application of rHDL to non-diabetic and diabetic wounds in a
murine model of wound healing improves the rate of wound closure [155, 161]. Using Laser
Doppler imaging, topical HDL was shown to increase wound angiogenesis in both non-diabetic
and diabetic mice. This effect of rHDL was attenuated in SR-BI”~ mice, demonstrating that SR-
Bl, at least in part, mediates improved wound healing and wound angiogenesis by rHDL [155].
Daily topical application of HDL formulated in a 20% Pluronic F-127 gel (pH 7.2) also
increased wound healing in atherosclerosis-prone apolipoprotein (apo)E” mice through an
increase in granulation tissue formation and re-epithelisation [162]. Furthermore, a study in
24-month-old mice also found that topical rHDL promoted the rate of wound healing and

wound angiogenesis [161].

1.6.7 Epidemiological evidence of a role for serum HDL in wound healing

Only one clinical study has specifically evaluated the relationship between endogenous
HDL-cholesterol levels and diabetic wound healing outcome [163]. In 163 patients with an
existing DFU in a single hospital in Japan, this study found an inverse correlation between
circulating HDL-cholesterol levels and three endpoints: (1) minor amputation, or below the
ankle amputation; (2) major amputation or amputation above the ankle; and (3) wound-related
death (defined as a death with unhealed ulcer). This independently suggested that endogenous

HDL-cholesterol is a predictor for lower extremity amputation.
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1.7 Hypothesis and Aims

Wound healing is a complex and tightly regulated process. Some flexibility exists in the
process to support imbalances within each step and sequence, however, if this carefully
regulated system is disrupted too much it can lead to the development of a chronic non-healing
wound. Multiple mechanisms are affected by diabetes including prolonged inflammation and
impaired angiogenesis - two principal features of diabetes-impaired wound healing. Due to the
complicated nature of diabetic wound healing, a successful therapy for DFU needs to exhibit
pleiotropic actions. Currently there is no therapy with pleiotropic actions for DFU, highlighting

a significant need for new wound healing treatments.

HDL exhibits anti-inflammatory, endothelial protective, and pro-angiogenic effects in
response to ischaemia and therefore possesses significant wound healing therapeutic potential
through regulation of multiple important wound healing mechanisms. Whilst topical rHDL has
been shown to rescue diabetes-impaired wound healing by promoting angiogenesis [155], the
anti-inflammatory effect of topical rHDL on wounds, including its effects on macrophage
polarisation, is yet to be investigated. As mentioned previously, a recent epidemiological study
found an inverse relationship between endogenous HDL-cholesterol levels and diabetic wound
healing outcomes [163]. There is increasing evidence that HDL functionality is a better
predictor of cardiovascular disease risk rather than HDL-cholesterol concentration. HDL

functionality as a predictive factor for wound healing outcomes has not yet been explored.

Accordingly, the hypotheses of this thesis are that: (1) topical rHDL will have anti-

inflammatory effects in diabetic murine wounds and (2) that HDL functionality will be

predictive of wound healing success in people with DFU.
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The aims this PhD thesis are:
Aim 1:

In a diabetic murine model of wound healing:

A) Assess the anti-inflammatory effects of topical rHDL in wound by measuring changes
in key inflammatory mediators.
B) Assess the effect of topical rHDL on macrophage polarisation in wounds.

C) Track the fate of fluorescently labelled rHDL in wounds after topical application.

Aim 2:

In patients with and without diabetes and toe amputation/s:

1 Assess changes in the anti-inflammatory, pro-angiogenic and cholesterol efflux capacity
of isolated HDL at the time of amputation, and one-month and six months post-
amputation

2 Determine the relationship between HDL functionality indices and the rate of wound

closure
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CHAPTER 2 - GENERAL METHODS



2.1 Materials

Table 2.1 List of Reagents and Materials.

Reagent/Material (Product Code)

Manufacturer

1-Bromo-3-chloropropane (B9673)

Sigma-Aldrich, MO, USA

1-Palmitoyl-2-linoleoyl
phosphatidylcholine (850458P)

Avanti Polar Lipids, AL, USA

2-Propanol (19516)

Sigma-Aldrich, MO, USA

3H-Cholesterol NET 139
(NET139001MC)

PerkinElmer, MA, USA

Chloroform (AJA152-2.5L GL)

Ajax Finechem, NSW, Australia

Click-iT™ EdU Alexa Fluor™ 488 Flow
Cytometry Assay Kit (C10420)

Life Technologies, CA, USA

DiO powder (D275)

Life Technologies, CA, USA

Dulbecco’s Phosphate Buffered Saline
(D1408-500ML)

Sigma-Aldrich, MO, USA

Dulbecco’s Modified Eagle Medium
(D5523)

Sigma-Aldrich, MO, USA

EDTA (E3889)

Sigma-Aldrich, MO, USA

Emulsifier-Safe (6013389)

PerkinElmer, MA, USA

Ethanol (E7023)

Sigma-Aldrich, MO, USA

Fluorescence Mounting Media (S302380
2)

Dako, CA, USA

Foetal Bovine Serum (AU-FBS/PG)

CellSera, NSW, Australia

Guanidine hydrochloride (G4505)

Sigma-Aldrich, MO, USA

SsoAdvancedTM Universal SYBR®
Green Supermix (1725275)

Bio-Rad Laboratories, CA, USA

iScript cDNA Synthesis Kit (1708841)

Bio-Rad Laboratories, CA, USA

Isopropanol (19516)

Sigma-Aldrich, MO, USA

LabAssay™ Cholesterol kit (294-65801)

Wako Diagnostics, VA, USA

LabAssay™ Triglyceride kit (290-63701)

Wako Diagnostics, VA, USA
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Matrigel® Growth Factor Reduced
Basement Membrane Matrix (356231)

Corning Life Sciences, NY, USA

MesoEndo Cell Growth Medium (212-

500)

Cell Applications Inc., CA, USA

Methanol (MAQ004)

Chem-Supply, SA, Australia

Nuclease-free water (P1193)

Promega, WI, USA

Paraformaldehyde (C004)

ProSciTech, QLD, AUS

Phosphatase Inhibitor Cocktail 2 (P5726)

Sigma-Aldrich, MO, USA

Pierce BCA Protein Assay Kit (23227)

ThermoFisher Scientific, MA, USA

Polyethylene glycol (P2139)

Sigma-Aldrich, MO, USA

Potassium bromide (PA006)

Chem-Supply, SA, Australia

Protease Inhibitor Cocktail (P8340)

Sigma-Aldrich, MO, USA

Sodium Azide (SA189)

Chem-Supply, SA, Australia

Sodium Chloride (71380)

Sigma-Aldrich, MO, USA

Sodium Cholate Hydrate (C6445)

Sigma-Aldrich, MO, USA

Sodium Citrate Tribasic Dihydrate
(C8532)

Sigma-Aldrich, MO, USA

Tissue-Tek® O.C.T. compound (1A018)

ProSciTech, QLD, Australia

TRI® Reagent (T9424)

Sigma-Aldrich, MO, USA

Tris hydrochloride (T3253)

Sigma-Aldrich, MO, USA

Trypsin-EDTA (15400054)

ThermoFisher Scientific, MA, USA

Tumour Necrosis Factor-o Human

(T0157)

Sigma-Aldrich, MO, USA

Trypan Blue solution (T8154)

Sigma-Aldrich, MO, USA

Tweene-20 (P9416)

Sigma-Aldrich, MO, USA

Vectashielde Antifade Mounting Medium
with DAPI (H-1200)

Vector Laboratories, CA, USA
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2.2 Preparation of participant HDL, discoidal rHDL, and DiO discoidal rHDL

2.2.1 Participant samples and HDL isolation

Blood samples were obtained from cohorts of men and women aged 46-79 years from
groups classified as: Group 1 — patients with diabetes requiring toe/ray amputation (n=19),
Group 2 — patients without diabetes requiring toe/ray amputation (n=6) and Group 3 - healthy
aged and gender matched (n=20). For Groups 1 and 2, blood samples were collected at the time
of surgery, 1-month post-amputation, and six-months post-amputation. This study was
approved by the Central Adelaide Local Health Network (CALHN) Human Research Ethics
Committee (Reference number: HREC/19/CALHN/349 and CALHN reference number:

11743). All study participants gave informed consent.

Whole blood (9 mL) was collected into two EDTA-treated tubes; the plasma was then
collected by centrifuging the blood tube for 10 minutes at 1,000-2,000 g at 4°C using an
Eppendorf refrigerated centrifuge 5145R (Eppendorf, Hamburg, Germany). To isolate HDL
from plasma samples, 100200 uL of plasma was incubated with equal volumes of
polyethylene glycol (PEG600- 200 mg/mL in MilliQ water) at room temperature for 5 minutes
to precipitate the apoB-containing lipoproteins. The samples were then centrifuged at 13,000
rpm for 5 minutes at 4°C. The supernatant (containing the HDL fraction) was collected, and
filter sterilised using a 0.22 pm filter. The HDL concentration was determined using the
Pierce™ BCA Protein Assay Kit, following manufacturer’s instructions. Isolated participant
HDL was used for subsequent cell culture studies to assess anti-inflammatory and angiogenic

capacity.

2.2.2 Reconstituted discoidal HDL production
ApoA-I1, the main protein component of native HDL, was isolated from pooled, autologously
donated human plasma kindly provided by the Red Cross Blood Bank, Adelaide, South

Australia, by ultracentrifugation and anion-exchange chromatography, as described previously
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[164]. Approval was granted by the Sydney Local Health District Human Ethics Review
Committee (HREC\EXECOR\15-06) and conformed to the Declaration of Helsinki, with

informed consent obtained at the time of collection.

Purified lipid-free apoA-I was reconstituted in reconstitution buffer (100 mM Tris, 3 M
guanidine hydrochloride, pH 8.2) then dialysed in Tris-buffered saline (TBS: 10 mM Tris, 150
mM NacCl, 4.6 mM NaNs, 0.17 mM EDTA, pH 7.4) for 5 days, which was replaced daily. The
molecular weight cut off for the dialysis tubing was 10,000 (Thermo scientific, USA). After
dialysis, the apoA-I protein concentration was measured using the BCA Protein Assay Kit.
Discoidal reconstituted HDL (rHDL) was prepared by complexing purified lipid-free apoA-I
with the phospholipid 1-palmitoyl-2-linoleoyl-phosphatidycholine (PLPC) for 2 h at an initial
PLPC: apoA-I molar ratio of 100:1. PLPC was added to glass tubes and dried to form a thin
layer using a stream of nitrogen gas. The PLPC was lyophilised overnight, followed by
incubation with 30 mg/mL sodium cholate in TBS. The tubes were vortexed every 15 mins until
optically clear, then 2 mg apoA-1I was added to each tube and allowed to complex with PLPC
for 2 h on ice. The tube contents were pooled and dialysed against 5 x 1 L changes of TBS over
5 days, followed by dialysis against 3 x 1 L PBS. The rHDL was filter sterilised prior to use in
all cell culture experiments and the final apoA-1 concentration was determined using the BCA

assay. The final PLPC: apoA-1 molar ratio ~80:1.

2.2.3 DiO Discoidal rHDL
Fluorescently labelled discoidal rHDL was prepared by complexing the PLPC with DiO
powder (Life Technologies, Eugene, USA) in a 100:1 ratio as previously described [165]. The

details of DiO-rHDL preparation are discussed in Chapter 3.
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2.3 Cell culture

Human coronary artery endothelial cells (HCAEC; Cell Applications Inc., San Diego, CA,
USA) were cultured at 37°C and 5% CO; in Meso Endo Cell Growth Medium and used for
experiments at passage 4. To harvest HCAECs for experiments, cells were washed twice with
PBS then incubated with 0.05% (w/v) trypsin-EDTA in PBS for 5 min at 37°C, typically 5 mL
per T-75 culture flask. After checking for complete cell detachment, the trypsin was inactivated
by adding an equal volume of MesoEndo. The cell suspension was then transferred to clean
tubes before centrifugation at 2,500 rpm for 5 min at room temperature. After removing the
supernatant, the cells were resuspended in MesoEndo and counted on a haemocytometer after

mixing 1:1 with Trypan Blue solution to identify non-viable cells.

HCAECs were subsequently seeded at the required density and exposed to either: (i)
unstimulated controls, (ii) inflammation, or (iii) glucose conditions. To mimic an inflammatory
milieu in vitro, HCAECs were incubated in MesoEndo containing TNFa. For the glucose
conditions, cells were incubated in either normal (5 mM) or high (25 mM) supplemented with
D-glucose MesoEndo media. Further details regarding cell culture for the in vitro experiments

are provided in Chapter 5.

2.4 Real-time polymerase chain reaction

2.4.1 RNA extraction

At the conclusion of the cell culture studies, the media was removed, and the cells were
washed twice with cold PBS. RNA was isolated from HCAECs and murine wound tissue using
TRI reagent before transferring the lysates to autoclaved Eppendorf tubes. Then 50 uL of 1-
bromo-3-chloropropane was added to each sample and the tubes were vigorously vortexed for
15 seconds to ensure complete mixing of both aqueous and organic phases. Samples were then
centrifuged at 14,000 rpm for 15 min at 4°C. The top aqueous layer was transferred to a separate

autoclaved tube containing 250 pL of isopropanol prior to storing at —20°C at least overnight.
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The samples were then briefly vortexed and centrifuged at 14,000 rpm for 15 min at 4°C. The
supernatant was carefully removed, and the remaining cell pellet was washed with 250 pL ice-
cold 70% (v/v) ethanol. The samples were vortexed and centrifuged again at 14,000 rpm for 10
min at 4°C. The ethanol wash was removed, and the pellet allowed to air-dry in a fume hood
for 5-10 min prior to dissolution in 20 pL of nuclease-free water pre-warmed to 60°C. To
facilitate complete dissolution, samples were further agitated in a ThermoMixer (Eppendorf,
Macquarie Park, NSW, Australia) at 300 rpm for 5 min at 60°C. The extracted RNA was kept

on ice or stored at 80°C prior to quantitation.

2.4.2 RNA quantification

The quantity of RNA in each sample was determined using a spectrophotometer (NanoDrop
2000, ThermoFisher Scientific, CA, USA). Absorbance was measured at 260 nm (A260) and
280 nm (A280), and the purity of the extracted RNA was determined from the absorbance ratio
(A260/A280), with a value between 1.6-2.0 considered acceptable purity. RNA concentration
was calculated from the A260, corrected using a conversion factor according to the formula:
(RNA) = A260 x 40. All RNA samples were normalised to a concentration of 100 + 5 ng/ul

and stored at —80°C until further use.

2.4.3 Complementary DNA synthesis

Complementary DNA (cDNA) was synthesised by reverse transcription of 400 ng total RNA
from each sample using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA,
USA), performed in triplicate as per the component volumes outlined in Table 2.2. The
reactions were performed using a T100 Thermal Cycler (Bio-Rad) using a pre-set protocol for
first-strand cDNA synthesis: annealing at 25°C for 5 min, extension at 42°C for 30 min, and
inactivation at 95°C for 5 min. Triplicate cDNA samples were pooled and diluted 1:3 in

nuclease-free water, then stored at —20°C until further use.
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Table 2.2 Reverse transcription reaction mix.

Component Volume (pL)
5x iScript Reaction Buffer 2.0
Nuclease-Free Water 4.0
Normalised RNA 4.0
Total 10.0

2.4.4 Quantitative real-time PCR

The mRNA expression levels of the genes of interest, CCL2, IL-6, RELA, TGF- 1, CCL5,
VCAM-1, ICAM-1 and CX3CL1, as well as the reference housekeeper gene, human (2-
microglobulin, were measured in triplicate by guantitative real-time PCR (gPCR) using the
SsoAdvanced SYBR® Green SuperMix in a QuantStudio™ 7 Flex Real-Time PCR System
(Table 2.3). All amplicons were amplified according to the reaction mix outlined in Table 2.4,
with 40 pmol of forward and reverse primers (primer sequence details are noted in the relevant
chapters). The PCR protocol used was as follows: initial activation step at 95°C for 3 minutes
then a 3-step cycling protocol of 95°C for 15 seconds, 58°C for 30 seconds, and 72°C for 30
seconds (40 cycles). Dissociation (melting) curve analysis of the PCR products was also

performed: 95°C for 10 seconds and 65.0°C — 95.0°C in increments of 0.5°C/s for 15 seconds.
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Table 2.3 Primer sequences for qPCR. Supplier: Sigma-Aldrich.

Sequence
Gene Forward Reverse

B2M 5’-CATCCAGCGTACTCCAAAGA-3’ 5’-GACAAGTCTGAATGCTCCAC-3’
RELA 5’-GTTCACAGACCTGGCATCC-3’ 5-TGTCACTAGGCGAGTTATACG-3’
CX3CL1 5’-TGCCCTAACTCGAAATGGCG-3’ 5’-GGCTCCAGGCTACTGCTTTC-3’
CCL2 5’>-TCATAGCAGCCACCTTCATT-3’ 5’>-TCGGAGTTTGGGTTTGCTT-3’
CCL5 5’-CAGTCGTCCACAGGTCAAGG-3’ 5’>-CTTCTCTGGGTTGGCACACA-3’
VCAM-1 5°-GGACCACATCTACGCTGACA-3’ 5’>-TTGACTGTGATCGGCTTCCC-3’
ICAM-1 5’-CAAGGCCTCAGTCAGTGTGA-3’ 5’>-TCTGAGACCTCTGGCTTCGT-3’

Table 2.4 Quantitative real-time PCR reaction mix.

Component Volume (pL)
SsoAdvanced SYBR® Green SuperMix 5.0
Forward Primer (10uM) 0.4
Reverse Primer (10uM) 0.4
Nuclease-Free Water 1.7
cDNA sample 2.5
Total 10.0

2.4.5 PCR data analysis

Relative changes in mRNA expression were calculated using the standard 24Ct method [166]

normalised to p2-microglobulin and unstimulated controls. Specifically, this involved

determining the difference between the mean threshold cycle (Ct) values of the gene of interest

and the reference gene, f2-microglobulin, for each sample. The mean Ct difference for the

experimental control was then subtracted from that of each experimental treatment and the fold
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change in expression (relative to the control) for each sample was then calculated by taking the
inverse of base 2 raised to the power of these values. These were averaged to determine the fold

change in mMRNA for each treatment as a percentage of the control.

2.5 Protein analysis

2.5.1 Protein extraction

To digest wound tissue for protein analysis, 300 pL of cell lysis buffer (0.1 M Tris HCI, 0.1
M NaCl, 0.05 M NaF,0.005 M Na4P207, 1 mL Triton-X 100, pH 7.4) containing
phenylmethanesulfonyl fluoride solution (1:100 dilution) and protease inhibitor cocktail (PIC;
1:100 dilution) were added to the homogenisation tube containing the wound tissue. Tissues
were homogenised at 6,000 rpm for 30 seconds for up to four-times using a Precellys
homogeniser (Bertin Technologies, France) with a quick spin between homogenisations. After
tissue homogenisation, samples were centrifuged at 14,000 rpm for 1 min at 4°C and the
supernatant was then transferred to autoclaved Eppendorf tubes and stored at -80°C until further

use.

2.5.2 Protein estimation

An estimate of protein concentration for each sample was determined using the Pierce BCA
Protein Assay Kit. To construct a standard curve, various standard solutions were prepared by
diluting 2 mg/mL bovine serum albumin (BSA) stock in MilliQ water according to Table 2.4.
In a 96-well plate, 5 uL of each standard solution was loaded in duplicate wells along with 5
pL of each sample in single wells. BCA reagent mix was prepared by combining 50 parts
reagent A with 1 part reagent B (copper (11) sulphate); 195 uL of this was added to each standard
or sample well. The plate was incubated at 37°C for 30 min, after which the absorbance of each
well was measured at 595 nm using a microplate reader (GloMax® Discover Multimode

Microplate Reader spectrophotometer; Promega). The standard curve was constructed by linear

74



regression in Microsoft Excel and the unknown protein concentrations of each sample was

interpolated from this standard curve.

Table2.5 Standard BSA solutions used in BCA assay.

BSA (mg/mL) BSA stock (uL) MilliQ water (uL)

0 0 300

0.25 37.5 262.5

0.5 75 225

0.75 112.5 187.5
1 150 150

1.25 187.5 112.5

15 225 75
2 300 0

2.5.3 ELISA

To measure the protein expression of IL-6, TGF-B1, and CCL2 in murine wound tissues,
enzyme-linked immunosorbent assay (ELISA) kits (R&D systems, Minneapolis, USA) were
used: 50 — 100 mg of total protein was added to the relevant assay plate with assay diluent and
incubated for 2 h. The wells were then washed and rinsed with wash buffer four-times before
adding the mouse conjugate and incubating for 2 h. A second round of washes were performed
before incubation with the substrate solution for 30 minutes. At the end of this incubation

period, the stop solution was added, and the absorbance was recorded at 450 nm.

2.6 Statistical analysis
Data were analysed using GraphPad Prism software (version 9, Software MacKiev,

California, USA) and SPSS (version 27). GraphPad Prism (version 9) and SPSS (version 27)
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were used for graph preparation. Normal distribution of data was determined using the Shapiro—
Wilk test. All results are expressed as mean * standard error of the mean (SEM). All data were
compared using either an unpaired t-test, one-way analysis of variance (ANOVA) or two-way
ANOVA, followed by post hoc analysis using Bonferroni’s multiple comparison tests, where

appropriate. Statistical significance was set at a two-sided P<0.05.
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CHAPTER 3-THE EFFECT OF TOPICAL RECONSTITUTED HIGH-DENSITY

LIPOPROTEINS ON WOUND INFLAMMATION AND MACROPHAGE

POLARISATION IN DIABETIC MURINE WOUNDS



3.1 Introduction

As described in Chapter 1, wound healing is a dynamic and complex process consisting of
four continuous yet overlapping phases characterised by haemostasis, inflammation,
proliferation, tissue maturation and vascular remodelling [3]. Some flexibility exists in the
wound healing process to support imbalances within each step and sequence, however,
excessive disruption to this carefully regulated system, as caused by diabetes, can lead to the
development of chronic non-healing wounds such as DFU. Approximately 25% of people
living with diabetes develop DFU during their lifetime. It is estimated that 20% of patients with
a DFU require minor amputations [57] and patients with an existing DFU are at 2.5-times higher

risk of death than patients with diabetes and without an ulcer over 5 years [57, 60].

Prolonged inflammation prevents successful wound healing and is a key mechanism that
causes impaired wound healing in patients with diabetes [148]. Inflammation is important in the
early stages of wound healing by preventing infection, however, prolonged, inappropriate
inflammation has negative effects on the healing process [12]. Despite the significant clinical demand

for an effective DFU treatment, there are no treatments that actively improve DFU wound healing.

HDL has been shown to exhibit potent anti-inflammatory properties in pre-clinical studies [167,
168]. Our team has previously shown that topical application of rHDL rescues diabetes-impaired
murine wound healing by enhancing wound angiogenesis [155]. The pro-angiogenic effects of rHDL
were shown to be mediated by increases in VEGF-A/VEGFR-2 production and signalling and

enhanced endothelial nitric oxide synthase activity [155].

It is well-established that HDL has anti-inflammatory properties which have been demonstrated
in-vitro and in-vivo [145, 146]. These properties include the ability to suppress cytokine and chemokine
expression from endothelial cells [169], smooth muscle cells [170], and monocytes/macrophages

[171]. HDL has also been shown to increase the transition of pro-inflammatory (M1-like)
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macrophages to anti-inflammatory reparative (M2-like) macrophages [150] . Whether HDL exhibits
anti-inflammatory properties in diabetic wounds, in which these same mechanisms are important for

successful healing, is currently unknown.

Whilst rHDL has been applied topically to full-thickness murine wounds in several studies
[155, 172] its fate and uptake into wound cells has never been tracked. This information is important
for understanding the required frequency of application and to support its future translation.
Accordingly, this Chapter will assess the anti-inflammatory effect of topical rHDL in a diabetic
murine model of wounding by measuring (1) key inflammatory mediators in the wounds, (2)
changes in pro-inflammatory (M1-like) and anti-inflammatory (M2-like) macrophage

populations, and (3) tracking the fate of fluorescently labelled rHDL.
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3.2 Methods

3.2.1 Reconstituted Discoidal HDL

ApoA-I, the main protein component of native HDL, was isolated by ultracentrifugation
and anion-exchange chromatography, as described previously [164], from pooled samples of
plasma donated by healthy humans (Australian Red Cross; Supply Agreement 14-02NSW-04).
Purified lipid-free apoA-lI was reconstituted in reconstitution buffer (100 mM Tris, 3 M
guanidine hydrochloride, pH 8.2) then dialysed against TBS (10 mM Tris, 150 mM NaCl, 4.6
mM NaN3, 0.17 mM EDTA, pH 7.4) for 5 days, which was replaced daily. After dialysis, the
apoA-I protein concentration was measured using the BCA Protein Assay Kit. Discoidal rHDL
was prepared by complexing purified lipid-free apoA-1 with PLPC for 2 h at an initial PLPC:
apoA-I ratio of 100:1. PLPC was initially added to glass tubes and dried to form a thin layer
using a stream of nitrogen gas. The PLPC was lyophilised overnight, followed by incubation
with 30 mg/mL sodium cholate in TBS. The tubes were vortexed every 15 mins until optically
clear; 2 mg apoA-I was then added to each tube and allowed to complex with PLPC for 2 h on
ice. The tube contents were pooled and dialysed against 5 x 1 L changes of TBS over 5 days,
followed by dialysis against 3 x 1 L PBS. The rHDL was filter-sterilised prior to use in all cell
culture experiments and the final apoA-1 concentration was determined using the BCA assay.

The final PLPC: apoA-1 molar ratio was ~80:1.

3.2.2 DiO Discoidal rHDL

Preparation of fluorescent DiO-rHDL was similar to above (section 3.2.1) with the
exception that the PLPC was first complexed with DiO powder (Life technologies, Eugene,
USA) in a 100:1 ratio, as previously described [165]. To protect the fluorescent signal from

light (photo-bleaching), the samples were always covered with aluminium foil.
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3.2.3 Animal Studies

Mice were housed in specific pathogen-free conditions in the animal facility at South
Australian Health and Medical Research Institute (SAHMRI). All experimental protocols were
approved by the SAHMRI Animal Ethics Committee (SAM301). Six- to eight-week-old male
C57BI/6J mice were rendered diabetic by a single high-dose intraperitoneal injection of
streptozocin (165 mg/g; Sigma Aldrich). Hyperglycaemia was confirmed 2-weeks post-
streptozocin injection with non-fasting blood glucose concentrations of > 15.0 mmol/L.

Table3.1 weight and blood glucose levels of mice for the inflammation study.

Body weight (gr) Blood glucose (mmol/L)
Macrophage Diabetic Non-Diabetic
study Mice Mice Diabetic Mice | Non-Diabetic Mice

Day0 21.97 £ 0.67 | 26.54 £ 0.59 26.88 £ 2.98 11+1.98
Dayl 21.88 +0.67 | 25.24+0.32 NA NA

Day2 21.94+0.64 | 26.12+0.45 NA NA

Day3 21.74+0.44 | 26 £0.40 NA NA

Day4 21.65+0.67 | 26.764 + 0.45 NA NA

Day5 22 +0.69 25.24 £ 0.32 NA NA

Day6 21.8 £ 0.64 25.24 £ 0.32 NA NA

Day7 21 + 0.56 25.24 £ 0.32 NA NA

Table3.2 weight and blood glucose levels of mice for the macrophage characterisation

study.

Body weight (gr) Blood glucose (mmol/L)
Inflammation | Diabetic Non-Diabetic Diabetic
study Mice Mice Mice Non-Diabetic Mice
Day0 23.27 £1.03 26.54 +0.59 26.60 £ 1.96 10+1.98
Dayl 22.75+1.13 25.24 £0.32 NA NA
Day2 23.34+0.83 26.12 + 0.45 NA NA
Day3 23.37+0.78 26 £ 0.40 NA NA
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3.2.4 Murine Model of Wound Healing

The murine model of wound healing is illustrated in Figure 3.1A [173]. The wound healing
surgery occurred after the mice for the diabetic group were confirmed to be diabetic. For the
purpose of the wound healing surgery, the mice were anaesthetised using 5% isofluorane in
100% oxygen (flow rate 1 L/min) and then maintained under anaesthesia using 2.5%
isofluorane. The fur was then removed using clippers followed by light application of depilatory
cream to ensure no hair was present for the surgery. Two full-thickness wounds (4 mm in
diameter) were created on the either side of the mouse’s sub-flank area, followed by adhering
and suturing a silicone splint (10mm diameter circle with 6 mm inner circle cut) around the
wound area to prevent the wound contraction that occurs in rodents, more closely replicating
wound healing in humans. For each mouse, one wound received rHDL (50 ug/wound/day) and
the other received PBS by topical application. A transparent occlusive dressing (Opsite™) was
applied. Two cohorts of diabetic and non-diabetic mice (n=9-10 mice/group) were used to track
the changes in wound inflammation at 24 h (early inflammation) and Day 3 (mid inflammation)
post-wounding Figure3.1B. An additional cohort was used at Day 7 post-wounding for
assessment of wound macrophages. Excised skin tissues collected at the time of surgery were
used for baseline measurements (i.e. 0 h post-wounding). Wound areas were measured daily to
track wound closure and were calculated from the average of three diameter measurements
along the x-, y- and z-axes using a micro-calliper. Wound closure is expressed as a percentage

of initial wound area at day 0.
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Figure 3.1 (A) Schematic representation of the murine surgical wound healing model.
Full-thickness wounds were created on either side of the midline, allowing each mouse to serve
as their own control. Silicon splints were adhered and sutured to the wound perimeter to prevent
wound contraction to replicate human wound healing. Image from [173]. (B) Timeline for
inflammation and macrophage studies using diabetic murine model of wound healing.
STZ injection was performed 14 days prior to the wound healing surgery to render mice
diabetic. Following wound healing surgery, one wound was treated with rHDL (50 ug/wound),
and the control wound was treated with PBS daily. The mice were euthanised on day1 and day3

post-surgery for inflammation study and on day 7 for characterising macrophage population.
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3.2.5 Quantitative real-time PCR and ELISA

Total RNA from murine wound tissue was isolated using TRIzol reagent (Sigma, USA) as
per the manufacturer’s instructions. RNA concentration was quantified using the NanoDrop
800 spectrometer (Thermo fisher Scientific) and reverse transcribed to produce cDNA using
the iScript RT Supermix (BioRad). Transcription levels of murine Rela, Ccl-2, 11-6 and Tgf-£1
were evaluated via quantitative PCR using SYBR Green master mix (Biorad) and the relative
changes in gene expression were normalised using the 24 CT method to murine B-actin. For the
purpose of protein extraction for ELISA, wound tissues were snap frozen on dry ice after
dissection and stored at -80°. Skin tissues were lysed in 1 x RIPA sample buffer on ice for 20
minutes, homogenised and clarified by centrifugation for 15 minutes at 4°C. Supernatants were
collected to determine protein concentration using the Pierce BCA Protein Assay Kit (Thermo

scientific, USA).

3.2.6 Preparation of wound cells for flow cytometry

Mice were euthanised 7 days post-wound surgery. The wound tissues were collected, stored
and washed with PBS. Wound tissues were then incubated for 2 h in 37°C in a solution
containing Liberase TM (50 pg/mL) (Roche Applied Science, Mannheim, Germany).
Disaggregates were then neutralised with Iscove’s Modified Dulbecco’s Medium (Sigma
Aldrich) supplemented with 10% foetal calf serum (FCS) (Cell Sera, Australia). Cells were

then immunostained for flow cytometry as described below.

3.2.7 Flow cytometry
Cell suspensions from skin tissue were resuspended in aliquots of <108 cells in 100 uL BD
stain buffer (BD Biosciences). After blocking for 15 minutes at 4°C, cells were incubated for

30 minutes with fluorochrome-conjugated anti-mouse monoclonal antibodies to different

84



surface markers. For non-conjugated antibodies, after blocking for 15 minutes at 4°C, cells
were incubated for 30 minutes at 4°C with primary antibodies. Cells were then washed with
stain buffer and incubated with a fluorophore-conjugated secondary antibody for 30 minutes at
4°C. All samples were then washed and fixed in BD fixation buffer (BD Biosciences). A
complete list of antibodies used for flow cytometry is provided in Table 3.3. All samples were
run on a BD LSRFortessa™ X-20 Analyser (BD Biosciences) and list mode data files were
analysed with FlowJo™ version 10.5.3 software. Gating was performed based on light scatter
morphology to exclude cell debris and expression thresholds were set at fluorescence intensities
of unstained and fluorescence minus one control. A sequential gating strategy was used to
identify populations expressing specific markers: total macrophages (CD11b* F4/80%), M1-like
macrophages (CD11b* F4/80* CD86%) and M2-like macrophages (CD11b* F4/80" CD206").
Percentage of total macrophages was calculated from the total cell population and percentage

of M1 like and M2 like macrophages were calculated from the total macrophage population.

Table 3.3 List of fluorochromes used to label wound tissues for flow cytometry

throughout the study.
Antigen Fluorochrome  Concentration (ug/pL)  Supplier
CD11b PE 3 BD Bioscience
F4/80 FitC 5 BD Bioscience
CD206 APC 2.5 BD Bioscience
CD86 BV650 2.5 BD Bioscience
DiO GFP 2 Invitrogen

3.2.8 In vivo imaging system (I1VVIS) imaging

Mice were anaesthetised using 5% isofluorane in 100% oxygen (flow rate 1 L/min) before
being placed in the IVIS chamber and maintained under anaesthesia using 2.5% isofluorane
inside the IVIS chamber. DiO rHDL or PBS were applied to the wound site while the mice

were under anaesthesia. The fluorescent signal was acquired using the excitation/emission
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range of 484/501 nm. The images were captured immediately, 5, 10, 20, 40, 60, 75, 90 mins
and 4, 24 and 48 h post DiO application. The average wound radiance (Avg Radiance

[p/s/cm</sr]) was calculated using Live Image (version 4.4) software.

3.2.9 Wound section preparation for DiO-treated wounds

The whole wound area was excised and cut in half through the centre of the wound. The
wound was carefully placed into Tissue-Tek cryomolds (USA), fully submerged in OCT
(ProSciTech, QLD, Australia) and then immediately placed on dry ice for OCT to solidify. Five
um sections were cut using a Cryostat then mounted onto Super Frost slides. Sections were air-
dried for at least 30 minutes at room temperature and kept overnight at 4°C in the dark. The
wound sections were then washed three times with PBS + 0.05% Tween for 5 mins between
each wash. The wound sections were then covered with antifade mounting media with DAPI

(to visualise nuclei) and imaged using Axio Scan. Z1 (Zeiss).

3.2.10 Statistical analysis

Data were analysed on GraphPad Prism software (v9.0, Software MacKiev, California,
USA). All results are expressed as mean + standard error of the mean (SEM). All data were
compared using either paired student t-test, one-way analysis of variance (ANOVA) or Two-
way ANOVA, followed by post hoc analysis using Bonferroni’s multiple comparison tests,

with P<0.05 considered statistically significant.
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3.3 Results
3.3.1 Topical rHDL rescues diabetes-impaired wound healing

We first sought to determine the effect of topical rHDL on the rate of wound closure in a
diabetic murine model of wound healing. Figure 3.2 shows that PBS-treated wounds from mice
with diabetes (grey line) had significantly impaired wound closure at Day 5, Day 6, and Day 7,
when compared to non-diabetic PBS-treated (black line) control wounds (Day 5: 93.6%,
P<0.001; Day 6: 69.1%, P<0.05; Day 7: 79.6%, P<0.001). Daily topical application of rHDL
rescued diabetes-related impairment in wound closure back to the level of non-diabetic control
wounds. When compared to the PBS-treated diabetic wounds (grey line), topical rHDL in
diabetic mice (navy line) significantly increased wound closure at Day 6 and Day 7 (Day 6:
287.8%, P<0.01; Day 7: 639.3%, P<0.0001). rHDL treatment in non-diabetic mice (light blue
line) also significantly increased the rate of wound closure at Day 5, when compared to PBS-

treated non-diabetic wounds (30.4%, P<0.05).

87



Non-diabetic Diabetic

PBS rHDL PBS rHDL
‘ & © '
M
50— -®- Non-Diabetic PBS
i Non-Diabetic rHDL
40- Diabetic PBS

- Diabetic rHDL

Wound Closure (%)

Time (Days)

Figure 3.2 Topical rHDL rescues diabetes-impaired wound closure in a murine model of
wound healing. Full-thickness wounds were created on the back flanks of non-diabetic and
diabetic C57BI1/6J mice (n=9-10 mice/group). Mice received daily topical application of rHDL
(50 pg/wound) or PBS (vehicle) for 7 days. Wound area was calculated from the average of
three daily diameter measurements along the x-, y- and z-axes; wound closure was expressed
as a percentage of initial wound area at Day 0. Black circles: non-diabetic PBS-treated; Grey
squares: diabetic PBS-treated; Navy squares: diabetic rHDL-treated; Light blue circles: non-
diabetic rHDL treated. All data are expressed as mean + SEM. *P<0.05, ***P<0.001 vs. non-

diabetic PBS: #P<0.01, ##P<0.0001 vs diabetic PBS: % vs. diabetic rHDL.
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3.3.2 Topical rHDL has no effect on wound macrophages

Macrophages are recruited early post-wounding to fight infection. In the early post-wound
stage, macrophages are predominantly the M1-like inflammatory phenotype. In healthy
wounds, M1-like macrophages differentiate into M2-like anti-inflammatory reparative
macrophages in the mid-stage of healing as the wound enters the remodelling phase. We
evaluated the effect of topical rHDL on total wound macrophages and changes in M1-like and
M2-like macrophage populations at Day-7 post-wounding. Through prior optimisation studies
we determined this was the best timepoint to capture macrophage transition in diabetic mice

and ensure both populations were present.

The total number of wound macrophages (CD11b*F4/80%), 7 days post-wounding, was
significantly higher in diabetic wounds for both PBS-treated and rHDL-treated wounds (PBS:
77.6%, P<0.001; rHDL: 101.5%, P<0.001; Figure 3.3), when compared to non-diabetic
wounds. Topical application of rHDL did not, however, significantly change the total number
of wound macrophages. When examining the M1-like (CD86") and M2-like (CD206*) wound
macrophage populations, no changes were found with the induction of diabetes or the

application of rHDL (Figure 3.3B and 3.3C).
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Figure 3.3 Topical application of rHDL does not change wound macrophages on Day 7
post-wounding. Full-thickness wounds were created on the back flanks of non-diabetic and
diabetic C57BI1/6J mice (n=9-10 mice/group). Mice received daily topical application of rHDL
(50 pg/wound) or PBS (vehicle) for 7 days. Wound tissues were digested and stained with
antibodies against macrophage (CD11b, F4/80) and polarity markers (CD86, M1-like; CD206,
M2-like). Flow cytometry was used to measure: (A) CD11b*F4/80" total macrophages; (B)
CD206" M2-like macrophages and (C) CD86* M1-like macrophages. All data are expressed as

mean + SEM. ***P<0.001 vs. non-diabetic PBS; ****P<0.0001 vs. non-diabetic rHDL.
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3.3.3 Topical application of rHDL decreases inflammatory mediators Rela and Ccl2 in
diabetic mice 72 h post-wounding

We examined the effect of topical rHDL on the expression of inflammatory mediators in
diabetic murine wounds, which were tracked from the time of wounding to 72 h post-wounding.
Rela is the gene that transcribes the p65 subunit of NF-«B, a pivotal transcription factor that
activates a host of inflammatory genes. There were no changes in Rela mMRNA levels between
treatment groups at Baseline (0 h) or 24 h post-wounding. At 72 h post-wounding Rela mMRNA
levels were significantly higher in the diabetic PBS-treated wounds (152.6%, P<0.01), when
compared to the non-diabetic PBS-treated wounds (Figure 3.4A, inset using paired t-test
analysis). Topical administration of rHDL for 72 h prevented the induction of Rela mMRNA.
rHDL-treated diabetic wounds had significantly lower Rela mRNA levels (65.4%, P< 0.05)
(Figure 3.3A). We also assessed the rHDL:PBS ratio of Rela mRNA levels over time in diabetic
mice (Figure 3.3B). Data points below the 100% PBS treatment (dotted line) represent a
decrease in Rela mMRNA levels with rHDL treatment in which we found a significant reduction

at 72 h (56.3%, P<0.05).

CCL2, also referred to as monocyte chemoattractant protein 1, recruits monocytes to the wound.
There was a significant elevation in wound Cc/2 mRNA levels in diabetic mice (both PBS and
rHDL-treated, ~30-fold and ~28-fold, respectively, P<0.001; Figure 3.4C) 24 h post-wounding
compared to PBS-treated non-diabetic mice. This elevation declined 72 h post-wounding, when
compared to the 24 h group. Interestingly, the application of topical rHDL further decreased this
decline at the 72 h timepoint where a significant reduction in Cc/2 mRNA levels was observed in
diabetic wounds treated with rHDL, when compared to the PBS-treated diabetic wounds (58.8%,
P<0.05; Figure 3.4C, inset using paired t-test analysis). The inhibitory effect of topical rHDL on
Ccl2 mRNA expression in diabetic wounds was also demonstrated by the rtHDL:PBS ratio in which
there was a significant reduction below the 100% PBS as a result of rHDL treatment (81.9%,

P<0.05; Figure 3.4D). A similar pattern was observed with wound Ccl2 protein levels where a
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significant elevation in Ccl2 protein was observed 24 h post-wounding, when compared to baseline
(Figure 3.4E). At 72 h there was a decline in Ccl2 protein and, when comparing the diabetic wounds,
those treated with rHDL had lower Ccl2 protein levels than PBS-treated controls, however, this

decrease did not reach significance.
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Figure 3.4 Topical application of rHDL decreases inflammatory mediators Rela and Ccl2
in diabetic mice 72 h post-wounding. Two full thickness wounds were created on the back
flanks of non-diabetic and diabetic mice (n=9-10 mice/group). Mice received a daily topical
rHDL (50 pg/wound) or PBS (vehicle) until euthanasia. RNA isolated from wound tissues was
subjected to qPCR analyses for the measurement of: (A) Rela MRNA levels; inset: Rela mMRNA
levels at 72 h post-wounding (B) Rela mMRNA levels expressed as a ratio of rHDL:PBS in diabetic
wounds; (C) Ccl2 mRNA levels; inset: Ccl2 mRNA levels at 72 h post-wounding (D) and
expressed as a ratio of rHDL:PBS in diabetic wounds. Using ELISA, wound (E) Ccl2 protein levels
were measured and (F) expressed as a ratio of rHDL:PBS in diabetic wounds. All data are
expressed as mean + SEM. *P<0.05, **P<0.01, ***P<0.00. One-way ANOVA test with Tukey’s

multiple comparison and paired t-test.
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3.3.4 Effects of topical rHDL on wound cytokine levels

The mRNA levels of inflammatory cytokines 7gf-f1 and /-6 were next tracked in diabetic and
non-diabetic wounds. No changes were found in wound 7gf~f1 mRNA levels between diabetic or
non-diabetic mice or with rHDL treatment over time (Figure 3.5A). When assessing the treatment
effect of topical rHDL in each mouse, it was noted that in diabetic mice there was an initial elevation
in Tgf~f1 mRNA levels at 24 h followed by a decline after 72 h (P=0.06; Figure 3.5B). At baseline,
TGF-B1 protein levels were significantly lower in diabetic mouse wounds than non-diabetic
wounds (82.9%, P<0.05; Figure 3.5C, inset;). TGF-B1 protein levels then increased significantly at
both 24 h and 72 h post-wounding across all groups. No significant differences were noted in TGF-
B1 wound protein levels with topical rHDL treatment (Figure 3.5C). This was also evident when

investigating the effect of topical rHDL in each mouse (Figure 3.5D).

1I-6 mRNA levels were significantly higher in diabetic mouse wounds compared to non-diabetic
wounds at baseline (470.8%, P<0.01; Figure 3.5D, inset). Otherwise, no differences were found in
wound //-6 mRNA levels between diabetic and non-diabetic mice or with topical rHDL treatment
(Figure 3.5E). Whilst there was a trend for a reduction in wound //-6 mRNA levels over time from
24 h to 72 h with rHDL treatment, this was not significant (Figure 3.5F). IL-6 protein levels were
significantly higher in diabetic wounds at 24 h when compared to baseline levels for both PBS- and
HDL-treated wounds (~26-fold, P<0.01 and ~38-fold, P<0.001, respectively, Figure 3.5G).
Otherwise, no changes were observed in IL-6 protein levels with rtHDL treatment across the
different groups over time. Similar with /L-6 mRNA levels, we observed a reduction in IL-6 protein

levels over time from 24 h but this did not reach significance (Figure 3.5H).
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Figure 3.5 Effect of topical rHDL on wound cytokines. Two full thickness wounds were
created on the back flanks of non-diabetic and diabetic mice (n=9-10 mice/group). Mice
received a daily topical dose of rHDL (50 pg/wound) or PBS (vehicle). Wound lysates were
subjected to gPCR and ELISA analyses for: (A) TGF- /1 mRNA levels and (B) expressed as a
ratio of rtHDL:PBS, (C) TGF- B1 protein, inset: TGF- 1 protein levels at Ohr (D) TGF- 1 protein
expressed as a ratio of rHDL:PBS (E) /L-6 mRNA, inset: /L-6 mRNA levels at Ohr (F) /L-6 mRNA
levels expressed as ratio of tHDL:PBS. (G) 11-6 protein and (H) expressed as a ratio of rHDL:PBS.
All data are expressed as mean + SEM. *P<0.05, **P<0.01, ***P<0.00. One way ANOVA test

with Tukey’s multiple comparison and paired t-test.
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3.3.5 Topical rHDL is retained in mouse wounds

Fluorescently labelled rtHDL was prepared using DiO (DiO-rHDL) and used to detect the fate
of topically applied rHDL on non-diabetic murine wounds. To validate the uptake and fluorescence
detection of DiO-rHDL in cells, DiO-rHDL was first incubated in culture with immortalised bone
marrow-derived macrophages (iBMDMs). The uptake of DiO-rHDL by iBMDMs was clearly
visualised using fluorescent microscopy (Figure 3.6A) and confirmed using flow cytometry (Figure
3.6B). Using whole-body fluorescence imaging by IVIS, the radiance was 101.74-fold higher in
DiO-rHDL-treated wounds when compared to PBS control-treated wounds. This radiance declined
by 36.1% over the first 20 mins (0.3 h; Figure 3.6D). Radiance then remained constant until a further
decline was measured between 4 h and 24 h (58.2%) but remained stable until the 48 h timepoint.
Using fluorescent microscopy on wound sections, the DiO-rHDL signal was also detected in

wounds treated with DiO-rHDL, but not in PBS-treated wounds (Figure 3.6E).
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Figure 3.6 Detection of fluorescently labelled DiO-rHDL in-vitro and in-vivo. rHDL
fluorescently labelled with DiO dye (DiO-rHDL) was incubated with immortalised bone
marrow-derived macrophages for 2 h for: (A) visualisation using fluorescence microscopy at
484 nm, 20X magnification; and (B-C) detection by flow cytometry at 484 nm. DiO-rHDL or
PBS was applied topically to 5-day wounds (n=3) and changes in radiance were tracked using
IVIS. (D) Average wound radiance value for topically applied DiO-rHDL and PBS. (E)
Fluorescence microscopy images of mouse wound sections from DiO-rHDL and PBS-treated

wounds.
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3.4 Discussion

Inflammation is critical in the early stages of wound healing to combat infection, however
prolonged and inappropriate inflammation prevents the progression of wound healing and
results in non-healing, chronic wounds. Diabetes, in particular, is associated with persistent and
non-resolving inflammation leading to the formation of DFU [58, 75, 148]. rHDL has been
shown to rescue diabetes-impaired wound healing through the promotion of angiogenesis [155].
Despite well-established anti-inflammatory properties, the effect of topical rHDL on diabetic
wound inflammation has not been previously explored. In this Chapter we found that topical
application of rHDL significantly increased the rate of wound closure with no effect on
macrophage number or polarity, yet significantly reduced inflammatory markers Rela and Ccl2
in diabetic wounds 72 h post-wounding. Using DiO-rHDL, we found rHDL was retained in the
wound for a prolonged period. Our findings add to the known wound healing benefits of rtHDL by
showing reductions in key inflammatory markers in the early- to mid-stages of diabetic wound

healing.

rHDL has well-established anti-inflammatory properties that have been demonstrated in-
vitro in endothelial cells, monocytes/macrophages, and smooth muscle cells all of which are
key in the wound healing process. The anti-inflammatory properties of rHDL have also been
demonstrated in-vivo in vascular inflammation models [116]. The central mechanism for the
anti-inflammatory effects of rHDL is driven by its ability to inhibit the activation of the pivotal
inflammatory transcription factor NF-kB. NF-kB controls the regulation of inflammatory
chemokines (CCL2) and cytokines (TGF-B, IL-6) [145]. Our study showed that Rela (the gene
that transcribes the p65 subunit of NF-kB) mRNA levels were significantly higher in diabetic
murine wounds compared non-diabetic wounds. However, daily topical application of rHDL to
wounds reduced wound Rela and Ccl2 mRNA levels and CCL2 protein levels in diabetic mice
72 h post-wounding. This finding confirms previous studies showing the reduction of Rela and

Ccl2 following rHDL treatment. We did not, however, observe changes in IL-6 and TGF-f in
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diabetic wounds at either the mRNA or protein level. One possible explanation for this is that
transcription of Cc/2 is primarily driven by NF-kB [174]. However, the transcriptional regulation
of the 7/-6 gene is more complex and involves at least four different transcription factors, including
NF-kB, activator protein-1, CCAAT/enhancer binding protein, and cCAMP response element-
binding protein) [175]. There is no evidence that these additional transcription factors are affected

by rHDL and may explain why rHDL did not elicit a change in //-6 gene expression.

The reduction in wound Rela and Ccl2/CCL2 was observed 72 h after daily topical
application of rHDL. Using fluorescently labelled rHDL (DiO-rHDL) we demonstrated that
rHDL was retained in the wound for a prolonged period following application, predominantly
for the first hour but it could be visualised by fluorescence microscopy in wound tissue sections
after 5.5 h and was even retained at low levels out to 48 h, as detected by IVIS. This suggests
that rHDL does not enter the circulation immediately and can interact with the wound cells.
The requirement for an anti-inflammatory effect appears to be three repeat daily doses over 72
h. In vitro studies with rHDL that investigated its anti-inflammatory properties predominantly
used incubation periods of 16 — 24 h. This is perhaps an equivalent accumulative time frame to
our in vivo application in wounds when taking into consideration the loss of rHDL retained in
the wound over time. Furthermore, a reduction in inflammation at 72 h post-wounding is
perhaps an optimal time point because it follows the early stage of wound healing when
inflammation is needed to fight infection and to prevent excessive inflammatory cell
accumulation in the mid-stage that risks development of a chronic non-healing wound.
Supporting this is our finding of an increased rate of wound closure in rHDL-treated diabetic

and non-diabetic wounds.

Our study showed a significant increase in the total macrophage population in diabetic
wounds compared to non-diabetic wounds 7 days post-wounding, consistent with previous

literature [46]. There were, however, no changes in the total number of wound macrophages in
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rHDL-treated wounds or in the M1-like or M2-like macrophage populations in non-diabetic
and diabetic mice. Based on our data showing that topical rHDL reduced diabetic wound
inflammation it may have been anticipated that there would also be fewer wound macrophages.
CCL2 is an important chemokine that recruits monocytes from the circulation into the
neighbouring wound tissues. However, other chemokines can also perform this function
including CCL5 and CX3CL1 which are released by endothelial cells, suggesting that the
inflammatory response was exerted primarily by other cell types such as endothelial cells rather

than monocytes/macrophages [145].

It may have been expected that rHDL would increase the transition from M1-like to M2-like
macrophages in diabetic wounds. A previous in vitro study by Sanson et al [150] found that
rHDL caused a significant shift from M1-like to M2-like macrophages, with a 10-fold increase
in the expression of the M2-like markers Arg-1 and Fizz-1 [150]. It is important to note that this
shift of macrophage phenotype by rHDL was seen in in-vitro settings, whereas our findings
were in a murine model of wound healing. However, in contrast, another ex-vivo study found
HDL did not influence macrophage polarisation in human monocyte-derived macrophages
[176]. It is possible, therefore, that in a biologically complex in vivo environment with diverse
cell types that co-habit the wound with macrophages, that the macrophage polarisation
properties of rHDL are diluted and less effective. Alternatively, our timepoint of 7 days post-
wounding may not have captured the transition. It may have occurred later, especially in

diabetic wounds.

Several studies have examined topical rHDL application to full-thickness murine wounds
[155, 172], however, to our knowledge, no study has tracked its uptake, retention, and fate.
Determining the uptake and fate of topically applied rHDL provides integral information
required for future translational studies such as the required frequency of application. In our

study, we successfully labelled rHDL with the fluorescent dye DiO, which has previously been
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used intravenously to track the biodistribution of [S]-rHDL in murine atherosclerosis models
[177]. We were also able to show robust uptake of DiO-rHDL by macrophages in vitro and in
murine wound tissue. These findings will provide critical information to help interpret both the

mechanism of action of rHDL in wounds and to facilitate its future translation.

In conclusion, the studies described in this Chapter showed that topical application of rHDL
rescues diabetes-impaired wound healing. We found topical rHDL reduced the inflammatory
markers Rela and Ccl2/CCL2 in diabetic wounds 72 h post-wounding. Despite this, we did not
observe changes in wound macrophages with rHDL treatment. Using fluorescently labelled
rHDL (DiO-rHDL) we confirmed rHDL is retained in the wound for a prolonged period. The
combined anti-inflammatory and pro-angiogenic properties of topical rHDL in diabetic wound

healing present rHDL as an effective pleiotropic treatment option for DFU.
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CHAPTER 4 - THE RELATIONSHIP BETWEEN HDL-CHOLESTEROL AND

WOUND HEALING IN PATIENTS WITH AND WITHOUT DIABETES AND

WITH TOE AMPUTATIONS
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4.1 Introduction

Patients with diabetes have a predisposition for the development of PAD and peripheral
neuropathy, both of which are precursors for the development of DFU [57]. It is estimated that
approximately 25% of patients with diabetes will develop DFU in their lifetime. Peripheral
neuropathy includes motor neuropathy, sensory neuropathy, and autonomic neuropathy which
lead to formation of foot deformity, loss of protective sensation, and dry skin, respectively [57].
These factors all contribute to the formation of callous or dry skin which can result in DFU.
Repetitive minor trauma or injuries can cause ulcer formation. Poor vascular supply which
could lead to the formation of non-healing wounds may result in amputation of part of the foot
or above the ankle. It is estimated that approximately 20% to 25% of moderate or severe DFU

fail to heal and require amputation [57].

There is currently no universally approved treatment for wound management of DFU and
evidence-based management options focus on pressure off-loading, infection control, surgical
debridement, and revascularisation [178]. As discussed in Chapter 1, multiple aspects of wound
healing are impaired in diabetes, therefore, optimal treatment would seek to correct multiple
deficiencies of the wound healing process (i.e. a therapy that exhibits pleiotropic properties).
Previous studies have demonstrated that topical rHDL is a promising canldidate as it has been
shown to rescue diabetes-impaired wound closure, wound angiogenesis, and capillary density
in a diabetic in-vivo model of wound healing [155]. Additionally, the work presented in Chapter
3 confirms the anti-inflammatory properties of topical rHDL in diabetic wounds. rHDL
therefore displays both pro-angiogenic and anti-inflammatory properties, thus addressing two

key processes for successful wound closure in DFU.

There is a well-established inverse relationship between circulating HDL-cholesterol levels,
the risk of a cardiovascular event, and the development of type 2 diabetes [126, 130]. There is,

however, emerging evidence that HDL functionality rather than HDL-cholesterol levels provide
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a better biomarker of the relative protective properties of HDL. Indices of HDL functionality
include its ability to efflux (remove) cholesterol from cells (particularly macrophages), its anti-
inflammatory properties, and its pro-angiogenic effects. Only one clinical study has evaluated
the relationship between HDL-cholesterol levels and diabetic wound healing outcomes. That
study found an inverse correlation between the levels of circulating HDL-cholesterol and the
risk of minor (defined as amputation below the ankle) and major amputation (defined as
amputation above ankle) as well as wound-related death (defined as death with an unhealed
ulcer) [179]. The relationship between HDL functionality and wound closure is currently

unknown.

Accordingly, this Chapter aimed to identify the relationship between circulating HDL-
cholesterol levels and functionality with the rate of post-amputation wound closure in patients
with/without diabetes requiring toe amputations as a result of non-healing foot ulcers. In this
Chapter we also present clinical data of study participants, report longitudinal wound closure

data and measures of the cholesterol efflux capacity of participant HDL.
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4.2 Methods

4.2.1 Experimental timeline and design

Eighteen diabetic participants (Group 1) and eight non-diabetic participants (Group 2)
admitted to the Royal Adelaide Hospital (RAH) Vascular Surgery Department, Adelaide, SA,
for a minor amputation (e.g., excision of toe/s) due to non-healing wound/tissue necrosis
associated with diabetes or peripheral vascular disease, consented to join the study (Human
Research Ethics Committee Reference Number: HREC/19/CALHN/349; Central Adelaide
Local Health Network Reference Number: 11743) (Figure 4.1). Potential study participants
were identified from the elective or emergency vascular surgical list at RAH and were
approached before the surgery. After obtaining consent, the first blood sample was collected,
and clinical data recorded. At 24-72 h post-amputation surgery, baseline wound areas were
measured using a 3D camera (WoundVue, LBT Innovations). Wound areas were measured
every 2-weeks during clinical visits until wound healing was complete. Blood samples were
also collected at 4-weeks and 6-months post-amputation for measurement of HbAlc, full blood
count, erythrocyte sedimentation rate, C-reactive protein, and lipid profiles (total cholesterol,
LDL-cholesterol HDL-cholesterol, non-HDL-cholesterol, triglyceride). Twenty healthy and
aged-matched participants were also enrolled in the study (Group 3) as the control group and

provided a single blood sample.

4.2.2 Inclusion and exclusion criteria

Inclusion criteria

Group 1 (diabetic participants): diagnosis of diabetes (types | and 11), HbA1c<12%, eGFR
>15 mL/min/1.73m? and not on dialysis with recent ray amputation. Group 2: non-diabetic
participants with recent ray amputation. Group 1 and Group 2 participants were eligible for

recruitment if there were no signs of active infection and there was evidence of adequate
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perfusion (>40 mm/Hg toe cuff pressure). Lipid-lowering drugs (e.g. statins, ezetimibe) were

allowed. Group 3: age-matched, non-diabetic participants with no ulcers.

Exclusion criteria

Elevated liver enzymes (>50 units AST, >56 units ALT), stroke or transient ischaemic attack
within the previous three months, heart failure, cancer with ongoing treatment or prognosis of
<5 years, active infection, history of pancreatitis, deep vein thrombosis or pulmonary embolism,
organ transplant, steroid therapy, hyperbaric treatment, dialysis, negative pressure wound
therapy; and not deemed likely to require major leg amputation within four weeks or any

obstacle to regular follow-up.
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Figure 4.1 Clinical study protocol. Group 1 (diabetic) and Group 2 (non-diabetic)
participants were admitted to the Royal Adelaide Hospital for toe/s amputation. The post-
amputation wounds were inspected and if there was no major infection the participants were
recruited into the study. The first image of the wound was captured immediately post-
amputation followed by fortnightly visits until wound closure. Blood was collected from Group
1 and Group 2 participants at Baseline, four weeks, and six months post-amputation. Blood

was collected from Group 3 (healthy controls) participants at baseline.
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4.2.3 Blood analysis and clinical parameters

Whole blood was collected in two 9 mL EDTA tubes. One tube was sent to SA Pathology
for analysis of C-reactive protein, HbAlc, full blood count, and erythrocyte sedimentation rate.
The percentage of glycosylated haemoglobin (% of HbAlc) in the blood reflects the average
blood sugar levels over the preceding 2-3 months. An HbA1c levels of 6.5% is recommended
as the cut point for diagnosing diabetes, however a value less than 6.5% doesn’t exclude
diabetes diagnosed using glucose tests. The second tube was used in the lab to measure lipid
profiles (total cholesterol, LDL-cholesterol, HDL-cholesterol, non-HDL-cholesterol,
triglycerides) and to isolate HDL for use in functional assays. Total cholesterol, HDL-
cholesterol and triglycerides were determined enzymatically using the LabAssay ™ Cholesterol
and LabAssay™ Triglyceride kits. The Friedwald equation: LDL-cholesterol = (total
cholesterol - HDL-cholesterol) — (total triglycerides/2.2) was used to calculate LDL-cholesterol

[180].

4.2.4 Cholesterol efflux assay

Immortalised bone marrow derived macrophages [181] (passage 3-10) were plated at 1x10°
cells/well and incubated for 24 h. The cells were then loaded with [3H] radiolabelled cholesterol
(2 pCi/mL, 24 h). Cells were incubated with 0.2% BSA-DMEM for 18 h to equilibrate labelled
cholesterol among intracellular cholesterol pools. After aspiration, cells were incubated with
300 pL of baseline control (0.2% BSA-DMEM) or the cholesterol acceptors: rHDL and isolated
patient HDL (25 pg/ml). Movement of radiolabelled cholesterol from cells to media containing
isolated HDL/rHDL was quantified using the Tri-Carb 4810TR scintillation counter

(PerkinElmer) and expressed as a percentage of total cell [*H] cholesterol content.

4.2.5 Calculating the rate of wound healing
To monitor the rate of wound healing in participants with toe amputations (Groups 1 and 2),
a 3D camera “WoundVue” (LBT technologies, Adelaide, Australia) was used to capture the

wound area [182]. The rate of wound healing was calculated by subtracting the wound area
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(mm?) at the first reading (baseline) from the wound area at each of the subsequent time points

(mm?), divided by the number of days between the readings to obtain the rate (mm?/day).

4.2.6 Statistical analysis

GraphPad Prism (version 9) and SPSS (version 27) were used for graph preparation and data
analysis. Inter-group comparisons were performed using either one-way ANOVA with post hoc
Tukeys test or paired and unpaired two-group t-tests. The association of efflux capacity with
clinical and HDL-related variables was assessed using linear correlation test in SPSS, with

wound size at Baseline adjusted. P value of 0.05 indicated statistical significance.
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4.3 Results

4.3.1 Characteristics of the study cohort

The study cohort was composed of patients with diabetes (Group 1; N=18), predominantly
with type 2 diabetes mellitus, and patients without diabetes (Group 2; N=8) with a mean age of
68 and 77, respectively, (Table 4.1). Group 1 and 2 participants were admitted to the Vascular
Department at the Royal Adelaide Hospital for amputation of toes due to non-healing ulcers or
wet gangrene. The majority of participants were male in both Group 1 (94%) and Group 2

(75%) (Table 4.1).

Some participants were unable to complete all follow-up appointments due to post-
amputation complications including use of negative pressure wound therapy, need for
unplanned additional surgical wound debridement, below knee amputation and suturing of the
wound. Four participants in Group 1 (22%) and one participant in Group 2 (5.5%) required
negative pressure wound therapy to facilitate exudate clearance from the wound, which
excluded them from further participation. Two participants in Group 1 (11.1%) and two in
Group 2 (25%) required below knee amputations due to infected wounds post-amputation.
Furthermore, three Group 1 participants (16.6%) and two Group 2 participants (25%) had their
wounds sutured during the surgery, limiting our ability to track wound closure; only baseline

wound areas and blood samples could be collected from these participants.

As expected, the level of HbAlc (a measure of glycaemic control) was significantly higher
in the diabetic group (Group 1) than both the non-diabetic group (Group 2; 54% increase,
P<0.05) and healthy controls (Group 3; 45% increase, P<0.0001) at baseline (Table 4.1).
HbA1c levels remained higher at the four-week timepoint post-amputation in the diabetic group
(Group 1; 42.3% increase, P<0.01, Table 4.1), compared to the non-diabetic group (Group 2).

Furthermore, the levels of C-reactive protein, a clinical biomarker for systemic inflammation,
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were significantly higher in the diabetic group compared to healthy group at baseline

(55.3+63.3 mg/L, P<0.001, Table 4.1).
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Table 4.1 Demographic characteristics and the biochemistry measures of study cohort.

Group 1 %‘E
- : atients
Patients with . Group 3
. diabetes and . without Healthy
Variable minor diabetes and controls
amputation/s with ml_nor/ (N=20)
(N=18) amputation/s
(N=8)
Age (years + SD) 68 + 10 77+ 13 6710
Male sex -number (%0) 17 (94.4) 6 (75) 18 (90)
Female sex -number (%0) 1(5.5) 2 (25) 2 (10)
Post-amputation Complications
Negative pressure wound therapy- number
(%) 4(22.2) 1(5.5) NA
Below knee amputation - number (%) 2 (11.1) 2 (25) NA
Wound sutured - number (%) 3 (16.6) 2 (11.1) NA
Biochemistry
HbAlc (%= SD) at Baseline 8 + 1.9 wxww 52+05 552+ 0.3
HbAlc (%= SD) 4-weeks post-amputation 74 +0.9# 52+05 NA
HbAlc (%)+ SD 6-months post-amputation 76+16 5 NA
ESR at Baseline (mm/hx SD) 55+ 495 1 6.8+56
ESR 1-month post-amputation (mm/h+ SD) 41.3 + 233 895+ 275 NA
ESR 6-months post-amputation (mm/hx SD) 28.6 + 24.4 1 NA
CRP at Baseline (mg/L+ SD) 57.4 + 68" 225+17.7 | 21+47
CRP 1-month post-amputation (mg/L+ SD) 14.8 + 24.9 14.85 +14.5 NA
CRP 6-months post-amputation (mg/L+ SD) 18.3 + 27.6 5.6 NA

Participants requiring a minor amputation(s) were recruited to the study. Healthy controls

without amputation were also included. Blood was taken at the time of surgery (baseline), 1-

month and 6-months post-amputation. A single blood sample was collected from the healthy

controls. Haemoglobin Alc (HbALlc) with normal range of less than 6%. Erythrocyte sediment

rate (ESR) with normal range of less than 10 mm/hr for men and less than 12 mm/h for women.

C-reactive protein (CRP) with normal range of 0.0-8.0mg/L. Data are expressed as mean = SD
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and inter-group comparisons were made by one-way ANOVA (Tukey’s post hoc comparison
t-test) and unpaired t-test. Unpaired t-test. **P<0.01 and ****P<0.0001 compared healthy

group. *P<0.05, #P<0.01 compared to non-diabetic.
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4.3.2 Medications

Details of current medications were obtained (Table 4.2). All Group 1 (diabetic) participants
were on anti-diabetic medication and 67% were on lipid-lowering medications. The non-
diabetic group with amputation (Group 2) and the healthy controls (Group 3) were on far fewer

medications overall.
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Table 4.2 Participant medications.

Patients with atients Group 3
S diabetes and . without Healthy
Medication Class minor diabetes and controls
am?ﬁiité())n/s am;;?JItr;(z{on/s (N=20)
(N=6)
Lipid-Lowering (Statins) — Total 10 (67%) 2 (33%) 3 (15%)
Rosuvastatin 6 (40%) 1 (16.6%) 1 (5%)
Atorvastatin 2 (13%) 1 (16.6%) 2 (10%)
Ezetimibe 1(6%)
Simvastatin 1(6%)
Anti-Diabetic- Total 15 (100%) Nil Nil
Insulin 7 (47%)
Metformin 7 (47%)
Linagliptin 2 (13.3%)
Glucagon 1(6.7%)
Dulaglutide 1 (6.7%)
Sitagliptin 2 (13.3%)
Gliclazide 2 (13.3%)
Empagliflozin 1 (6.7%)
Antibiotic- Total 6 (40%) 4 (67%)
Ciprofloxacin 1 (16.6%)
Flucloxacillin 1 (6.7%) 1 (16.6%)
Vancomycin 1 (16.6%)
Pristinamycin 1 (6.7%)
Amoxicillin- Clavulanic Acid 4 (26%)
Cefalexin 1 (16.6%)
Other
Aspirin 3 (20%) 2 (33.3%) 1 (5%)
Beta-blocker 4 (26%) 1 (16.6%) 1 (5%)
Blood Pressure 10 (66.7%) 3 (50%) 3 (15%)
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4.3.3 Blood cell counts of study participants

Full blood count data was obtained for all samples. Neutrophil numbers were
significantly higher in both diabetic (2.3+1.4 x10%/L, 59.9%, P<0.05) and non-diabetic (3.3+3.1
x10%L, 83.7%, P<0.05) groups, when compared to healthy controls (Table 4.3). Despite the
significantly higher neutrophil levels in the diabetic and non-diabetic groups they were still
within the normal range of 1.80-7.50 x10%L (close to the upper threshold). White cell counts
were also significantly higher in both diabetic (2.6+1.4, 40.1%, P<0.01) and non-diabetic
(3.1£2.6, 48.1%, P<0.05) groups, compared to healthy controls. Basophil levels were
significantly lower in the diabetes group compared to healthy controls (-0.02 x10%L, 33.3%,

P<0.01) but within the normal range of <0.10 x10°%/L.

Haemoglobin levels were significantly lower in both diabetic (24.8+12.8, 17.3%, P<0.001)
and non-diabetic (26.9+£12.8, 18.8%, P<0.01) patients, compared to the healthy controls (Table
4.4). Red blood cells were also significantly lower in diabetic (0.6+0.6, 13.0%, P<0.01) and
non-diabetic (0.82+0.78, 17.45%) groups compared to the healthy controls. Lastly, red cell
distribution width, which measures the differences in the volume and size of red blood cells,
was significantly higher in diabetic (1.18+0.8, 9.25%, P<0.05) and non-diabetic (2.24+0.24,

17.55%, P<0.001) groups compared to the healthy controls.
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Table 4.3 Full blood cell counts of study participants.

Group 2
| paenswith | wihowr | SIS
Variable diabetes anq minor dlabe_tes and controls
ampuEatlon/s minor (N=20)
(N=18) amputation/s
(N=8)
Neutrophils *-*x10%/L 6.27 £ 2.48* 7.2 +4.14* 3.92+1.04
Lymphocytes *-*x10°%/L 20%0.75 1.42 +0.32 1.81 +0.57
Monocytes *-* x10%/L 0.66 +0.29 0.65%0.2 0.55+0.13
Eosinophils *-* x10%/L 0.20+0.21 0.30+0.18 0.16 +0.12
Basophils *-* x10%/L 0.04 £ 0.02** 0.06 + 0.02 0.06 + 0.02
Haemoglobin (g/L) 118.7 + 18.97*** 116.6 £ 18.97** | 143.5+6.21
White cell count *-* x10%/L 9.11 + 2.64** 9.63 + 3.8* 6.5+1.2
Platelet count *-* x10%/L 263.6 £ 132 347.2 £ 176.7 232.5+54.13
Red blood cells *-* x10?/L 4,09 +0.77* 3.88 +1.0* 4.7+0.22
Packed cell volume (L/L) 0.36 £ 0.05 0.36 £ 0.07 0.65+0.96
Mean cell volume (g/L) 87.59 + 6.65 93.56 £ 6.14 84.52 + 21.93
Mean cell haemoglobin (pg) 29.28 £ 2.71 301 30.68 £1.12
Red cell distribution width (%) 13.94 +1.7* 15 + 0.62** 12.76 + 0.86
Mean platelet volume (fL) 10.61+1.12 10.98 £1.21 10.32 £ 0.85

Full blood cell count was undertaken on participant samples by SA Pathology. Normal ranges:
neutrophils, 1.80-7.50 x10%L; lymphocytes, 1.10-3.50 x10%L; monocytes, 0.20-0.80 x10%/L;
eosinophils, 0.02-0.50 x10%L; basophils, < 0.10 x10°%L; haemoglobin, 135-175 g/L; white cell
count, 4.00-11.00 x10°%/L; platelet count, 150-450 x10°%L; red blood cells, 4.50-6.00 x10%/L;
packed cell volume, 0.40-0.50 L/L; mean cell volume, 80.0-98 fL; red cell distribution width,
12.0-15.0%; mean platelet volume, 9.50-13.00 fL. Data are expressed as mean + SD and inter-
group comparisons were made by one-way ANOVA (Tukey’s post hoc comparison t-test).

*P<0.05, **P<0.01 and ***P<0.001 compared to healthy control group.
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4.3.4 Lipid levels of study participants

Blood collected from healthy controls (baseline) and the diabetic/non-diabetic groups
(baseline, 1-month and 6-months) was used to measure total cholesterol, HDL-cholesterol,

triglycerides, and HDL-triglyceride levels (Table 4.4).

Interestingly, the level of total cholesterol at the time of surgery was significantly lower in
both the diabetic (1.5+ 0.13, 35.9%, P<0.0001) and non-diabetic groups (1.3, 32.1%, P<0.01)
compared to healthy controls. HDL-cholesterol at the time of the surgery was also significantly
lower in both diabetic (0.9+0.01, 46.2%, P<0.0001) and non-diabetic groups (0.5+0.01, 27.6%,

P<0.01) when compared to healthy controls.

There were no changes in total cholesterol and HDL-cholesterol between the diabetic and
non-diabetic groups at 1-month and 6-months post-amputation. No changes were observed in
LDL-cholesterol across groups, nor were there changes in total and HDL triglyceride levels

between diabetic, non-diabetic, or healthy controls at baseline.

We also compared changes in lipids between groups over time post-amputation and
present them graphically in Figure 4.2A. Total cholesterol levels were significantly lower in
the diabetic and non-diabetic groups than the healthy controls at Baseline, but no further

changes were noted at the later timepoints.

Except for lower HDL-cholesterol levels at baseline in the diabetic and non-diabetic groups,
no further changes were noted throughout the 6-month follow-up period in these two groups
(Figure 4.2B). The level of total triglyceride was not significantly higher in the diabetic group
compared to the healthy (at baseline) and non-diabetic groups (baseline, 1-month, and 6-

months) (Figure 4.2C). Furthermore, there was no significantly higher HDL triglyceride levels
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in the diabetic group compared to the non-diabetic group at baseline and 1-month post-

amputation (Figure 4.2D).
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Table 4.4 The lipid profile of study participants at baseline, 1-month, and 6-months post-

amputation.
Grqug 2
patientswitn | without | CLoUB3
Variable diaerr(Iaitr(le(s) rand diatr)r(leitrelzcs) rand controls
amputation/s | amputation/s (N=20)
(N=18) (N=8)
Lipid levels (mmol/L)
Total Cholesterol at Baseline 2.69 £ 0.9%** | 285+1.03** | 42+1.03
Total Cholesterol 1-month post amputation 351+£1.32 2.48 £ 0.85 NA
Total Cholesterol 6-months post amputation 3.96 £1.28 2.42 £ 0.49 NA
HDL-Cholesterol at Baseline 1.06 £ 0.37**** | 1.43 +0.37** | 1.97 £ 0.39
HDL-Cholesterol 1-month post amputation 1.30+£0.35 157+0.21 NA
HDL-Cholesterol 6-months post amputation 1.52 +0.48 1.26 +0.35 NA
Total Triglyceride at Baseline 1.89+0.78 1.23+0.83 |122+0.73
Total Triglyceride 1-month post amputation 2.55+151 1.7+£0.85 NA
Total Triglyceride 6-months post amputation 2.57 +2.68 1.26 +0.16 NA
HDL Triglyceride at Baseline 0.16 £0.10 0.22+0.05 |0.18+0.09
HDL Triglyceride 1-month post amputation 0.19 +0.09 0.23+0.12 NA
HDL Triglyceride 6-months post amputation 0.26 £0.13 0.21+£0.05 NA
LDL at Baseline 0.78 £0.70 0.86+0.86 |1.92+0.76
LDL 1-month post amputation 1.1+£0.87 0.14 £ 0.69 NA
LDL 6-months post amputation 1.27 £1.57 0.58 + 0.06 NA
Total cholesterol, HDL-cholesterol, and triglyceride concentrations were determined

enzymatically on plasma. Data are expressed as mean + SD and inter-group comparisons were

made by one-way ANOVA (Tukey’s post hoc comparison t-test) and unpaired t-test.

NA

donates not applicable. **P<0.01 and ****P<0.0001 compared to healthy control group. High-

density lipoprotein (HDL), low-density lipoprotein (LDL).
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Figure 4.2 Lipid levels over time post-amputation. (A) Total cholesterol levels (mmol/L);

(B) HDL cholesterol levels (mmol/L); (C) total triglyceride levels (mmol/L); (D) HDL

triglyceride levels (mmol/L); (E) LDL levels (mmol/L) in healthy controls, diabetic and non-

diabetic participants with toe amputation. Data are expressed as mean = SD and inter-group
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comparisons were made by unpaired t-test. **P<0.01 and ****P<0.0001 compared to healthy

control group.

4.3.5 Wound closure

The percent wound closure from baseline over time until complete healing for each
participant was calculated from wound images (Figure 4.3A). Except for participant #9, whose
healing did not progress over 5 weeks (i.e., negative wound closure), required further
debridement and did not continue in the study; all other participant wounds healed. The time
for complete wound closure for participants with toe amputations ranged from 5 to 14 weeks

from the time of amputation.

When comparing the time required for complete wound closure in diabetic and non-diabetic
participants, we found that despite a low n number for non-diabetic participants, diabetic
wounds took longer to completely heal than wounds in non-diabetic participants
(approximately 6 weeks longer) (Figure 4.3B). This is consistent with previous research

showing delayed wound healing in patients with diabetes [183].
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Figure 4.3 Wound closure post-amputation. Wound area was captured by a 3D camera
(WoundVue) and analysed using WoundVue software. Wound closure is expressed as a

percentage of baseline wound area after amputation. (A) The percentage of wound closure from
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baseline for each patient. Each line represents a different participant. (B) The percentage of

diabetic wound closure compared to non-diabetic wound closure.

4.3.6 HDL-cholesterol efflux capacity is impaired in diabetic participants

One of the most important functions of HDL is its ability to efflux cholesterol from
macrophages. Recently, HDL functionality rather than concentration is thought to more
accurately predict its atheroprotective effects [184]. We measured the cholesterol efflux

capacity of HDL isolated from participant blood samples from all three groups (Figure 4.4A).

Our rHDL positive control elicited the greatest cholesterol efflux (8.0% + 2.4) from [*H]-
cholesterol-loaded macrophages that was significantly higher than healthy control HDL at
baseline (233.2%; P<0.0001; Figure 4.4B). At baseline no differences were evident in the
cholesterol efflux capacity of HDL isolated from healthy controls, diabetic or non-diabetic
participants. However, the cholesterol efflux capacity of HDL from diabetic participants was
significantly lower than HDL from non-diabetic participants at 1-month (37.8%; 2.9 + 0.1,

P<0.05) and 6-months (45.5%; 3.9 + 0.8) post-amputation.
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Figure 4.4 Cholesterol efflux capacity of participant HDL. (A) Immortalised bone marrow-
derived macrophages were loaded with [®H]-radiolabelled cholesterol (2 uCi/ml) for 24 h then
incubated in serum-free medium to equilibrate labelled cholesterol among all intracellular
cholesterol pools. Cells were then incubated with participant HDL and rHDL (25 pg/mL,
positive control) and the movement of [®H]-cholesterol from cells to media containing HDLs
was quantified by scintillation counting. (B) Cholesterol efflux of PBS, rHDL, and participant
HDL. Data are expressed as mean + SD. Comparison between diabetic and non-diabetic groups

was determined by unpaired t-test. *P<0.05, **P<0.005 and ***P<0.001 by unpaired t-test.

129



4.3.7 Relationship between HDL-cholesterol levels and the rate of wound closure
HDL-cholesterol levels have a well-established inverse association with the risk of
myocardial infarction. [127]. Only one study has reported an inverse association between HDL-
cholesterol levels and wound outcomes [163]. We first sought to determine the relationship
between HDL-cholesterol concentration and the rate of wound healing in diabetic participants
1-month post-amputation. We found a significant positive correlation between HDL-
cholesterol levels (mmol/L) and the rate of wound closure (% of change in mm?/days) at 1-

month post-amputation (r> = 0.65, P=0.03, Figure 4.5).
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Figure 4.5 HDL-cholesterol levels associate with the rate of wound closure in diabetic
participants 1-month post-amputation. Scatter plots showing the correlation between the
levels of HDL-cholesterol (mmol/L) and the rate of wound closure (mm?/days). Linear
correlation by SPSS with Bootstrapping. Data were considered statistically significant at

P<0.05; r value is the correlation coefficient.
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4.3.8 No relationship between HDL-cholesterol levels or the rate of wound closure with
HDL-cholesterol efflux

A significant positive correlation between the HDL cholesterol efflux capacity and
HDL-cholesterol levels has been reported previously [136]. However, there was no correlation
between HDL-cholesterol levels (mmol/L) and HDL-cholesterol efflux in patients with diabetes

1-month post-amputation (R? = 0.04, P=0.87; Figure 4.6A).

We also assessed the relationship between HDL cholesterol efflux capacity and the rate
of wound closure (% of change in mm?/days) in patients with diabetes 1-month post-
amputation. We found no association (r? = 0.339, P = 0.615; Figure 4.6B), suggesting that the
HDL functionality measure of HDL cholesterol efflux does not predict wound closure post-

amputation.
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Figure 4.6 No association between HDL-cholesterol efflux and HDL-cholesterol levels or
wound closure rate in diabetic participants 1-month post-amputation. Scatter plot showing
the correlation between (A) the levels of HDL-cholesterol (mmol/L) with percentage of
cholesterol efflux, and (B) the percentage of cholesterol efflux with the rate of wound closure
(% of change in mm?/days). Linear correlation by SPSS with Bootstrapping. Data were

considered statistically significant at P<0.05; r value is the correlation coefficient.

132



4.3.9 No association between HbA1c levels, the rate of wound closure or HDL cholesterol
efflux capacity

HbAlc is the most widely used parameter for assessment of glycaemic control. We
determined the relationship between HbAlc and the rate of wound healing (% of change in
mm?/days) in diabetic participants 1-month post-amputation. Despite our observation that
complete wound closure in the diabetic group took longer than in patients without diabetes,
there was no correlation between HbA1c levels and the rate of wound healing (r? = 0.33, P =

0.94, Figure 4.8A).

We also investigated the correlation between HbA1c levels and the HDL cholesterol efflux
capacity in diabetic participants 1-month post-amputation. We observed a non-significant
negative correlation (r = -0.46, R> = 0.2, P = 0.17; Figure 4.8A). This trend suggested that
higher levels of HbAlc (poorer management of diabetes) were weakly associated with lower

HDL efflux capacity in the diabetic group post-amputation.
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Figure 4.8 HbAlc does not associated with the rate of wound closure or HDL cholesterol
efflux capacity. Scatter plot showing the correlation between (A) the rate of wound closure
(mm?/days), and (B) the percentage of cholesterol efflux capacity and HbAlc levels (%).
Correlation analyses performed using Pearson Correlation. Linear correlation by SPSS with
Bootstrapping. Data were considered statistically significant at P<0.05; r value is the correlation

coefficient.
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4.4 Discussion

There is a clear inverse correlation between the risk of myocardial infarction and HDL-
cholesterol concentration. The Framingham study showed a 25% increased risk of myocardial
infarction for every 0.13 mmol/L decrement in HDL [127]. Despite this, recent large-scale
HDL-raising trials failed to show benefit in reducing cardiovascular events [132]. This
highlighted that the biology of HDL was more complex than first thought and shifted the focus
to HDL functionality as a more accurate predictor of cardiovascular risk. The studies reported
in this Chapter aimed to determine the relationship between wound closure in diabetic and non-
diabetic participants post-amputation together with HDL-cholesterol and HDL-cholesterol
efflux, an important function of HDL. We report the following key findings: (1) the rate of
wound closure post-amputation was delayed in the diabetic group compared to the non-diabetic
group; (2) there was a significant positive correlation between HDL-cholesterol levels and the
rate of wound closure in participants with toe/s amputation, 1-month post-amputation; (3) HDL
obtained from diabetic participants 1-month and 6-months post-amputation have impaired
cholesterol efflux; and (4) no association was found between the cholesterol efflux capacity of

HDL and the rate of wound closure in participants with toe amputation/s.

Our study found a significant positive correlation between the levels of HDL-cholesterol
and the rate of wound closure, demonstrating that diabetic and non-diabetic participants with
higher levels of HDL-cholesterol had a faster rate of wound closure. This observation is in line
with findings from a clinical study in Japan involving 163 patients with existing DFU that
reported an inverse correlation between HDL-cholesterol levels and three wound healing
outcomes: (1) minor amputation or below ankle amputation; (2) major amputation or above
ankle amputation; and (3) death as a result of an unhealed ulcer. The findings from the Japanese
study suggest that HDL-cholesterol levels are a predictive factor for lower extremity
amputation [163]. Whilst the sample size for the Japanese study was 10-times higher than the

sample size of this study, that study was a longitudinal historical cohort study and lipid levels
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were not tracked over time, unlike our study. Nevertheless, both studies demonstrated a

correlation between the level of HDL-cholesterol and wound healing outcomes.

We found that the cholesterol efflux capacity of HDL in all three groups (diabetic, non-
diabetic, and healthy controls) was not significantly different baseline but was significantly
higher in the non-diabetic group (Group 2) at 1-month and 6-months post-amputation compared
to the diabetic group (Group 1). This suggests a recovery of non-diabetic HDL functionality
over time post-amputation. In contrast, the cholesterol efflux capacity of HDL from the diabetic
group failed to recover over time and remained significantly lower than the cholesterol efflux
capacity of HDL from the non-diabetic group. Impaired HDL functionality (such as its efflux
capacity) in conditions such as diabetes has been observed in previous studies [138]. One of the
hallmarks of diabetes is increased glycation end products which promote oxidation of
physiologically important molecules such as HDL and its apoA-I component [185], resulting
in impaired functionality of HDL. A similar study found impaired apoA-I and HDL>-mediated
cholesterol efflux in macrophages treated with aloumin from patients with diabetes compared
to patients without diabetes [186]. The authors of that study attributed their findings to an
impairment in ABCA-1-mediated reverse cholesterol transport due to advanced HDL glycation.
The primary cause of dysfunctional HDL in diabetes is believed to be due to oxidative

modification of the HDL particle and its main protein component apoA-1 [137].

The relationship between the percentage of HbAlc and HDL cholesterol efflux capacity was
not significant. This observation didn’t support previous findings of impaired cholesterol efflux
capacity of HDL in poorly managed diabetic conditions [137] with the potential for increased
glycation end products leading to structural and functional HDL modifications. One of the
limitations of our comparison was excluding participants with HbAlc levels higher than 12%

from the study, therefore narrowing the data set for HbAlc. Recruitment of participants with
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higher HbAlc levels in future studies will establish whether there is a significant negative

correlation between HbA1c levels and the cholesterol efflux capacity of HDL.

As expected, the rate of post-amputation wound closure was slower in diabetic versus non-
diabetic participants. It is well established that the rate of wound closure is significantly
impaired in diabetic compared to non-diabetic populations. Diabetes is a significant factor
underlying the formation of chronic wounds [187]. As discussed in Chapter 1, many factors,
such as prolonged inflammation and impaired angiogenesis, lead to an attenuated rate of wound
closure in diabetes [148]. In our study, the average time required for 100% wound closure was
approximately 6 weeks longer for the diabetic group than the non-diabetic amputation group.
This observation is consistent with our findings in mice in Chapter 3, in which wound closure

was also significantly impaired in diabetic mice compared to hon-diabetic mice post-wounding.

One element that may explain the delayed wound healing in the diabetes group was the
significant elevation in C-reactive protein (CRP) compared to the healthy group. CRP is a
highly conserved acute phase plasma protein which is primarily synthesised and released by
the liver as a systemic response to inflammation [188]. Interestingly, CRP levels were elevated
in the diabetic and not the non-diabetic amputation group (Groups 1 and 2, respectively). This
presents a potential explanation for the delayed wound healing in the diabetic group as CRP is
likely to be elevated by foot sepsis in this group. CRP plays an integral role in the inflammatory
processes of wound healing, exhibiting chemotactic properties that recruit circulating
leukocytes (white blood cells) to the wound [189]. Consistent with this, we also observed a
significantly higher number of neutrophils and a higher total white cell count in the diabetic
group compared to the healthy group. While CRP is essential for the inflammation phase, an

excessive amount exacerbates inflammation and results in delayed wound healing.
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The levels of total cholesterol were significantly lower in the diabetic and non-diabetic
amputation groups compared to healthy controls. Interestingly, we also observed lower levels
of LDL in both the diabetic and non-diabetic amputation groups compared to the healthy
controls. We also observed significantly lower levels of HDL-cholesterol in the diabetic and
non-diabetic groups. The likely explanation for this is that the majority of the diabetic study
participants were on statins (lipid-lowering medications) (Table 4.2). Lipids in the diabetic and
non-diabetic amputation groups were measured at 1-month and 6-months post-amputation; no
differences were observed between the two groups. Previous studies have shown an association
between low levels of HDL (HDL: subtype) and the risk of developing type 2 diabetes [130].
It is suggested that HDL-cholesterol stimulates insulin secretion from pancreatic p-cells and
modulates glucose uptake in skeletal muscle in animal models and in clinical trials [190, 191].
We also observed lower HDL-cholesterol levels in the diabetic group suggesting there was
insufficient HDL-cholesterol to stimulate insulin secretion from pancreatic B-cells and a failure
in glucose uptake leading to hyperglycaemia. It is important to mention that further prospective
studies using Mendelian randomisation and clinical trials did not find an association between

reduced HDL-cholesterol and increased risk of type 2 diabetes [192].

We explored the relationship between the levels of HDL-cholesterol and HDL cholesterol
efflux capacity. A landmark study investigating the association between HDL cholesterol efflux
capacity and risk of coronary artery disease found a significant positive correlation between
HDL cholesterol efflux capacity and HDL-cholesterol levels [136]. In contrast, our study did
not support this correlation. Boosting patient numbers in future studies would likely increase
the power and may reveal a significant association. One of the main functions of HDL is
cholesterol efflux, hence it is logical that higher levels of HDL-cholesterol indicate higher

levels of HDL and therefore increased cholesterol efflux.
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This study also identified that circulating neutrophils were significantly higher in both the
diabetic and non-diabetic amputation groups compared to the healthy control group.
Neutrophils respond to infection and play an integral role in the inflammation phase of the
wound healing process, releasing cytokines such as IL-8, IL-1 and TNF-a [193]. Previous
studies have shown that neutrophils from patients with diabetes have an impaired capacity to
migrate to sites of inflammation, reduced phagocytotic ability and release proteases and reactive
oxygen species [193]. It would appear, however, that the elevation in neutrophils is not from
diabetes but is a response to acute infection post-amputation, as patients without diabetes and
toe amputations also had higher neutrophil levels. Indeed, a retrospective observational study
[194] recommended the neutrophil-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio
(PLR) as a reliable predictive factor for DFU post-amputation outcomes, such as mortality.
NLR and PLR are novel biomarkers for systemic inflammation and patients undergoing toe/s
amputation experience local infection and systemic inflammation as discussed previously with

high CPR levels showing increased inflammation.

In line with the increase in neutrophils, the number of white cells were significantly higher
in the diabetic and non-diabetic amputation groups compared to the healthy control group. This
suggests an increased systemic and local inflammatory response for patients undergoing
amputation surgery. Our study also found significantly lower haemoglobin levels in the diabetic
and non-diabetic amputation groups compared to the healthy control group. Indeed, low
haemoglobin levels and consequent anaemia are common in patients with diabetes, and low
haemoglobin concentration contributes to progression of many diabetic complications such as

diabetic nephropathy and retinopathy [195].

In conclusion, this study was the first to examine the relationship between the rate of post-
amputation wound closure and HDL-cholesterol concentration, and HDL cholesterol efflux

capacity in diabetic and non-diabetic participants who had undergone toe/s amputation, with
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the aim of examining whether HDL functionality could be a predictive factor for determining
the rate of post-amputation wound closure. Whilst our study did find a correlation between
HDL-cholesterol levels and the rate of wound closure in the diabetic group, there was no
relationship with the HDL functionality measure of cholesterol efflux capacity and the rate of
wound closure. We did, however, identify that diabetic HDL has an impaired HDL cholesterol
efflux capacity. In the next Chapter, we explore other main functions of HDL (anti-
inflammatory and proangiogenic) in all study groups and investigate the relationship between

the rate of wound closure with those HDL functions.
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CHAPTER 5-THE ANTI-INFLAMMATORY AND PRO-ANGIOGENIC

PROPERTIES OF HDL IN PARTICIPANTS WITH/WITHOUT DIABETES AND

TOE AMPUTATIONS
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5.1 Introduction

HDL has well-established anti-inflammatory properties [196]. As discussed in detail in
Chapter 1, HDL suppresses inflammation in various cell types, including endothelial cells, and
inhibits monocyte/macrophage recruitment to sites of inflammation [110]. HDL suppresses
endothelial cell adhesion molecules including ICAM-1 and VCAM-1, and inhibits the expression
of chemokines CCL2, CCL5 and CXsCL1 in vitro and in vivo [116]. Adhesion molecules and
chemokines play integral roles in facilitating the recruitment and trafficking of monocytes [145, 197].
HDL isolated from patients with type 2 diabetes is reported to elicit impaired anti-inflammatory effects
when compared to HDL from healthy patients, losing its ability to suppress endothelial VCAM-1
expression [198]. One mechanism for this impairment was found to be the non-enzymatic glycation

and oxidation of HDL by advanced glycation end products [199].

Another key function of HDL is its ability to promote angiogenesis in response to
hypoxia/ischaemia and in diabetes [159]. Angiogenesis is a physiological process through which new
blood vessels develop from a pre-existing vascular network. It is essential for tissue regeneration and
repair, making it an integral part of successful wound healing. In vitro studies show laboratory-purified
rHDL promotes endothelial cell proliferation, migration, and tubule formation in high glucose
conditions and in response to hypoxia. Consistent with this, infusions of rHDL augment ischaemia-
driven angiogenesis and rescue diabetes-impaired angiogenesis in murine hind-limb ischaemia and
wound healing models [155]. Ex vivo testing of endogenous HDL functionality has revealed that HDL
from patients with diabetes exhibits an impaired capacity to stimulate endothelial cell migration and
proliferation. Mechanistically this has been reported to be due to diabetes-induced down-regulation of
SR-BI, an important cell surface receptor that interacts with HDL, and an impaired ability to maintain
Akt activation [200]. Consistent with this, another clinical study found that the pro-angiogenic ability
of HDL isolated from diabetic Australian Indigenous people, was attenuated. This was reflected by an
impaired ability of diabetic HDL to promote endothelial tubule formation and increase HIF1-a

expression when compared to HDL from non-diabetic control patients [201].
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In summary, there is increasing evidence that the functionality of HDL is impaired in diabetes. This
includes a reduced ability of HDL to impart anti-inflammatory effects and promote angiogenesis.
Furthermore, HDL functionality is increasingly being recognised as a better predictive marker of
coronary artery disease, yet its predictive value has never been previously examined on the backdrop
of diabetic wound healing. Accordingly, in this Chapter, we investigated the relationship between
wound closure and the anti-inflammatory and pro-angiogenic effects of HDL isolated from diabetic
and non-diabetic participants undergoing a toe amputation. We also compared differences in these key
HDL functionality measures between HDL isolated from diabetic, non-diabetic, and healthy

individuals.
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5.2 Methods

5.2.1 Plasma HDL preparation

To isolate HDL from plasma, 500-700 pL of plasma was incubated with equal volumes of
polyethylene glycol (PEG-6000, 200 mg/mL in MilliQ water) at room temperature for 5 minutes to
precipitate the apoB-containing lipoproteins. The samples were then centrifuged at 13,000 rpm for
5 minutes at 4°C using an Eppendorf centrifuge 5145R (Eppendorf, Hamburg, Germany). The
supernatant (containing the HDL fraction) was collected and filter-sterilised using a 0.22 um filter.
HDL concentration was determined using the Pierce™ BCA Protein Assay Kit, following the
manufacturer’s instructions. Isolated participant HDL was used for subsequent cell culture studies

to assess anti-inflammatory and angiogenic capacity.

5.2.2 Cell culture and treatments
Anti-inflammatory capacity of HDL

HCAECs (Donor 3003, Passage 4, Cell Applications Inc.) were cultured in MesoEndo
media. Cells were seeded at 1.5x10° cells/well and 1.2x10° cells/well to measure the anti-
inflammatory and angiogenic capacity of HDL, respectively. The cells were seeded in 6-well
plates and incubated at 37°C for 24 h. To assess the anti-inflammatory effects of HDL, HCAECs
were treated with either PBS, rHDL (positive control) or isolated HDL (final protein
concentration, 20 uM) for 16 h (triplicate wells per condition). HCAECs were then stimulated
with 0.6 ng/mL TNFa for 4.5 h to mimic a pro-inflammatory environment. Cell lysates were
isolated to assess gene expression of inflammatory mediators including Rela, Ccl2, Ccl5, Cxcl3,

Icam-1 and Vcam-1 (Figure 5.1A).

Pro-angiogenic capacity of HDL

To assess the angiogenic capacity of HDL, HCAECs were treated with PBS (vehicle
control), rHDL (positive control) or HDL from all three participant groups (final protein
concentration 20 uM) for 18 h (triplicate wells per condition). HCAEC media was then replaced
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with fresh MesoEndo media containing either 5 mM or 25 mM D-glucose for 48 h to mimic
both normal and diabetic glucose environments. Treated cells were then assessed for their

ability to form vascular networks using the Matrigel tubulogenesis assay (Figure 5.1B).
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Figure 5.1 Schematic representation of the HDL anti-inflammatory and pro-angiogenic assay
protocols. (A) HCAECs were incubated with HDL for 16 h, after which TNFo was added for 4.5 h.
RNA was isolated from treated cells and changes in mRNA levels of inflammatory markers
were determined. (B) HCAECs were incubated with HDL for 18 h, after which the cells were
incubated with normal (5 mM) or high glucose (25 mM) for 48 h. Treated HCAECSs were then used in
a Matrigel assay to measure their capacity to form tubules. HDL: high density lipoprotein;

HCAECSs: human coronary artery endothelial cells; TNFa, tumour necrosis factor a.
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5.2.3 RNA extraction, cDNA synthesis and quantitative real-time PCR

Total RNA was extracted from HCAECSs using a TRI reagent phenol-chloroform extraction.
RNA concentration was quantified using a Nanodrop 8000 spectrophotometer (Thermo Fisher
Scientific). All samples were within the 1.8 — 2.0 absorbance ratio (A260/A280) range and
normalised to 100+2 ng/mL; 400 ng total RNA was reverse transcribed to cDNA using an
iScript cDNA synthesis kit (BioRad). Quantitative real-time PCR was used to determine the
expression of NF-xB-p65 (RELA), CCL2, CCL5, CX3CL1l, VCAM1 and ICAM1 using
SSoAdvanced™ Universal SYBR Green Supermix in a Quant Studio 7 Flex Real-Time PCR
System (Applied Biosystems). Relative changes in mRNA levels were normalised using the

AACt method to reference gene 32-microglobulin.

5.2.4 Matrigel Tubulogenesis Assay

Growth factor reduced Matrigel (40 uL) was added to a 96-well plate and swirled to ensure
an even coating in each well. The Matrigel was left to polymerise at 37°C for 30 minutes.
Treated cells were trypsinised and seeded at 1.5 x 10* cells/well (4-5 replicates per condition)
on polymerised Matrigel in the respective glucose media. The plate was incubated at 37°C for
8 h and each well was imaged at 2.5X magnification under light microscopy using a Carl Zeiss
Microscopy AxioCam E1Zc 5s camera (Zeiss, Oberkochen, Germany) on an Axio Zeiss
Vert.Al microscope (Zeiss, Oberkochen, Germany). To compare changes in angiogenesis
capability, the number of tubules, branch points, and tubule length were counted using custom
MATLAB software developed by our team [202]. Tubule number, branch point number, and
tubule length were identified by the software (Figure 5.3). The algorithm used for developing
this software consisted of the steps: (1) reading image; (2) image adjusting; (3) black/white

filtering; (4) vessel outline extraction; and (5) finding individual vessels.
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Figure 5.2 Matrigel tubulogenesis assay measures. Light microscopy image at 2.5X
magnification. Tubule number represented as 1 (dark blue). Branch points represented as 2

(aqua). Tubule length represented as 3 (black arrowed line).

5.2.5 Statistical analysis

GraphPad Prism (version 9) and SPSS (version 27) were used for graph preparation and data
analysis. Inter-group comparisons were performed using either one-way ANOVA with post hoc
Tukeys test or paired and unpaired two-group t-tests. The association of HDL anti-
inflammatory and proangiogenic capacity with the rate of wound healing was assessed using
the linear correlation test in SPSS, with wound size at baseline adjusted. P value of 0.05

indicated statistical significance.
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5.3 Results

5.3.1 Impaired anti-inflammatory properties of diabetic HDL

We first sought to determine the inflammatory response of HCAECs to incubation with
participant HDL. Figure 5.3 illustrates the results from all timepoints (post-amputation, 1-
month and 6-months post amputation) combined. Interestingly, HDL from the non-diabetic
amputation group elicited significantly lower RELA mRNA levels in HCAECs compared to
HDL from the diabetic amputation group (51.4%; P<0.01; Figure 5.3A). Incubation of HCAEC
with HDL from healthy controls significantly decreased mRNA levels of CCL5 (26.3%;
P<0.05; Figure 5.3B) compared to PBS-treated controls. CCL5 mRNA levels were higher
following incubation of HCAECs with HDL from diabetic participants than healthy control
HDL (63.7%; P<0.01) and non-diabetic HDL (88.2%; P<0.01). We also observed that
incubation with HDL from healthy controls and non-diabetic participants resulted in
significantly lower CCL5 mRNA levels compared to PBS controls (26.3%; P<0.05 and 35.9%;

P<0.05 respectively; Figure 5.3B).

Compared to PBS controls, incubation of HCAECs with HDL from healthy controls
(37.9%; P<0.0001), non-diabetic (45.0%; P<0.0001) and diabetic participants (35.1%;
P<0.0001) significantly reduced CCL2 mRNA levels (Figure 5.3C). Furthermore, non-diabetic
HDL elicited significantly lower CCL2 levels than diabetic HDL (15.3%; P<0.05; Figure 5.3C).
We also observed significantly lower mRNA levels of CX3CL1 following treatment of
HCAECs with HDL obtained from healthy controls, diabetic and non-diabetic participants
(53.8%, P<0.0001; 46.9%; P<0.0001 and 48.8%, P<0.001, respectively; Figure 5.4D)
compared to PBS controls. Similarly, incubation of HCAECs with healthy, diabetic, and non-
diabetic HDL led to significant reductions in mRNA levels of ICAM-1 (46.8%; P<0.0001,
35.9%; P<0.001 and 57.1%; P<0.0001, respectively; Figure 5.3E) and VCAM-1 (44.6%;

P<0.0001, 44.9%; P<0.0001 and 48.23%, P<0.0001, respectively; Figure 5.3F) compared to
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PBS controls. Furthermore, non-diabetic HDL caused a greater reduction in ICAM-1 mRNA

than diabetic HDL (33.1%, P<0.05; Figure 5.3E).
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Figure 5.3 HDL inhibits inflammatory mediators in endothelial cells. HCAECs were
treated with PBS, rHDL or participant HDL (20 uM) for 16 h. From RNA isolated from treated
cells, MRNA levels of (A) RELA, (B) CCL5, (C) CCL2, (D) CXsCL1, (E) ICAM-1, and (F)
VCAM-1 were measured using the 22Ct method normalised to B2-microglobulin. Data are

expressed as mean + SD. Data points represent triplicates for each participant sample. *P<0.05,

**p<0.01, ***P<0.001 and ****P<0.0001 by one-way ANOVA with Tukey’s post hoc
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comparison test for parametric and Kruskall-Wallis test with post hoc Dunn’s comparison for

non-parametric data. HC: healthy control, Dia: diabetes and ND: non-diabetes.
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5.3.2 Changes in the anti-inflammatory effects of HDL over time post-amputation

Blood samples were collected from the diabetic and non-diabetic groups at three different
time points post-toe amputation. Changes in the anti-inflammatory effects of these HDLs on
HCAECs were next investigated. This revealed that HCAECs treated with HDL from non-
diabetic participants at the time of the surgery had lower levels of RELA mRNA than diabetic
HDL-treated HCAECs (44.2%; P<0.05, Figure 5.4A, inset). When comparing changes in RELA
MRNA following treatment with diabetic HDL over time, we observed that RELA mRNA was
lowered most effectively by diabetic HDL obtained 6-months post-amputation and was
significantly lower than HCAECs incubated with HDL obtained at 1-month post amputation
(52.0%; P<0.05, Figure 5.4B), indicating HDL gained anti-inflammatory functionality over

time post-amputation.

The mRNA levels of CCL5 were significantly higher in HCAECs treated with HDL from
diabetic participants at 1-month post-surgery compared to healthy control levels (104.5%;
P<0.01, Figure 5.4C). No changes were noted in the effectiveness of diabetic HDL to suppress
CCL5 over time (Figure 5.4D). At each time point post-amputation, there were no differences
in the effect of HDL on CCL2 mRNA levels between HDL in diabetic and non-diabetic
amputation groups. When comparing the different diabetic HDL over time, a reduction in CCL2
was observed following incubation with HDL from diabetic participants 1-month post-

amputation compared to HDL at baseline (16.1%; P<0.05, Figure 5.4F).

The levels of Cx3cl1 mRNA were significantly lower in HCAECs treated with HDL from
healthy controls (53.8%; P<0.0001), participants with diabetes at baseline (39.7%; P<0.01), 1-
month post-amputation (55.6%; P<0.001), and 6-months post-amputation (53.7%; P<0.05),
and patients without diabetes 1-month post-amputation (71.7%; P<0.001) compared to PBS
controls (Figure 5.4G). We also observed that the mRNA levels of Cx3cl1 were lower following

incubation with HDL from patients without diabetes compared to participants with diabetes 1-
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month post-amputation (36.2%; P=0.09, Figure 5.4G, inset). No significant changes were

observed in Cx3cll mRNA levels with HDL from diabetic participants over time (Figure 5.4H).

We observed lower levels of Icam-1 mRNA elicited from HDL from healthy controls
(46.8%; P<0.0001), diabetic participants at baseline (33.1%; P<0.05) and at 6-months post-
amputation (43.0%; P<0.05), and non-diabetic participants at 1-month post-amputation
(66.7%; P<0.01) compared to PBS controls (Figure 5.41). Interestingly, the HDL from non-
diabetic participants 1-month post-amputation significantly lowered the mRNA levels of
ICAM-1 compared to HDL from diabetic participants at the same time point (47.0%; P<0.05;
Figure 5.41). No changes were observed in the effectiveness of diabetic HDL to suppress ICAM-

1 over time post-amputation (Figure 5.4J).

As illustrated in Figure 5.4K, the mRNA levels of VCAM-1 were significantly decreased by
HDL obtained from healthy controls (44.6%; P<0.0001), diabetic participants at baseline
(42.0%; P<0.0001), non-diabetic participants at Baseline (46.7%, P<0.001), diabetic
participants 1-month post-amputation (42.7%; P<0.0001), non-diabetic participants 1-month
post-amputation (51.2%; P<0.01), and diabetic participants 6-months post-amputation (53.5%;
P<0.05) when compared to PBS controls. We observed no significant change in VCAM-1
MRNA expression following incubation with HDL from diabetic participants over time post-

amputation (Figure5.4L).
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Figure 5.4 Changes in HDL anti-inflammatory capacity in endothelial cells over time post-
amputation. HCAECs were treated with PBS, rHDL or participant HDL (20 uM) for 16 h.
From RNA isolated from treated cells mRNA levels of (A) RELA, (B) diabetic HDL RELA over
time, (C) CCL5, (D) diabetic HDL CCL5 over time, (E) CCL2, (F) diabetic HDL CCL2 over
time, (G) CX3CL1, (H) diabetic HDL CX3CL1 over time, (1) ICAM-1, (J) diabetic HDL ICAM-
1 over time, (K) VCAM-1, (L) diabetic HDL VCAM-1 over time were measured using the 2Ct
method normalised to B2-microglobulin. Data are expressed as mean + SD. Data points
represent triplicate for each individual participant sample. *P<0.05, **P<0.01, ***P<0.001,

and ****P<0.0001 by one-way ANOV A with Tukey’s post hoc comparison test for parametric,

and Kruskall-Wallis test with post hoc Dunn’s comparison for non-parametric data.
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5.3.3 Anti-inflammatory properties of patients HDL with TNFa stimulation

We next sought to determine changes in the ability of HDL to suppress cytokine (TNFa)-
stimulated inflammation in HCAEC. Figure 5.5 illustrates the results from all timepoints (post-
amputation, 1-month and 6-months post amputation) combined. Unexpectedly, we did not
observe an increase in RELA following TNFa stimulation in the PBS control, compared to the
unstimulated PBS control (Figure 5.5A). Incubation with HDL from the diabetic group
following stimulation with TNFa, significantly increased RELA mRNA levels (85.0%; P<0.05;
Figure 5.5A) compared to PBS controls. Incubation with HDL from the non-diabetic group
elicited significantly lower levels of TNFa-stimulated RELA mRNA (30.4%; P=0.054; Figure

5.5A, inset) compared to HDL from the diabetic group.

We observed a significant increase in CCL5 mRNA expression in cells treated with rHDL
following TNFa stimulation (111.6%; P<0.05; Figure 5.5B) compared to unstimulated PBS
controls. HDL from diabetic participants also induced higher CCL5 expression in TNFa-
stimulated cells (64.0%; P<0.05; Figure 5.5B) compared to unstimulated PBS controls.
Stimulation by TNFa significantly increased the expression of CCL2 across all treatments when
compared to unstimulated PBS controls (Figure 5.5C). Furthermore, pre-incubation with HDL
from non-diabetic participants suppressed CCL2 mMRNA levels to a greater extent than HDL

from diabetic participants (27.6%; P<0.05, respectively; Figure 5.5C, inset).

Investigating the mMRNA levels of CX3CL1 revealed a significant increase in CX3CL1 in all
treatment groups following TNFa stimulation compared to PBS unstimulated controls (Figure
5.5D). No significant changes were noted for CX3CL1 mRNA levels in cells treated with HDL
from the different groups after TNFa stimulation (Figure 5.5D) compared to PBS stimulated
controls. ICAM-1 and VCAM-1 mRNA levels were also significantly increased in all treatment

groups after stimulation with TNFo when compared to PBS controls (Figure 5.5E-F). We did
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not observe changes in mMRNA levels of ICAM-1 and VCAM-1 between the different groups

with TNFa stimulation (Figure5.5E -F).
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Figure 5.5 The HDL anti-inflammatory response to TNFa stimulation in endothelial cells.

HCAECs were treated with PBS, rHDL or participant HDL (20 uM) for 16 h. Cells were then

stimulated with TNFa. From RNA isolated from treated cells, mRNA levels of (A) RELA, (B)
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CCL5, (C) CCL2, (D) CX3CL1, (E) ICAM-1, and (F) VCAM-1 were measured using gPCR
by the 2ACt method normalised to B2-microglobulin. Data are expressed as mean + SD. Data
points represent triplicate for each individual participant sample. *P<0.05, **P<0.01,
***pP<0.001, and ****P<(0.0001 by one way ANOVA with Tukey’s post hoc comparison test
for parametric, and Kruskall-Wallis test with post hoc Dunn’s comparison for non-parametric

data. HC: healthy control, Dia: diabetes and; ND: non-diabetes.
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5.3.4 The relationship between the rate of wound closure and the anti-inflammatory
capacity of HDL from participants with toe amputations

We next investigated the relationship between the anti-inflammatory capacity of HDL and
the rate of wound closure 1-month post-amputation in participants with and without diabetes.
As shown in Figure 5.6, we observed no significant correlation between the rate of wound
closure and mRNA levels of CCL5 (r= -0.54; P= 0.07; Figure 5.6A) and no significant
correlation for CX3CL1 (r=-0.49, P=0.10; Figure 5.6B), and RELA (r=-0.47; P=0.12; Figure
5.6C) following incubation with patient HDL collected 1-month post-amputation. There were
no other correlations of note between the rate of wound closure and other inflammatory

markers.

We next assessed the relationship between the anti-inflammatory functionality of HDL
in response to TNFa stimulation with the rate of wound closure 1-month post-amputation. As
illustrated in Figure 5.7A, we observed a significant negative trend between CCL2 mRNA
levels and the rate of wound closure 1-month post-amputation (r = -0.64; P=0.028; Figure
5.7A). A significant negative correlation was also found between the mMRNA levels of ICAM-1
and the rate of wound closure 1-month post-amputation (r = -0.71; P=0.012; Figure 5.7B).
Finally, there was no significant correlation between CX3CL1 mRNA levels with TNFa
stimulation and the rate of wound closure (r = -0.49; P=0.11; Figure 5.7C). No other

correlations of note were identified.
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Figure 5.6 Non-significant negative association between the anti-inflammatory effects of
patient HDL and the rate of wound closure. Scatter plot showing the correlation between the
mMRNA levels of (A) CCL5, (B) CX3CL1, and (C) RELA expressed by HCAECs treated with
HDL obtained from diabetic and non-diabetic participants with the percentage of change in
wound closure (mm?/days) at 1-month post-amputation. Correlation analyses performed by

Spearman’s Correlation; r value is the correlation coefficient.
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Figure 5.7 Negative correlation between CCL2 and ICAM-1 inflammatory mediators post
TNFa stimulation and the rate of wound closure 1-month post-amputation. Scatter plot
showing the correlation between the mRNA levels of (A) CCL2, (B) ICAM-1, and (C) CX3CL1
expressed by HCAECs pre-incubated with HDL from diabetic and non-diabetic participants
and stimulated with TNFo, with the percentage change in wound closure (mm?/days) at 1-
month post-amputation. Correlation analyses performed by Spearman’s Correlation. Data were

considered statistically significant at P<0.05; r value is the correlation coefficient.
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5.3.5 HDL from diabetes participants has reduced angiogenic capacity

HDL exhibits pro-angiogenic properties [201]. The pro-angiogenic effects of patient HDL
were next tested. In this study, using custom software, we were able to investigate changes in
three key parameters of endothelial cell vascular network formation when using the in vitro
Matrigel tubulogenesis assay. These included: tubule number; branch point number (sprouting);

and tubule length.

We first investigated changes in tubule number following incubation of endothelial cells in
5mM or 25mM glucose with HDL obtained from healthy controls and diabetic and non-diabetic
amputation participants at different time points post-amputation. Interestingly, in endothelial
cells exposed to 25 mM glucose, diabetic HDL induced a significantly higher number of tubules
than the non-diabetic group at the time of amputation (113.1%; P<0.01; Figure 5.8A). When
comparing the effect of diabetic HDL over time, we noted that HDL obtained from patients
with diabetes at 6-months post-amputation induced a significantly lower number of tubules in
normal glucose conditions compared to diabetic HDL at the time of amputation (37.0%;
P<0.01; Figure 5.8 B). We observed a similar decline in tubule formation by diabetic HDL at
both 1-month and 6-months at 25 mM glucose (37.8%; P<0.001 and 44.8%; P<0.05,
respectively; Figure 5.8 B) compared to at the time of amputation. This suggests that the pro-

angiogenic capacity of diabetic HDL becomes increasingly poorer with time post-amputation.

Non-diabetic HDL stimulated a significantly higher number of tubules at 1-month (46.1%;
P=0.054; Figure 5.8C) and 6-months (103.6%; P<0.001; Figure 5.8D) post-amputation
compared to diabetic HDL in 5 mM glucose. We also observed a significantly higher tubule
number in cells treated with HDL from non-diabetic participants 1-month post-amputation

(60.7%; P<0.05; Figure 5.8E), compared to diabetic HDL at 25mM glucose.
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Figure 5.8 Diabetic HDL induces fewer tubules and its pro

over time post-amputation. HCAECs were treated with PBS, rHDL or participant HDL (20
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uM) for 18 h and cultured under 5 mM or 25 mM glucose conditions for 48 h. Angiogenic



capacity was assessed using the Matrigel tubulogenesis assay, quantifying tubule numbers.
Data are expressed as mean £ SD. *P<0.05, **P<0.01, and ***P<0.001 by one-way ANOVA
(Tukey’s post hoc comparison test for parametric and Kruskall-Wallis test with post hoc Dunn’s
comparison for non-parametric data). Dia: diabetes; ND: non-diabetes obtained at the time of

recruitment (0), 1-month post-amputation (1m) and 6-months post-amputation (6m).
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Branch point number provides critical information regarding the capacity of HDL to induce
angiogenic sprouting. Similar with tubule number, branch point number was found to be higher
following incubation with diabetic HDL collected at the time of amputation than non-diabetic
HDL at 25 mM glucose (58.7%; P<0.01; Figure 5.9A). We also found that diabetic HDL
elicited a decline in branch point number over time post-amputation. This reached significance
in the 5 mM glucose treatment group when comparing diabetic HDL at the time of amputation
to 6-months post-amputation (50.4%; P<0.01; Figure 5.9B). HDL from non-diabetic
participants 6-months post-amputation induced a significantly higher number of branch points

compared to the HDL from diabetic participants (127.7%; P<0.001; Figure 5.9C).

Tubule length was next determined. Once again, at 25mM glucose a significantly greater
tubule length was noted following treatment with HDL from diabetic participants at baseline
compared to cells treated with HDL from non-diabetic participants at the same time point
(12.1%; P<0.01; Figure 5.10A). No changes were found in tubule length elicited by diabetic
HDL over time post-amputation (Figure 5.10B). A trend for an increase in tubule length was,
however, noted following treatment with non-diabetic HDL collected 1-month post-amputation

compared to the diabetic HDL group at 5 mM glucose (10.8%; P= 0.054; Figure 5.10C).

166



>

800
A
0
whed *%
£ 600—
(o]
o
=
0 400—
c
5
2 200 -
O 2001
|
2
150-
£
-
< 100-
50-
0
O A
5 O
TR f
B 800+
A x c *k ok
wv v
.E 600 = e
=] ‘© _
S 4004 & @ a 600
S a a 5
S 200l ® oo e Y £
o 200 by % 5 001 g
oo, iy A4 <
‘.6 150+ l%_n oo SE Aﬁ'ﬁ ‘a it ©
5 2w £ S 5
2 1004 n@ i swa,| O BLm 9w 0 200
£ ﬁﬂ$ DEE A%Aﬁsgﬂ £
3 50 A oo \y =
2 L2 UEU g&;ﬁ 4
0 o 0-
£ & $ SIS &S
SIS RS & F S F S
5mM 25 mM 5mM

Figure 5.9 Diabetic HDL induces fewer branch points and its pro-angiogenic capacity
declines over time post-amputation. HCAECs were treated with PBS, rHDL or participant
HDL (20 uM) for 18 h and cultured under 5 mM or 25 mM glucose conditions for 48 h.
Angiogenic capacity was assessed using the Matrigel tubulogenesis assay, quantifying tubule
numbers. Data are expressed as mean £+ SD. *P<0.05, **P<0.01, and ***P<0.001 by one-way
ANOVA (Tukey’s post hoc comparison test for parametric and Kruskall-Wallis test with post
hoc Dunn’s comparison for non-parametric data). Dia: diabetes; ND: non-diabetes obtained at

the time of recruitment (0), 1-month post-amputation (1m) and 6-months post-amputation (6m).
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Figure 5.10 No change in tubule length with participant HDL. HCAECs were treated with
PBS, rHDL or participant HDL (20 uM) for 18 h and cultured under 5 mM or 25 mM glucose
conditions for 48 h. Angiogenic capacity was assessed using the Matrigel tubulogenesis assay,
quantifying tubule length. Data are expressed as mean + SD. *P<0.05, **P<0.01, and
***p<0.001 by one-way ANOVA (Tukey’s post hoc comparison test for parametric and
Kruskall-Wallis test with post hoc Dunn’s comparison for non-parametric data). Dia: diabetes;
ND: non-diabetes obtained at the time of recruitment (0), 1month post-amputation (1m) and 6-

months post-amputation (6m).
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5.3.6 No correlation between the pro-angiogenic capacity of HDL and the rate of wound

closure

We next assessed the relationship between the pro-angiogenic capacity of HDL and the rate
of wound closure in diabetic participants 1-month post-amputation. We found no correlations
between the rate of wound closure and the three angiogenesis measures of tubule number,
branch point number, and tubule length (Table 5.1). Unlike inflammation, it appears that the
angiogenic capacity of HDL is not an indicator of the rate of wound healing in the diabetic

participant group.

SmM 25mM
Matrigel outcomes
r P r P
Tubule number 0.19 0.55 0.05 0.88
Branch point number 0.17 0.59 0.09 0.8
Tubule length 0.4 0.25 0.04 0.91

Table 5.1 No association between the pro-angiogenic properties of patient HDL and the
rate of wound closure. The r and P values represent the correlation coefficient and significance
for correlation between tubule number, branch point, and tubule length, and the rate of wound
closure 1-month post amputation. Correlation analyses performed by Spearman’s Correlation.

Data were considered statistically significant at P<0.05.
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5.4 Discussion

Building upon our clinical findings from the previous Chapters, in this chapter we aimed to
investigate the anti-inflammatory and pro-angiogenic properties of patient HDL, two additional
important HDL functions. This Chapter identified: (1) a significant inverse correlation between
the expression of pro-inflammatory markers (CCL2, ICAM-1 and CX3CL1) with TNFa
stimulation in endothelial cells treated with HDL from the diabetic and non-diabetic group and
the rate of wound closure 1-month post-amputation; (2) HDL from non-diabetic participants
more effectively reduced the expression of pro-inflammatory markers (RELA, CCL5, CCL2 and
ICAM-1) than HDL from diabetic participants; and (3) HDL in non-diabetic participants elicited
greater pro-angiogenic effects than diabetic HDL collected at 1-month and 6-months post-
amputation. Our findings have implications for the anti-inflammatory effects of HDL as a future

biomarker that predicts wound healing success.

In both in-vitro and in-vivo settings, HDL has demonstrated anti-inflammatory effects. For
example, in vitro studies have shown rHDL suppresses the inflammatory mediators CCL2,
CCL5, CX3CL1 [145] and reduces the adhesion molecules VCAM-1 and ICAM-1 [116] in
endothelial cells. We examined the anti-inflammatory function of participant HDL by
measuring these inflammatory mediators and adhesion molecules as well as RELA ex-vivo with
and without TNFa stimulation. Indications of an impairment in HDL functionality would be
reflected in the reduced ability of HDL to suppress inflammatory marker expression. We
consistently found that HDL from diabetic participants did not suppress inflammation as
effectively as HDL from non-diabetic participants, with higher levels of RELA, CCL5, CCL2
and ICAM-1 elicited following diabetic HDL incubation. This also occurred - although to a
lesser extent - when endothelial cells were stimulated with TNFa, possibly due to the greater
challenge for HDL to suppress TNFa-exacerbated inflammation. Overall, our observations
suggest a more pro-inflammatory HDL (or less anti-inflammatory) is present in diabetic

participants. Indeed, HDL has been shown to be modified from a functional/anti-inflammatory
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HDL to a dysfunctional/pro-inflammatory HDL when circulating in poor metabolic
environments with a heightened inflammatory state such as chronic kidney disease,

cardiovascular disease, and coronary atherosclerosis [203].

The pro-inflammatory nature of HDL in acute phase responses such as infection, surgery or
chronic inflammation is believed to be due to the accumulation of pro-inflammatory proteins
such as serum amyloid A, ApoC-I1l, and ApoC-Ill on the HDL particle [184]. These pro-
inflammatory proteins can shift HDL from an anti-inflammatory to a pro-inflammatory particle.
Consistent with this, it has been shown that HDL from patients with atrial fibrillation had an
impaired ability to suppress gene expression of the pro-inflammatory adhesion molecules,

ICAM-1 and VCAM-1 than participants without arterial fibrillation [204].

Blood samples were collected from participants in this study at three timepoints post-
amputation. This enabled us to investigate changes in the anti-inflammatory capacity of HDL
over time. To our knowledge no other study has longitudinally tracked the functionality of
HDL, and certainly not in diabetics with toe amputations. We noted that for diabetic HDL, the
anti-inflammatory effects improved with time post-amputation, indicating that HDL
functionality was continually being restored. The explanation is likely to be due to a gradual
abatement of the heightened systemic inflammation experienced by the diabetic participants at
the time of amputation, confirmed by the approximately 30-fold increase in C-reactive protein
levels, an important biomarker for measuring inflammation. Indeed, as mentioned above, the
content of HDL is altered in an inflammatory environment [205, 206] that includes an increased
content of serum amyloid A and a reduced content of apoA-I and paroxenase-1 that exhibit
anti-inflammatory effects. This results in HDL particles with pro-inflammatory properties.
However, upon resolution of inflammation over time post-amputation, we hypothesised that

recycled HDL starts to regain its anti-inflammatory properties, as observed in our studies.
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RELA is the gene that transcribes the p65 subunit of the inflammatory transcription factor
NF-kB and plays a critical role in inducing inflammation in endothelial cells [207]. Upon
phosphorylation of the NF-kB complex, the p65/p50 subunits are translocated to the nucleus
and bind to the NF-«B response elements in the promoter region of inflammatory genes. The
suppression of CCL5, CCL2, and ICAM-1 was significantly lower in cells treated with HDL
from non-diabetic than diabetic participants. A similar pattern also occurred with RELA.
Interestingly, a significant amount of transcription control of CCL2, CCL5 and ICAM-1 is
governed by NF-xB [145]. This suggests that the mechanism for the impaired anti-

inflammatory effects of diabetic HDL is mediated via changes in RELA.

Our study identified a significant negative correlation between the expression of
inflammatory markers CCL2, and ICAM-1 expressed by cells pre-incubated with HDL and
stimulated by TNFa, and the rate of wound closure 1-month post-amputation. This significant
correlation indicates that people with a slower rate of wound closure (i.e. poorer wound healing)
have HDL with impaired anti-inflammatory properties, particularly for the suppression of
CCL2 and ICAM-1. This finding has significant implications for clinical translation including:
(1) the use of the ex vivo anti-inflammatory effects of HDL as a predictive biomarker for wound
healing outcomes; and (2) that wound closure outcomes may be enhanced by suppressing the

expression of CCL2 and ICAM-1 via functional HDL.

The proangiogenic effects of HDL were also tested. HDL has been shown to promote
angiogenesis by increasing endothelial proliferation, migration, and tubule formation [159] and
rescue diabetes-impaired angiogenesis [155]. Consistent with our findings on the anti-
inflammatory properties of participant HDL, the pro-angiogenic capacity of HDL was
significantly lower (tubule numbers and branch point number) in cells treated with diabetic
HDL compared to non-diabetic HDL obtained both at 1- and 6-months post-amputation.

Similar findings were noted when HCAECs were also incubated with high glucose. Together,
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these findings indicate an impaired pro-angiogenic capacity of HDL from diabetic compared to
non-diabetic participants. This finding is consistent with a previous study by our group that
showed an impaired ability of HDL from Australian Indigenous patients with diabetes with
severe vascular complications to induce in vitro angiogenesis [201]. Furthermore, HDL from
type 2 diabetes mellitus patients had an impaired capacity to stimulate endothelial cell
migration, proliferation, and ECM adhesion. The mechanism was reported to be via diabetes-
induced down-regulation of SR-BI, resulting in an impaired ability to maintain Akt activity

[208] which is essential for the pro-angiogenic properties of HDL.

We did not observe a correlation between the pro-angiogenic effects of patient HDL and the
rate of wound closure. This was unexpected; however, the low sample size is likely to have
been a significant limiting factor. Furthermore, this correlation is calculated from HDL obtained
1-month post-amputation a time at which the pro-angiogenic capacity of HDL may not be as
relevant to successful wound healing. Interestingly we also found that the pro-angiogenic
capacity of HDL (i.e. number of tubules and the branch points) in diabetic participants declined
over time. One likely explanation for this is the possible effect of medications at the time of
surgery such as statins, diabetic medication, and heart medication. For example, a similar study
to this one has shown the effect of extended-release Niacin (medication for treatment of
dyslipidaemia) on both HDL plasma levels and the endothelial-protective functionality of HDL
in patients with diabetes causing a boost in pro-angiogenic capacity of HDL [209]. Another
explanation for the decline in pro-angiogenic capacity of HDL over time and in patients with
diabetes is that HDL is not required to promote angiogenesis at the wound area 6 months post-

amputation as the wound healing task is already completed.

In conclusion, our study found that HDL from diabetic participants with toe amputations
was impaired in its anti-inflammatory and pro-angiogenic functionality. We also identified a

significant negative correlation between the levels of CCL2 and ICAM-1 elicited by diabetic
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HDL and the rate of wound closure. We did not show a correlation between the pro-angiogenic
capacity of HDL and the rate of wound closure, possibly due to low participant numbers. The
correlation between the pro-inflammatory capacity of HDL and the rate of wound closure
encourages future research to investigate the use of HDL functionality as a biomarker for

predicting and improving wound healing outcomes.
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CHAPTER 6 — GENERAL DISCUSSION
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6.1 Introduction

Diabetes is the one of the most common metabolic disorders, causing world-wide mortality
and morbidity and is associated with a range of complications such as DFU [1]. It is estimated
that 25% of patients with diabetes develop DFU in their lifetime and, of these, one-quarter do
not heal, placing them at risk of lower limb amputation [1]. There are currently no commonly
used therapies that actively promote wound healing and exhibit pleiotropic effects. Treatment
options are limited to controlling infection, achieving optimal glycaemic control, and invasive
revascularisation procedures [92]. Numerous clinical trials have tested a wide variety of
interventions, most commonly growth factors, however, none of these have proven to be
universally accepted for diabetic wound healing. The failure of these interventions may be
attributed to the ability of these agents to only target a single mechanistic pathway of wound
healing. Diabetic wound healing suffers from impairments across a range of biological
functions including prolonged inflammation and poor angiogenesis; an effective treatment
therefore requires pleiotropic actions. HDL are endogenous lipid particles, also known as “good
cholesterol”, which have anti-inflammatory and pro-angiogenic functions in clinical and animal
settings, suggesting it may be a novel therapy that targets multiple important pathways of

wound healing [210].

HDL’s fame began in the 1980s when the Framingham study identified a strong positive
association between coronary heart disease and low HDL-cholesterol levels [211].
Interestingly, a significant positive correlation was later discovered between the pivotal
biological function of HDL (known as reverse cholesterol transport), and cardiovascular events
[212], redirecting attention from the quantity of HDL-cholesterol to its quality. HDL
functionality has been shown to be impaired in a range of diseases such as in acute and chronic

coronary syndromes, chronic kidney diseases, and diabetes [135, 213, 214].
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Previous studies have demonstrated the pro-angiogenic capacity of topically applied rHDL
on diabetic wounds [155]. Despite significant research on the anti-inflammatory role of HDL
in-vitro and in-vivo, the anti-inflammatory effects of topically applied rHDL on either non-
diabetic or diabetic wounds had not been explored. Validating the anti-inflammatory role of
topically applied rHDL will facilitate development of rHDL as an agent with pleiotropic
actions. In addition, identifying the functionality of circulating HDL in patients with diabetes
and DFU and using it as a predictive factor could help determine the correct dose of topical
rHDL delivery for wound healing. As such, the aims of this thesis were to: 1) determine the
anti-inflammatory properties of topically applied rHDL in a murine model of wound healing
and to track its fate; and 2) determine the relationship between HDL functionality and wound

closure in diabetic and non-diabetic study participants with an acute toe amputation(s).

6.2 The anti-inflammatory properties of HDL

In Chapter 3, a murine model of diabetic wound healing was used to determine the effect of
topically applied rHDL on inflammation during the early- to mid-stages of wound healing. This
model closely mimics human healing through the placement of silicon splints around the wound
to prevent the contraction mechanism that occurs in rodents. Changes in the mRNA levels of
the important wound inflammatory mediators Rela, Ccl2, Tgf -1 and 11-6, and protein levels
of CCL2, TGFpB-1, and IL-6 were determined. This is the first study to report that topical
application of rHDL significantly reduced mRNA expression of Rela and Ccl2 in diabetic mice
72 h post-wounding. A similar observation was noted in Chapter 5, in which the mRNA
expression of RELA and CCL2 in HCAECs were significantly reduced by HDL from non-
diabetic study participants. Interestingly, these same reductions were not elicited by HDL from
diabetic participants, suggesting an impairment in the anti-inflammatory functionality of

diabetic HDL.
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These findings provide further evidence to support the inhibitory effects of HDL on RELA
as well as the chemokine CCL2 that it induces. CCL2 facilitates the recruitment of macrophages
to sites of inflammation [215]. In a diabetic wound environment, high levels of CCL2 for a
prolonged period can result in excessive macrophage recruitment, non-resolving inflammation,
and a failure of healing. Indeed, our murine study in Chapter 3 also showed significantly higher
numbers of macrophages in diabetic mice than non-diabetic mice, confirming the exacerbated
inflammatory environment in diabetic wounds. However, this macrophage increase didn’t link
well with Ccl2 changes post-wounding. One explanation for this is the different time points
used to measure the changes in Ccl2 and macrophages, i.e. 72 hr and 7 days post-wounding
respectively. Furthermore, there are other range of other chemokines such as CCL21 and
CXCL12 which are responsible for recruiting macrophages to the wound site [216]. As shown
in our clinical study (Chapter 4), we also observed that levels of C-reactive protein
(measurement of inflammation) were significantly higher in diabetic than non-diabetic
participants at the time of surgery; elevated levels of neutrophils and white blood cells were
also present in diabetic participants. This signifies the importance of anti-inflammatory HDL
in diabetic settings to reduce the expression levels of pro-inflammatory markers such as RELA

and CCL2 which cause heightened inflammation.

Whilst topical rHDL reduced RELA and CCL2 in diabetic wounds, the expression of other
cytokines such as Tgf p-1 and 11-6 remained unchanged. One possible explanation for this could
be that the transcriptional regulation of Tgf g-1 and 11-6 is different to CCL2 and not affected
by HDL. In Chapter 5, the HDL from non-diabetic participants also significantly reduced CCL5
and ICAM-1, suggesting future murine studies exploring changes in wound inflammation
should also investigate CCL5 and ICAM-1. Additionally, future studies exploring the change in

TGFp-1 and IL-6 in cells treated with HDL from study participants is highly recommended.
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Chapter 3 found that topical rHDL did not change the transition of M1 macrophages to M2
macrophages, as previously shown in vitro by Sanson et al [150]. This may have been due to
several factors. Firstly, our study was done in an animal setting with contributions from multiple
complex biological factors, whereas the shift of macrophage phenotype by rHDL in the Sanson
et al study was done in an in-vitro setting. Secondly, we characterised the macrophage
population at Day 7 post-wounding. This time point was determined in our own pilot studies
aimed at deciphering the best time point post-wounding for capturing both M1 and M2
macrophage populations. It is possible that the 7-day time point was slightly too early or late to
capture the macrophage transition effect of HDL reported previously. Future studies at different
time points post-wounding will help determine the effect of HDL on macrophage polarisation

in diabetic wounds.

In Chapter 3, we labelled rHDL with a fluorescent dye (DiO) so that the fate of topically
applied rHDL to wounds could be tracked over time. Using live fluorescent imaging we
observed that rHDL is retained in the wound for a prolonged period following application,
predominantly for the first hour but it could be visualised by fluorescence microscopy in wound
tissue sections after 5.5 h and was even retained at low levels out to 48 h, as detected by IVIS.
This suggests that rHDL is retained by the wound cells for a prolonged period rather than
immediately being cleared by the circulation. This increases the opportunity for rHDL to elicit

biological effects at the wound site.

6.3 The pro-angiogenic capacity of HDL

rHDL has previously been shown to rescue diabetes-impaired angiogenesis [155]. We
therefore sought to determine the pro-angiogenic capacity of HDL from the participants in our
clinical study. Although not reaching statistical significance, we observed that under normal
glucose conditions the cells treated with HDL from diabetic participants (at the time of surgery)

formed both a higher number of tubules and branch points compared to cells treated with HDL
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from non-diabetic participants. Interestingly, this pro-angiogenic capacity of HDL from
diabetic participants was lost over time compared to HDL from non-diabetic participants. One
explanation for this observation could be the type and the dose of the statin medications taken
by the study participants at the time of amputation. As illustrated in Table 4.2, almost 70% of
the diabetic participants were taking statins compared with 33% of the non-diabetic participants
at the time of recruitment. It is well established that statins increase HDL-cholesterol levels and
increase the production of apoA-I [217], which may also be extended to an increase in
functionality. Consistent with this, statins have been reported to improve the key functions of
HDL, such as increasing reverse cholesterol transport [218], enhancing the anti-inflammatory

[219], anti-oxidative, and pro-angiogenic capacity of HDL [220].

HDL activates the S1P1 receptor on endothelial cells, which leads to activation of
endothelial nitric oxide synthase, resulting in increased endothelial cell proliferation,
mobilisation, and tubulogenesis, which are all characteristics of increased angiogenesis [221].
Statins such as pitavastatin and atorvastatin have been shown to increase both mRNA and
protein levels of S1Plreceptors and enhance endothelial nitric oxide production through
endothelial nitric oxide synthase [220]. Merging these two facts, we propose that the enhanced
pro-angiogenic functionality of HDL from diabetic compared to non-diabetic participants (at
the time of surgery) was likely due to the action of statin medications which were being taken
predominantly by the diabetic participants at the time of surgery. Interestingly, we also
observed that the pro-angiogenic capacity of HDL in non-diabetic participants was higher
compared to diabetic participants at 1-month and 6-months post-amputation, suggesting that
this enhanced pro-angiogenic ability is lost over time. One explanation for this observation
could be the inability of HDL to maintain enhanced functionality in the absence of statins over
long periods. It is important to note that all diabetic participants were taking at least one anti-
diabetic medication, which could have also influenced the pro-angiogenic functionality of

HDL.
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6.4 Impaired functionality of HDL in Diabetes

One of the main findings from our study was the impaired functionality of HDL in diabetic
compared to non-diabetic participants. In Chapter 4, we demonstrated that the cholesterol efflux
capacity of HDL - one key metric for HDL functionality - was higher in the non-diabetic group
compared to diabetic group at 1-month and 6-months post-amputation. In Chapter 5, we also
demonstrated that the anti-inflammatory effects of HDL were higher in non-diabetic HDL than
diabetic HDL. Furthermore, we found that HDL from non-diabetic participants was more pro-

angiogenic than HDL from diabetic participants.

Previous studies have found that HDL loses its functionality from alterations to its structure
and function in environments with heightened inflammation, such as chronic kidney diseases,
acute coronary syndrome, and coronary atherosclerosis [203]. In a study with a similar design
to ours but targeting patients with atrial fibrillation (a disease involving atrial inflammation),
the HDL from patients without atrial fibrillation elicited significantly lower levels of ICAM-1

and VCAM-1 compared to HDL from patients with atrial fibrillation [204].

Diabetes has a profound effect on HDL size (small HDL particles; HDL3) [222],
composition (diminished cholesterol ester content) [223], and function, rendering it a more
dysfunctional form of HDL (Figure 6.1). Furthermore, it is suggested that three types of changes
may transform HDL from a functional particle to a dysfunctional one: firstly, a reduction in the
proteome and lipidome components of HDL which contribute to HDL’s athero-protective
functionality; secondly, increased amounts of pro-inflammatory and pro-oxidant agents within
the HDL particle; and thirdly, chemical alterations of HDL composition that diminish its

function [203].

Furthermore, alterations in HDL function and structure have been associated with glycation

and oxidation of HDL-associated proteins and activity of HDL-metabolising enzymes [130]. In
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diabetic environments, the non-enzymatic glycation of apoA-1 occurs as a result of spontaneous
interaction with reactive a-oxoaldehydes, impairing the cholesterol efflux capacity of HDL
[222]. It has also been shown that hyperglycaemia and glycation disturb the cholesterol efflux
of HDL by inhibiting both the interaction between apoA-I and ABCA1 [224] as well as the SR-

Bl-mediated selective uptake of HDL-cholesterol [224].

Moreover, it has been demonstrated that the presence of advanced glycation end products
induces changes in the conformation and surface charge of HDL apolipoproteins such as apoA-
I. This results in the loss of its anti-inflammatory properties [225] and decreases the activity of
HDL-bound enzymes, such as lecithin-cholesterol acyltransferase and paraoxonase-1 that have
anti-oxidant and anti-inflammatory properties [130]. Furthermore, diabetes is associated with
the presence of chronic inflammation. This has been reported to transform HDL from a
functional anti-inflammatory particle to a dysfunctional pro-inflammatory one [226]. Another
theory for HDL dysfunction in diabetes is believed to be due to post-translational modifications
induced by myeloperoxidase-driven oxidative stress which occurs through carbonylation or
site-specific oxidation [227]. Combined, there are a host of changes that occur to HDL in
diabetes that can account for the impairment in its functionality, as observed in our clinical

study and illustrated in Figure 6.1.

6.5 The association between HDL functionality and the rate of wound closure

One of the main aims of this study was to investigate the correlation between the
functionality of HDL and the rate of wound closure. To our knowledge, no other study has
investigated this correlation directly. Only one clinical study in Japan [163] investigated the
relationship between endogenous HDL-cholesterol levels and different wound healing
outcomes. In that study, Ikura and colleagues recruited 163 patients with an existing DFU and
assessed different clinical outcomes, such as minor amputation (below ankle amputation),

major amputation (above ankle), and wound-related death. This study showed a significant
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inverse relationship between circulating HDL-cholesterol levels and the three dependant
variables: (1) minor amputation; (2) major amputation; and (3) wound-related death. As
explained in Chapter 4, 14 patients were excluded from our study due to post-surgical
complications such as negative vacuum therapy and further amputation (for example, above
knee amputation and wound sutured post-amputation). These complications and participant
exclusions resulted in a reduced sample size thus lowering the statistical power for our analyses.
Despite this reduction, we were nevertheless able to show a statistically significant positive
correlation between circulating HDL-cholesterol levels and the rate of wound closure. We also
identified a significant inverse correlation between the anti-inflammatory properties of HDL, a

functionality marker, and the rate of wound closure 1-month post-amputation.

In Chapter 4, we found that the higher the HDL-cholesterol levels of diabetic participants
with toe amputation(s) at 1-month post-amputation, the faster the rate of their wound closure
1-month post-amputation, indicating better wound outcomes in patients with higher levels of
HDL-cholesterol levels. This observation is consistent with the Framingham study, which
showed a significant correlation between serum HDL levels and the risk of myocardial
infarction [127]. The other significant correlation discovered by our study and presented in
Chapter 5 was the mRNA expression levels of CCL2 and ICAM-1 in HCAECs following
treatment with HDL from diabetic participants 1-month post-amputation and stimulated with

TNFa with the rate of wound closure.

This is the first study to show this significant, positive correlation, confirming the potential
of using not only HDL-cholesterol levels as a predictive biomarker for wound healing but also
the functionality of HDL, such as its anti-inflammatory function for predicting wound healing,
especially in people with DFU. Despite this positive correlation, we did not see any significant
correlation between the rate of wound closure and other functionality parameters of HDL,

including its pro-angiogenic capacity and the suppression of other pro-inflammatory markers.
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We ascribe this to low sample size. Therefore, increasing the number of participants will
increase the power of the study for observing such correlations. Furthermore, the pro-
angiogenic functionality of HDL at 1-month post-amputation may not be the time point that
correlates with wound healing as angiogenesis is critical for the proliferation phase of wound
healing which occurs within the first 48-72 h post-wounding. Therefore, exploring other earlier

time points could provide more information.

One advantage of our clinical study was retrieving the blood samples and clinical
information periodically and being able to track the functionality of HDL over time.
Interestingly, we observed alterations in HDL functionality over time as the HDL from diabetic
participants at the time of surgery exhibited greater pro-inflammatory and pro-angiogenic
functions. In acute phase responses, for example a systemic response to infection, surgery,
myocardial infarction or chronic inflammation, HDL is enriched in pro-inflammatory proteins,
such as serum amyloid A, myeloperoxidase, Apo-C-I11 and ceruloplasmin (Figure 6.1), which
render the particle pro-inflammatory and pro-atherogenic by limiting its ability to promote
CEC. We were able to confirm this in Chapter 4, as the HDL from diabetic participants also
showed significantly lower ability to efflux cholesterol compared to the HDL from non-diabetic

participants at 1-month and 6-months post-amputation.
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Figure 6.1 Schematic representation of HDLs anti-inflammatory and pro-angiogenic
capacity in healthy and disease conditions. In healthy conditions (left panel): (A) HDL
inhibits the expression of ICAM-1 and VCAM-1 on endothelial cells, preventing the adhesion
and influx of monocytes; (B) HDL inhibits the expression of pro-inflammatory markers; (C)
HDL promotes cholesterol efflux from macrophages; (D) HDL inhibits monocyte migration;
and (E) HDL promotes angiogenesis through expressing HIF-1o. and VEGF-A. Structural
modifications and functional consequences of transformation of functional HDL into
dysfunctional HDL. In diseased conditions (right panel): (F) HDL’s inability to inhibit the
expression of ICAM-1 and VCAM-1 on endothelial cells, preventing the adhesion and influx
of monocytes; (G) HDL’s inability to inhibit the expression of pro-inflammatory markers; (H)
HDL ’s inability to promote cholesterol efflux from macrophages; (H) HDL’s inability to inhibit
monocyte migration; and (1) HDL’s inability to promote angiogenesis through expressing HIF-

la and VEGF-A. SAA: serum amyloid A; MPO: myeloperoxidase. Created by Biorender.
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6.6 Study Significance

Measurement of HDL functionality (cholesterol efflux, anti-inflammatory, and pro-
angiogenic capacity) has the potential for both defining patients at increased risk of non-healing
wounds post-amputation and monitoring the effectiveness of therapies capable of modifying
these properties. Determining indices of HDL functionality may also identify patients with
normal or low HDL levels who are at high risk of developing non-healing DFU. Measuring the
functionality of HDL as a biomarker for health outcomes rather than the levels of HDL-
cholesterol could be used to explain positive health outcomes in individuals with low levels of

HDL-cholesterol.

As we illustrated in Chapter 3, rHDL rescued diabetes-impaired wound healing by
exhibiting anti-inflammatory effects. We had previously illustrated the pro-angiogenic capacity
for rHDL and can therefore translate our laboratory-based findings to the clinical setting and
explore the use of topical rHDL as a promising agent with pleiotropic effects for wound healing,

especially for patients with diabetes with dysfunctional systemic HDL.

6.7 Future directions

Promising findings from the correlation between the pro-inflammatory function of HDL
(suppression of ICAM-1 and CCL2) and the rate of wound closure strongly suggests that an
increased sample size would improve the power for our correlation analyses, thus further
validating our findings and confirming the significant differences seen between the diabetic and
non-diabetic groups. Further exploration of the anti-inflammatory and pro-angiogenic capacity
of HDL in patients without diabetes requiring toe amputations is also worth pursuing as this
could provide more predictive information. In particular, the pro-angiogenic function of HDL
could be further explored via measuring the mRNA expression of mediators in angiogenesis,
such as HIF-1a and VEGF-A, in cells treated with HDL from different groups under normal

and high glucose conditions. A previous study by our group [201] showed the mimicking of
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MRNA expression of HIF-1a and VEGF-A with Matrigel outcomes (i.e. the number of tubules
and branch points in cells treated with HDL), indicating the significance of both factors for

illustrating the pro-angiogenic capacity of HDL.

Furthermore, conducting an additional functional assay, known as a monocyte migration
assay, could be used to determine changes in the secretion of inflammatory mediators from the
serum of patients with diabetes that facilitate monocyte migration. This would add to our
knowledge regarding the functionality of HDL in patient serum. HDL has an inhibitory effect
on a host of inflammatory mediators secreted by endothelial cells and is therefore likely to
reduce monocyte recruitment, which has been demonstrated previously [228]. Notably, our
study was a pilot study to determine the functionality of serum HDL in patients with diabetes
and provide further evidence for HDL as a treatment for wound healing in diabetes. Testing
topical rHDL on human DFU and measuring the rate of wound closure, its anti-inflammatory
effect, and its pro-angiogenic effect, is the next goal for clinical translation of the work

presented in this thesis.

6.8 Conclusion

In summary, the studies conducted in this thesis have shown: 1) the anti-inflammatory role
of rHDL in rescuing diabetes-impaired wound healing; 2) impaired HDL functionality in
diabetic participants; and 3) a correlation between HDL-cholesterol levels and the anti-
inflammatory function of HDL with the rate of wound healing in participants with amputations.
The animal study presented in this thesis confirmed that topical application of rHDL rescued
diabetes-impaired wound healing by significantly increasing the rate of wound closure and
exhibiting anti-inflammatory functions. We were also able to demonstrate higher macrophage
populations in diabetic murine wounds compared to non-diabetic murine wounds. However,
we did not observe changes in wound M1 (pro-inflammatory) to M2 (anti-inflammatory)

phenotype transitions with topical rHDL treatment.
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This thesis presents the first clinical study to show a significant positive correlation between
the anti-inflammatory function of HDL (i.e. suppressing CCL2 and ICAM-1 expression in
TNFa-stimulated cells) with the rate of wound closure, 1-month post-amputation. Despite
seeing promising trends for other pro-inflammatory and pro-angiogenic markers, we did not
see additional significant correlations with the rate of wound closure in participants with toe
amputations. Increasing the sample size its likely to improve this. Finally, topical rHDL
application may represent a promising and interesting therapeutic target for diabetic wound

healing, especially when is the function of systemic HDL is impaired.
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