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ABSTRACT

Despite significant research efforts cardiovascular diseases remain a leading cause of death
world-wide. Significant among them is heart failure which has a 5-year mortality rate
approaching 50% once reaching severe stages (such as New York Heart Association Class IV).
Substantial efforts have been made to address the limited regeneration of the adult myocardium
post myocardial infarction (Ml), however there remains no treatment option to reverse the
damage of large Mls. Recombinant human platelet derived growth factor-AB (rhPDGF-AB) has
been reported to significantly improve cardiac function following Ml in murine and porcine
models. This has been shown to be due to effects on the cardiac extracellular matrix (ECM) and
neovascularisation. Whilst these results pose rhPDGF-AB as a promising novel therapeutic post-
MiI, the manufacture of recombinant proteins has poor scalability, and the short biological half-
life of this growth factor limits its prospects for clinical translation. To address this problem, we
aimed to develop an alternative to rhPDGF-AB, resolving its shortcomings whilst maintaining its
therapeutic effects. Utilising a key functional region of PDGF we hypothesised that peptide

mimetics could replicate the effects of PDGF in vitro and in vivo.

This work commenced with identification of a key functional region within the PDGF chain that
served as the foundation of our mimetic peptides. The effect of these peptides were then
assessed in vitro based on known reparative functions of PDGF on the infarcted heart. In this
thesis we establish lead candidate peptides JC5 and JC5a, due to their significant effects on cell
migration, collagen contraction, angiogenesis, and activation of the PDGF receptor (PDGFR) by
phosphorylation of Erk. We demonstrate that these peptides have similar effects compared to

the full-length rhPDGF-AB protein.



Abstract Emily Mckinna

Lead candidates JC5 and JC5a were designed to contain half-life extending conjugates providing
the opportunity for enhanced pharmacokinetic properties. The efficacy of JC5 and JC5a was then
assessed in vivo using a murine model of acute MI. This demonstrated the efficacy of JC5 and
JC5a in significantly improving cardiac function 28 days post-Ml. These effects seen in vitro and

in vivo were comparable to the effects of rhPDGF-AB.

Finally, with the aim of identifying a model of chronic heart failure to further test in vivo efficacy
of JC5 and JC5a, we validated a reported ‘Two-Hit” approach mouse model of heart failure with
preserved ejection fraction (HFpEF). Whilst successfully replicating some aspects of the HFpEF
phenotype, our results did not show significant changes within the cardiac extra-cellular matrix
(ECM). Given that hypothesised mechanisms of rhPDGF-AB post-MI repair rely on significant
ECM change we concluded that this model of HFpEF was not appropriate for efficacy testing in

the context of our work these novel peptide mimetics.

In conclusion, the work contained in this thesis shows that the effects of rhPDGF-AB can be
mimicked in vitro using assays relevant to the functions of PDGF-AB and in vivo in a murine
model of acute MIl. We propose that our synthetic mimetic peptides, JC5 and JC5a, can be
applied as alternatives to rhPDGF-AB as a novel therapy post-MI preventing the development of

heart failure.
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1.1 INTRODUCTION

Cardiovascular Diseases (CVD) are the world’s leading cause of morbidity and mortality. This is
largely due to the hearts limited regenerative capacity making it especially susceptible to
damage from both acute injury and chronic disease states. The hearts limited self-repair in the
face of this damage frequently results in the development of heart failure that now has a 5-year
mortality rate of approximately 50% (1). Significant efforts in minimising the prevalence of CVD
and novel treatments combined with prevention strategies have resulted in a decrease in CVD
mortality (2). However, to this date we have failed to successfully translate a method of
reversing the damage of heart failure to the clinic and as a result CVD still accounts for over 17.8

million deaths annually (3).

1.2 HEART FAILURE

Myocardial infarction (MI) occurs when there is a complete or partial blockage in blood flow and
oxygen to the heart. In many cases this blockage ruptures spontaneously, however in cases
where clinical intervention is necessary, the prolonged blockage may result in death of
cardiomyocytes and necrosis of the heart wall. Due to the limited self-renewal of mature
cardiomyocytes this necrotic tissue is cleared by the immune system and replaced by a collagen
rich scar tissue in the form of cardiac fibrosis (4). This damage to the heart during a myocardial
infarct and subsequent scar formation is one of the primary causes of heart failure. Heart failure
is a chronic condition that occurs when the heart is unable to pump blood effectively, either in

diastole (filling) or systole (pumping) (5).
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1.3 CARDIAC FIBROSIS

The collagen rich scar that occurs post-Ml is made up of fibrous connective tissue that forms
when there is an over production of extracellular matrix (ECM), composed of cells, fibrotic
proteins, and proteoglycans (6). This development of fibrous tissue occurs in multiple organ
systems and is an integral component of wound healing (7) Whilst its immediate effect is
beneficial, chronic fibrosis can result in irreversible damage to organs impairing their function,
leading to the development of a variety of disease states (8-10). In the context of the heart,
chronic fibrosis results in ventricular remodelling, significantly impairing cardiac function (5).
Cardiac fibrosis is a key component in the progression of several types of heart failure because
of its stiff structure and limited contractility, resulting in significantly impaired heart function

(11).

The three types of cardiac fibrosis are replacement fibrosis, interstitial fibrosis, and perivascular
fibrosis. Replacement fibrosis occurs in the scar that forms after Ml in the place of
cardiomyocytes lost to ischemia. Interstitial fibrosis and perivascular fibrosis are frequently
found together and can be the result of several factors including ageing, obesity, hypertension,
and diabetes. Interstitial and perivascular fibrosis occur when there is increased deposition of
the ECM within the interstitium and around blood vessels, respectively (12). This fibrotic ECM in
the heart is primarily made up of fibrillar collagens with approximately 90% collagen | and 5%
collagen Ill (13). These collagens are very stiff with high tensile strength providing structural
support to the myocardium. However, in large quantities this also impairs its contractility (14,
15). Collagen lll is typically more elastic than collagen | and can be found in different ratios in
replacement and interstitial fibrosis. Collagen Il is found more abundantly in interstitial fibrosis

than it is in replacement fibrosis (15). A key difference between replacement and interstitial
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fibrosis is that whilst replacement fibrosis is considered to be irreversible, interstitial fibrosis has
been reported as reversible when the source of mechanical stress on the heart has been
removed (16, 17). The ECM of the myocardium constantly remodels in response to changes in
fibroblast activation, the activity of immune cells and presence of proteolytic enzymes. These
changes are also present in fibrotic regions of increased ECM deposition. Removal of mechanical
and metabolic stressors can result in positive remodelling of the myocardium in the instances of
interstitial and perivascular fibrosis. This potential for positive remodelling and the role it plays
in the development of heart failure makes fibrosis and the ECM an attractive target for novel

therapies.

1.4 HEART FAILURE WITH PRESERVED EJECTION FRACTION

Heart failure with reduced ejection fraction (HFrEF) accounts for approximately 50% of reported
heart failure cases (18), and often occurs as a result of a Ml given the burden of ischemic heart
disease. Traditionally, this was the most prevalent form of heart failure however, in more recent
years another type of heart failure has become more widely recognised. Heart failure with
preserved ejection fraction (HFpEF) is observed in the remaining 50% heart failure patients (19).
However, it is widely believed that this is a notoriously underdiagnosed condition which would
suggest its incidence is much greater than currently recorded (20) and is increasing at an
estimated 1% per year (21). HFpEF is heart failure with ejection fraction above 50% whilst HFrEF
patients have an ejection fraction below 50%. Ejection fraction is a measure of the percentage
of blood pumped out of the left ventricle. The decrease in left ventricle filling pressure results in
a smaller volume of blood entering the left ventricle and therefore, a decreased volume of blood

that’s pumped out through the aortic valve.
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Impaired cardiac function in HFpEF is associated with cardiac fibrosis and hypertrophy inhibiting
the heart’s ability to pump blood (22). This is caused by remodelling of the myocardium in
response to metabolic and mechanical stress often related to comorbidities, commonly obesity
and hypertension (23). Concentric hypertrophy develops in HFpEF due to the increase in left
ventricle wall thickness and a diminished capacity as a result of pressure overload on the left

ventricle (24).

HFpEF HFrEF
(Diastolic Dysfunction)

Healthy (Systolic Dysfunction)

Pulmonary valve
Concentric Hypertrophy Eccentric Hypertrophy

Figure 1.1: Heart failure pathophysiology.

Healthy heart anatomy —right atrium (RA), left atrium (LA), right ventricle (RV), and left ventricle
(LV) and the four valves of the heart. HFpEF heart anatomy presenting with concentric
hypertrophy. HFrEF heart anatomy presenting with eccentric hypertrophy.

Several parameters are measured via echocardiography to assess diastolic function. These
include E/A ratio, E/e’, left atrial volume and tricuspid regurgitation velocity (20). E/A ratio
measures the flow velocity from the left atrium into the left ventricle, visualised using flow
doppler imaging. The E wave (Figure 2A) measures passive filling in early diastole whilst the A
wave measures peak flow velocity in late diastole. The E wave measurement is also used as a
ratio with the e’, measuring the tissue velocity of the mitral valve annular. The E wave will
decrease as the filling pressure of the left ventricle decreases while there will be an increase in
the A wave and left atrial volume. The left atrial volume increases due to pressure overload in

the left ventricle requiring the left atria to compensate. The last of these parameters is tricuspid
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regurgitation velocity which measures blood flow back up into the left atrium from the left
ventricle. The combination of these parameters provides an accurate assessment of left

ventricle filling pressure and diastolic function (20).

Blood flow from LA to LV

Mitral Valve annular

Figure 1.2: Echo parameters for diastolic dysfunction.

A) Schematic of normal E and A waves. Measuring flow through the mitral valve. B) Schematic
of normal e’ and a’, indicating tissue velocity at the mitral valve annular. C) Heart anatomy
identifying regions where diastology measurements are taken. Panels A and B adapted from

(25).

Despite differing effects on left ventricular function, they both result in a reduction in blood flow
to the body. The established key differences between HFrEF and HFpEF are ejection fraction,
hypertrophy, comorbidities, risk factors and histology. Whilst clinical differences between HFpEF
and HFrEF have been well defined, the molecular differences and similarities between the two
phenotypes is not fully understood. This has contributed to an absence of treatment options

available to HFpEF patients.
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1.4.1 Heart Failure with Preserved Ejection Fraction Treatment

The lack of treatment options available to heart failure patients is a problem that researchers
have attempted to address since the mid-20™ century. The development of beta blockers and
ACE inhibitors for heart failure treatment have significantly reduced mortality rates by 32% (26)
and 22-26% (27), respectively. Despite the significant effect they have had on mortality rates
and re-hospitalisation in HFrEF patients, neither have been able to reverse the damage of heart
failure. Whilst successful in HFrEF patients, these treatments have been proven ineffective in
HFpEF patients with all HFpEF clinical trials to date failing to meet primary endpoints.
Additionally, patients in clinical trials tend to be younger with fewer comorbidities contributing
to the concern that patients in the clinic would likely have poorer outcomes, further emphasising
the need for novel therapies to treat HFpEF. This has contributed to a significant gap between
mortality rates of HFrEF and HFpEF patients with 5-year mortality rates sitting at 25% (18) and

53%-74% (28) respectively.

Adding to the complexity of HFpEF is that approximately 50% of patients have 5 or more major
comorbidities, resulting in a heterogenous patient population. Whilst this heterogeneity of the
HFpEF patient population is a significant contributor to its lack of treatment options, another
major factor is the absence of appropriate animal models. Animal models that more accurately
reflect the HFpEF phenotype would provide a better understanding of the complex syndrome

and how it differs from HFrEF, allowing for the development of viable novel therapies.
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1.4.2 /n vivoModels of Heart Failure with Preserved Ejection Fraction

HFpEF clinical trials have only recently begun to achieve their clinical endpoints and the number
of successful trials remains low (29). This problem is partly attributed to our lack of accurate
disease models. HFpEF affects multiple organ systems, often presenting with pulmonary
oedema, renal dysfunction, and cardiac fibrosis. This makes it an especially difficult disease to
replicate in animal models, limiting our ability to fully understand the pathophysiology of this
disease and develop new treatments. Groups have attempted to replicate the disease in mice
(30), rats (31) and hamsters (32), using a variety of methods to induce HFpEF. However, most of
these have received significant criticism due to their inability to encapsulate the wide range of
affected organ systems whilst successfully distinguishing HFpEF from HFrEF. Based on the
current understanding of HFpEF an accurate animal model needs to have maintained left
ventricle systolic function with diastolic dysfunction, hypertension, exercise intolerance,
pulmonary oedema, and concentric cardiac hypertrophy. Furthermore, some groups also aim to
establish renal dysfunction. Early models of HFpEF focused on a single aspect of the disease,
typically one of its common comorbidities such as hypertension (33) or obesity (34). Whilst these
models fall short of what is required in an accurate model, they have provided us with a strong

foundation on which to develop clinically relevant models of HFpEF.

1.4.2.1 Surgically Induced Models of Heart Failure with Preserved Ejection Fraction

Hypertension is the most frequently identified comorbidity of HFpEF occurring in as many as
60% of patients (35). A common method of inducing hypertension as a model of HFpEF is
through transverse aortic constriction (TAC), first developed as a pressure overload model for
hypertension (33). TAC rodents are the most well-established model of HFpEF however, are also

the most heavily criticised. Whilst hypertension is a key component of HFpEF and is necessary
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in an accurate model of the disease, a model of hypertension does not fulfil the criteria for an
accurate model of HFpEF. Therefore, TAC is more accurately a model of hypertension, not one

of HFpEF.

1.4.2.2 Diet Induced Models of Heart Failure with Preserved Ejection Fraction

Dahl Salt Sensitive Rats

Another well established and common method of inducing HFpEF in rodents is a diet-based
model, often using Dahl Salt Sensitive (DSS) rats. DSS rats were selectively bred from Sprague
Dawley rats resulting in a population of rats that were prone to salt induced hypertension. DSS
rats are fed a high-salt diet for a period of 16-20 weeks at which point they present with
hypertension, pulmonary oedema, and cardiac hypertrophy (36). Whilst this is a reliable model
in producing aspects of heart failure it does not develop all the physiological characteristics
necessary when modelling HFpEF. Additionally, it has been reported to induce HFrEF in some
cases, not successfully distinguishing between these two different forms of heart failure. This is
especially significant given that progression from HFpEF to HFrEF is uncommon in humans, with

there being very little clinical evidence that this process takes place (37).

Obesity Models of Heart Failure with Preserved Ejection Fraction

Obesity is a frequently observed comorbidity of HFpEF with over 80% of patients being
overweight or obese (38). The increased mechanical load associated with obesity is known to
contribute to the inflammation, exercise intolerance, arterial and skeletal muscle dysfunction
along with a loss of ventricular function seen in patients diagnosed with HFpEF (39). This

provides compelling evidence that an obesity model could be used to replicate HFpEF in small
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animals. As a result, obesity models have been tested in this context (34, 40). Whilst many of
these have been successful in replicating the weight gain, glucose intolerance and maintained
ejection fraction seen in HFpEF, they often fall short of an accurate disease model. Hamdani et
al. reported that following a 20-week high fat diet, obese ZSF1 rats had developed HFpEF based
on renal dysfunction, diastolic dysfunction, pulmonary oedema, and the onset of hypertension.
Whilst these are all sound markers of HFpEF development, further analysis indicated that
diastolic dysfunction had occurred because of titin modification rather than the formation of
interstitial fibrosis. Although this model may initially appear to be an accurate model of HFpEF,

the absence of interstitial fibrosis is a significant flaw in its clinical relevance.

1.4.2.3 Pharmacologically Induced Models of Heart Failure with Preserved Ejection

Fraction

Deoxycorticosterone Acetate (DOCA)

Deoxycorticosterone acetate (DOCA) is a steroid hormone that has been combined with high
salt intake to induce HFpEF in a variety of murine models. Whilst unsuccessful when used alone,
DOCA-high salt treatment, first developed a model of hypertension, has been successful in
inducing hypertension, renal fibrosis, interstitial and perivascular fibrosis resulting in diastolic
dysfunction (41, 42). Following a unilateral nephrectomy, DOCA pellets are implanted
subcutaneously in the rodent prior to high salt intake by replacing their drinking water with a
0.9% saline solution. Eight weeks post commencement of DOCA-salt treatment the rodents
present with hypertension, cardiac hypertrophy, fibrosis and reduced diastolic function. This
model was later modified to more accurately replicate HFpEF (43) by incorporating aortic
banding with the previously established protocol. Whilst combining the DOCA-salt model with

aortic banding increased the hypertrophy and fibrosis of the left ventricle, the acute nature of

10
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aortic banding to induce pressure overload on the left ventricle limits its clinical relevance.
Despite this model successfully developing several key components of HFpEF, it is a high-risk
model with the need for a unilateral nephrectomy (44) or aortic banding (45, 46) to develop a

more accurate phenotype while still failing to reflect the complex nature of HFpEF.

Nitro-L-arginine-methyl-ester (L-NAME)

Nitro-L-arginine-methyl-ester (L-NAME) is a nitric oxide synthase inhibitor that is known to
increase blood pressure (Kung et al 1995) and has been explored as a potential treatment for
hypotension (47). As a result, it has been heavily utilised to induce hypertension in murine
models. Pechanova et al. reported that absorption of L-NAME through drinking water over a
period of four weeks, an increase in systolic blood pressure, significant myocardial fibrosis, and
increased left ventricle size was observed. (48). Whilst this original publication did not feature
cardiac functional outputs, later work expanded on this. Using L-NAME to achieve the same
development of hypertension and cardiac fibrosis, the group also showed maintenance of left
ventricle ejection fraction and a decrease in left ventricular diastolic volume (LVEDV) (49). Whilst
L-NAME alone has not been successfully used to induce HFpEF, its effects on blood pressure and

cardiac remodelling are well established.

1.4.2.4 “Two Hit” Approach

Whilst all these models have been able to induce some aspects of HFpEF, by focusing on a
specific aspect of the disease they have been unable to recapitulate the full range of symptoms.
Given the complexity of this condition, approaching it from one specific component can limit the
accuracy and clinical relevance of the model. To improve on previous models, groups have

incorporated multiple approaches in developing clinically relevant models of HFpEF. One key

11
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example of a two-hit approach to induce HFpEF in a small animal model was reported by
Schiattarella et al (50). The study induced HFpEF in C57BL/6N wild type mice via a 60% fat from
calories diet and absorption of L-NAME fed to them through their drinking water at a
concentration of 0.5gl. Mice were separated into three groups; one which received a high fat
diet (HFD), another that received L-NAME, and the last group receiving a combination of both.
An increase in weight and glucose intolerance was observed in the HFD group, while an increase
in systolic and diastolic blood pressure was present in the L-NAME group. All three groups
showed preserved ejection fraction as seen via echocardiography, whilst the combination group
also presented with elevated left ventricular filling pressures and increased lung weight
suggesting pulmonary oedema was induced. These results are consistent with the onset of
HFpEF seen clinically. Whilst this a relatively new model in the field it has since been reproduced

by others in the field, investigating HFpEF on a molecular level (51).

New in vivo models of HFpEF that accurately reflect the complex syndrome are required to fully
understand the pathophysiology of the HFpEF phenotype at a molecular level. Whilst early
models of HFpEF failed to accurately reflect the HFpEF phenotype, the newly published “Two
Hit” approach to HFpEF has presented the field with a promising animal model for further
investigation. Following validation, this model could provide us with novel insights into the

molecular mechanisms driving HFpEF and highlight potential therapeutic targets.

1.4.3 Novel Therapies for Heart Failure with reduced Ejection Fraction

The development of pharmacologic interventions in cardiology has demonstrably reduced
mortality of HFrEF (52). However, mortality rates remain high due to limited treatments that are

able to reverse damage and restore cardiac function following large myocardial infarcts that

12
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result in severe cardiac dysfunction. Although heart transplantation and ventricular assist
devices are an option, limitations on organ supply and risks associated with these treatments
mean that this is not a viable treatment option for most patients. Promising results have been
seen in the pre-clinical space following extensive research. However, none of these have been
successfully translated to the clinic. These include gene therapy (53) cytokine therapies (54) and
cell-based therapies (55). Whilst gene therapies have had very promising pre-clinical results,
they have up to this point failed to translate to the clinic. Contrary to this, stem cell therapies
showed substantial promise in pre-clinical studies. Adult Stem Cell Therapies have been trialled
in numerous Phase 3 clinical trials but with largely negative findings (56). Separately, a new
generation of stem cell therapies using Pluripotent Stem Cells is just beginning with significant
commercial interest, allowing them to progress to phase | clinical trials (56). Interestingly, there
has been some suggestion that paracrine effects secreted from transplanted Adult Stem Cells
may be having favourable effects on cardiac function. This raises protein therapy as an
alternative to stem cell therapies. Platelet derived growth factor (PDGF) is a recombinant human
protein that has been explored in small and large animal models of cardiac dysfunction (57, 58)
Furthermore, it has been successfully translated to the clinic as an FDA approved treatment for

chronic non healing wounds, in addition to musculoskeletal and maxillofacial disorders (59-61).

1.4.4 Cell Based Therapies

Cell based therapies for cardiac regeneration have predominantly focused on the use of
pluripotent stem cells and mesenchymal stromal cells. Whilst early developments in the field
were in cells of mesenchymal origin (62), the most notable recent reports utilised pluripotent
embryonic stem cells (ESCs) (55, 63, 64) with those results then translated into induced

pluripotent stem cells (iPSCs) (65). Early differentiation protocols (66-68) demonstrated the
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ability to differentiate functional cardiomyocytes from ESCs. This work led into small animal
murine models applying pluripotent stem cell derived cardiomyocytes (PSC-CMs) as a treatment
post infarct (63, 69). This was followed by the first studies successfully engrafting human PSC-
CMs into the hearts of non-human primates (55) that later demonstrated improved cardiac
function (70). Despite these promising results, PSC-CMs as a therapeutic had limitations
preventing its translation to the clinic. In addressing these, significant efforts have been made
to prolong the survival of PSC-CMs (71), enhance engraftment into the native myocardium, and
address the downstream arrythmia burden of grafted cells (72, 73). The culmination of these
efforts have resulted in approval of the first PSC-CM clinical trials in humans, as well as the

successful garnering of commercial support (74).

1.4.5 Protein Therapies

Protein therapeutics have become increasingly popular across multiple fields in medical
research (75-77) since its first introduction to the clinic, outside of antibodies, with the use of
recombinant human insulin (78). Whilst they have been less popular in cardiac regeneration
than cell-based approaches, the shift towards the approval and application of protein therapies
in pharmaceutical development presents the opportunity to advance lead candidates in
cardiovascular protein therapies towards the clinic (79). Amongst these lead candidates are
various endogenous growth factors that are aimed at modulation of the ECM and immune
response, increasing angiogenesis, and protection of the remaining cardiomyocytes post-infarct.
Whilst early clinical trials in this space were unsuccessful (80-82), others delivered promising
results (83, 84) in addition to emerging lead candidates in more recent pre-clinical studies (57,
85). Developments in protein engineering have expanded the opportunities to progress these

promising experimental therapies towards the clinic.
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1.5 PLATELET DERIVED GROWTH FACTOR

Platelet derived growth factors (PDGFs), first reported in 1978, are a group of proteins that act
as ubiquitous mitogens regulating cell proliferation and growth (86-88). PDGFs are dimeric
glycoproteins made up of two peptide chains connected via a disulphide bond creating either a
heterodimer or homodimer, depending on its isoform. Potential isoforms are AA, BB, AB, CC,
and DD; the A and B chains were identified first (89), followed by C (90) and D (91) in later
reports. PDGF signalling plays a significant role in embryonic development, while in adults it is
predominantly implicated in disease states including inflammation, atherosclerosis (92), fibrosis
(93), wound healing (94), and cancer (95). Early work on PDGF focused on its effects on cell
growth, where it was reported to increase proliferation of endothelial cells (88), smooth muscle
cells (87) and fibroblasts (86) in vitro. The role of PDGF in angiogenesis was also identified early
with increased PDGF signalling linked to vascularisation of connective tissue in tumours (96).
Continuing from this, PDGF was reported to facilitate tube formation of endothelial cells in in
vitro 3D assays (88, 97). PDGF is also a well-established mediator of chemotaxis demonstrated
both in vivo in smooth muscle cells (98) and in vitro in neutrophils, monocytes (99), fibroblasts
(100, 101), and endothelial cells (102). PDGF has been heavily investigated and its structure and
biological functions are well understood, providing a strong foundation for continuing work

utilising these functions for various applications of PDGF.

1.5.1 Platelet Derived Growth Factor Receptors

PDGF functions by binding with PDGF receptors (PDGFR) (89) on the cell surface. PDGFs bind
with the PDGFR ligand binding pocket, located in the second and third immunoglobulin domain.
The receptors dimerise and are then activated by autophosphorylation of tyrosine and threonine

residues at key sites within the cytosolic domain (103). This results in the downstream activation
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of several key cellular pathways mediating cell growth. These include extracellular signal-
regulated kinases/mitogen-activated protein kinases (Erk/MAPK) (Figure 1.3) which initiates
proliferation, cell survival, angiogenesis, and chemotactic activity of cells (104). The receptor
subunits are o and 3 which dimerise in the combinations: a.a, B3, and a.. PDGF-BB, -AA, and -
AB can all bind with PDGFRa (89) whilst only PDGF-BB and -AB can bind with high affinity to

PDGFRP (89, 105).
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Figure 1.3: PDGF receptor signalling pathway.

Adapted from Evrova et al (106).

A key difference between the a and 3 receptors is that the PDGFRa is conformationally smaller
and containing fewer specific residues at the ligand receptor interface. PDGFRB contains
increased numbers of aromatic residues at the ligand binding surface whilst their counterparts
within PDGFRa are less aromatic (107). This results in increased versatility in the PDGFRa
receptor allowing more isoforms to be bound. The only isoforms able to bind to the B receptor

is the B chain whilst the A and B chains can bind to the a receptor (Figure 1.4). PDGF-BB is
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reported as the most potent of the three heavily studied isoforms, AA, BB and AB (108). The
PDGF-AB chain is reported to have an intermediate effect whilst PDGF-AA has the least potency
in vitro (109). The versatile receptor binding ability of the B chain is believed to be the likely

cause of this.

5
-

ap B

Figure 1.4: PDGF receptor binding combinations.

aa

B

The PDGF-A chain contains only a binding site for the a receptor limiting its binding to the aa
receptor only, the B chain contains binding sites for both the o and  receptors, allowing it to
bind to all three receptor dimers. Adapted from Donovan et al (110).

PDGFRa plays a major role in gastrulation and the development of several key organs including
the lungs (111), kidneys (90), testes (112), skin (113), and bones (114). PDGFRp also plays a key
role throughout foetal development as a regulator of early haematopoiesis and angiogenesis
(115). Despite their significant role in development, PDGFs are tightly controlled in adults
outside of wound healing with abnormal upregulation of PDGF being associated with several

disease states including cancer (116), fibrosis (93), and inflammation (92). Of the two receptors,
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the B receptor has been more frequently implicated in metastasis of tumours which has made
it a common target in PDGF positive tumours, largely through the development of tyrosine
kinase inhibitors. PDGF and its receptors have been linked with tumorigenesis due to roles in
mitogenesis and angiogenesis. Importantly, whilst there is a correlation between increased
PDGF signalling and metastasis of some tumours, PDGF alone is not sufficient to induce a tumour
phenotype (117). Despite concerns about its role in tumorigenesis the primary functions of
PDGFR signalling are in normal and vital physiological processes including as an essential

mediator of wound healing.

1.5.2 Protein Structure

The PDGF family is characterised by a cysteine knot structural motif and rotaxane substructure
which make up part of the 8 cysteines present in all single chains Oefner, D'Arcy (118), (119).
The most abundant of these is the PDGF A and B chains that are 125 and 109 amino acids in
length, respectively. Both single chains are made up of four beta sheets linked by three loops
that each contribute to an aspect of PDGFs functions (120), seen below in Figure 1.5. In all PDGF
chains, loops | and Il contribute to receptor binding and activation, whilst loop Il is crucial to
dimer formation (120-122). The most highly conserved region within these is the VRKKP
sequence located in both the A and B chain. Given that the VRKKP sequence is the only identical
sequence between the two chains and both chains have binding affinity with the a receptor, it
was initially identified as responsible for binding the a receptor. Significant binding affinity to
the a (123) and B (124) receptors for both the A and B chains were then later attributed to the

RKK sequence found within this region (123, 125).
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L1
A chain: SIEEAVPAVC KTRTVIYEIP RSQV v
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/Beta sheet

Figure 1.5: PDGF amino acid sequence and structure.

The four beta sheets of the A and B chains are linked by 3 loops. When folded in its normal
structure loops | and Il are conserved at one end. (L1 = loop |, L2 = loop II, and L3 = loop III).

The highly conserved RKK region has been associated with most key functions of the chain. The
structure of loop Il is seen above in Figure 1.5. PDGF-B loop Ill contains 10 amino acids, of which
half have been directly linked to receptor activation, receptor binding or mitogenic activity in
vitro. Several reports of modifying amino acids within loop Il of the B chain have resulted in a
reduction in receptor binding affinity or a change in binding specificity (120, 124, 126). Examples
of this include switching of the first isoleucine to a tyrosine residue altering specificity of binding
to the receptors (124). Similar examples exist in loop Il of the A chain where replacement of the
alanine to an arginine residue at the start of sequence switched receptor binding from the a
receptor to the B receptor (126). Whilst loop Il of the PDGF B chain has been attributed to
mitogenic activity in addition to receptor binding and activation of both the a and B receptors,

loop | is reported to maintain similar functions, to a lesser extent (120).
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1.5.3 Clinical Applications of Platelet Derived Growth Factor

PDGF'’s role in mitogenesis and chemotaxis has been utilised in experimental treatments for
diseases including chronic ulcers (127), bone remodelling (128) and cardiovascular diseases (57).
Despite PDGF’s position as a target for treating metastatic cancers, PDGF-BB is considered safe
for therapeutic use. As a result, it has been approved by the FDA for clinical use in the treatment
of musculoskeletal and maxillofacial disorders (129) along with chronic non-healing diabetic
ulcers in topical form (REGRANEX/Becaplermin) (130). In the instance of Becaplermin, the
associated companies published a warning that an increased incidence of tumours of a variety
of types distal to the site of application were found associated with patients receiving 3 or more
tubes of REGRANEX gel (0.01%) (131). This supports potential tumorgenicity of chronic
administration of PDGF but does not suggest that low, short-term doses of PDGF would induce
tumour growth. Downstream cohort studies on users of Becaplermin investigated the
relationship between its use and incidences of metastatic cancers, finding that there was no
significant link between the two (132). Further supporting this, it has been reported that whilst
an upregulation of PDGF receptor signalling has been associated with an increased risk of
metastases, PDGF alone is not capable of inducing a tumour phenotype (117). These
therapeutics present the opportunity to pursue transient increases in PDGFR signalling as a
method of stimulating wound healing processes and reducing inflammation in a variety of

disease states.

1.5.4 Platelet Derived Growth Factor Analogues

Several PDGF based peptides have been developed, intended for application in atherosclerosis
or other undisclosed clinical uses however, none of these peptides have ever been successfully

translated (133-135). The previously discussed loop Il region of the PDGF-B chain was a key
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landmark in these developments providing evidence that this region is capable of functioning

outside of the full-length protein structure in vitro.

An example of this was the development of 19 analogues based on the loop | and Ill regions of
the PDGF-B chain (135) that were established as anti-proliferative agents. Here, analogues were
reported to have receptor binding ability that was comparable to full length PDGF. In addition,
another PDGF based peptide was later published in 2007 by Zamora et al. It also utilised the loop
Il region of the PDGF-B chain dimerised and was bound to a novel heparin binding domain (133)
(134). The peptide, PBA2-1c, had comparable function to recombinant PDGF-BB in in vitro assays
analysing proliferation, migration, and collagen contraction. PBA2-1c also was successful in
activating the PDGFR via phosphorylation of Akt and Erk and binding to both the a and B
receptors, confirmed by surface plasmon resonance. Whilst these both provide promising
evidence of loop IIl's ability to function alone in vitro, neither group reported in vivo data, nor
did they progress to the clinic. This highlights the potential to manipulate the PDGF chains for
their biological function without maintaining the full ligand chains, however, also presents the

need for further work to develop these analogues into clinically translation therapeutics.

1.5.5 Platelet Derived Growth Factor in the Heart

Fibroblasts play major roles in the ECM and paracrine signalling, and account for 12.7% of the
total cells in the heart (136). As a major cell type within the ECM, they are essential for cardiac
remodelling often in response to physiological changes, including exercise, and pathological
changes in the form of injury such as a MlI. A population of PDGFRa positive cardiac fibroblasts
were first identified by Chong et al (137). The population of cells were colony forming fibroblasts

of a proepicardial origin that maintained some stem cell like characteristics and were identified
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in several cell types of mesodermal lineages. Co-cultures of PDGFRa+ cardiac fibroblasts with
endothelial cells, smooth muscle cells, and cardiomyocytes showed significant effects of
increased PDGFR signalling. Endothelial cells formed tubular networks in 3D Matrigel cultures,
cardiomyocytes formed alpha actinin+ striated sarcomeres, and smooth muscle cells
differentiated into myofibroblast like cells that were smooth muscle a-actin. The implications of
this as a therapeutic remained unclear and further work was required to investigate the role

these cells could play in enhancing cardiac regeneration post-Ml.

Continuing from this, Asli et al. applied recombinant human PDGF-AB in a rodent model of acute
MI (58). Immediately following a surgically induced Ml via permanent ligation of the left anterior
descending artery, mice were treated with PDGF-AB infused over a period of 5 days. Treatment
with PDGF-AB increased proliferation, activation and self-renewal of cardiac fibroblasts resulting
in improved cardiac function in addition to structural repair of the heart wall and scar seen in
pro-regenerative effects on endothelial cells, cardiomyocytes, and fibroblasts. The promising
effects of increased PDGFRa signalling is further supported by the effect of PDGF-AB on
uninjured hearts. As an extension of this study, sham control mice underwent the same protocol
excluding the surgically induced MlI, which resulted in activation of quiescent fibroblasts without
inducing proliferation. This study provided good evidence of recombinant PDGF-AB as novel
therapy for cardiac injury and demonstrated the significant role of PDGFR signalling in cardiac

repair and regeneration.

Whilst the early results of PDGF-AB in a murine model were promising, differences between
rodent and human hearts, particularly on a cellular and molecular level necessitated validation

of these effects in a clinically relevant large animal model. Achieving this, Thavapalachandran et
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al. (2020) reported the use of PDGF as a treatment for heart failure in a pre-clinical porcine
model of acute MI (57). PDGF-AB was administered at 65ug/kg immediately after reperfusion
via an osmotic mini-pump, diffused over 7 days. Pigs treated with PDGF-AB showed a 40%
improvement in survival, an 11.5% improvement in ejection fraction, along with improved
myocardial contractility and enhanced angiogenesis. This study provided strong evidence using
a large animal model to support PDGF-AB as a novel therapy for heart failure when administered
post-acute MI. Interestingly, whilst there was an improvement in survival and cardiac function,
the scar that formed post-infarct was not significantly different in size, regardless of treatment.
Histological analysis identified increased collagen alighment within the scar indicating cardiac
scar modulation as a possible mechanism for PDGF-ABs therapeutic effect post-Ml. This was
later supported by further investigation into the mechanisms driving this effect that highlighted
the pleiotropic effects of PDGF-AB in this context (138). Notably PDGF-AB maintained
therapeutic effects on post-MI scar despite a lack of increase in fibroblast proliferation. PDGFs
role as a potent mitogen is well established (86-88) however, in this context reduced it
myofibroblast differentiation and did not induce proliferation of fibroblasts resulting in no

increase in fibrosis.

Despite very promising results in the rodent and pre-clinical porcine models, recombinant
human PDGF-AB requires optimisation as a therapeutic to improve its prospects in clinical
translation. These promising results at relatively low doses indicates high potency however, poor
pharmacokinetic properties due to low plasma stability and small size. The very short half-life of
PDGF, approximately 2 minutes (139), limits its delivery methods, requiring constant infusion
over several days, and therefore requires improvement ahead of clinical translation. In addition

to this, the high cost and long manufacturing time of producing recombinant proteins makes full
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length PDGF-AB protein a less commercially desirable therapeutic. Optimisation of half-life in
therapeutics allows for management of time that the therapeutic is in the body prior to
excretion. This can provide ample time for the therapeutic to have a full effect whilst ensuring
that it has been cleared fast enough to minimise potentially adverse off target effects (140).
Increasing stability of therapeutics can also improve methods of delivery, shortening patients’
hospital stays and the overall cost of therapy. By streamlining production and increasing the
half-life, PDGF based peptide therapies could become more clinically desirable and commercially
attractive novel therapies for heart failure. Evidence of successful manipulation of the PDGF
chain in prior analogues (133-135) provides a promising avenue for enhancing its

pharmacokinetic properties and downstream clinical applications.

1.6 LEAD OPTIMISATION

Successful clinical translation of novel therapies requires a clinically desirable and commercially
attractive treatment that is selective, potent, and stable, maximising its safety and efficacy for
therapeutic use. A method of achieving this is lead optimisation, the process of taking promising
preclinical candidates and enhancing their pharmacological properties using medicinal
chemistry to create viable novel treatments (141). Enhancement of selectivity reduces off target
effects, whilst increasing potency minimises dosage and frequency of delivery. Optimising the
half-life of a therapeutic can result in improved dosing and a potentially safer treatment (142).
Lead optimisation allows for the enhancement of already promising biologics for improved

therapeutic use through manipulating their stability, selectivity, and potency of lead candidates.

24



Chapter 1 Emily McKinna

1.6.1 Pharmacokinetics/Pharmacodynamics

Pharmacokinetics and pharmacodynamics, commonly referred to as PK/PD, are modelling
techniques in the field of pharmacology that are frequently utilised in drug development.
Pharmacokinetics refers to the effects of the body on the drug whilst pharmacodynamics refers
to the drugs effect on the body. Together they help us understand the dose and response
relationship of therapeutics and provide information to determine benefits, dosage, and adverse
effects of therapeutics. Pharmacokinetics studies focus on four stages of the bodies response to
therapeutics: (1) Absorption, how the drug arrives at the point of action from the site of delivery,
(2) Distribution, how the drug moves through the bloodstream to multiple organ systems, (3)
Metabolism, how the drug is broken down by the body, followed by (4) Excretion, how the body
then clears the drug (141). Half-life measurement is a significant experimental end point in
pharmacokinetic studies as it can have substantial effects on the clinical application of potential
novel therapies. Whilst extending half-life can have beneficial clinical implications in minimising
dosage in addition to frequency and method of delivery, excessively extending half-life could
potentially result in adverse off target effects. Refining half-life throughout lead optimisation
allows for identification of the point where a therapeutic is given ample time to perform its
therapeutic function whilst ensuring it’'s metabolised and cleared prior to the onset of adverse

effects. This can result in improved efficacy and safety of the novel therapeutic.

Pharmacodynamics is the study of the physiological, biochemical, and molecular effects of drugs
on the body and is key to establishing the clinical effects of novel therapeutics. These studies
focus on four key areas: receptor interactions, efficacy, immune response, and toxicity. They are
vital in clinical translation to determine the safety and efficacy of treatments prior to clinical

trials (143). Enhancing the PK/PD properties of novel therapeutics allows for better clinical

25



Chapter 1 Emily McKinna

applications and improves its prospects of clinical translation. In the context of PDGF, improving
the pharmacokinetic qualities would allow for greater options for delivery method, improved

dosing, and minimisation of off targets adverse effects.

1.6.2 Biologics

Biologics are therapeutics that have been derived from components of living organisms, with
more common examples including proteins, cells, viruses, and antibodies. In recent years the
pharmaceutical industry has shifted its focus towards biologics, largely due to an increase in
profits and lower attrition rates when compared to traditional drug-based therapies (144). This
shift has highlighted that whilst biologics have shown considerable promise in the treatment of
disease, their use as therapeutics is often confounded in their naturally occurring state. These
limitations lie within their pharmacological properties, the most prevalent being a lack of
stability resulting in low half-lives and therefore poor clinical application (145). This is especially
relevant in the field of protein therapies; regardless of their well-established efficacy they often
have poor stability and bioavailability. Due to their small size, often below the size of kidney
filtration at 70kDa, proteins and peptides are rapidly cleared from circulation (146). Additionally,
many proteins and peptides are highly susceptible to protease cleavage resulting in poor plasma
stability. Whilst these problems could be addressed by increasing dose and frequency of
treatment, the risk of adverse or off target effects poses the need for a more appropriate
solution. To address this problem several techniques have been developed to improve the
therapeutic application of these proteins (147-149). Notable developments in this field include
fusion proteins and protein mimetics, produced via chemical synthetic peptide or recombinant

protein synthesis.
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1.6.3 Fusion Proteins

Fusion proteins are a commonly used technique to improve the pharmacokinetic properties of
peptides. Whilst most notable for their capacity to increase bioavailability of biologics (150) they
have also been utilised to increase selectivity to specific markers on target cells (151). The
primary mechanisms of increasing half-life through fusion proteins require increasing the size of
a peptide via fusion with a larger, more stable protein, minimising clearance by kidney filtration
and protecting the peptide from protease cleavage in the bloodstream. The most utilised protein
in this technique is human serum albumin. An alternative to fusion with larger, stable carrier
proteins is binding to the polysaccharide heparin or fragment crystallisable (Fc) fusions. Fc
fusions are constructed by binding the therapeutic peptide to the Fc domain of an IgG antibody
(147). Several examples of albumin, heparin and Fc fusion proteins have been very successful in

translation into the clinic and are commercially available today (152-155).

1.6.4 Fc Fusion Proteins

Fc fusion proteins utilise the Fc neonatal receptor (FcRn) pathway to increase the half-life of
biologics by recycling the peptide through the FcRn pathway. (147). Fc fusion proteins are
covalently linked to the Fc region of an immunoglobulin G (IgG) antibody. The primary
mechanism of Fc recycling is binding to the FcRn receptor following non-specific uptake by the
endothelial cell (156). Once taken up by the endothelial cell the Fc and peptide or protein bound
to it are protected from proteases (157). Proteins not protected by the IgG, specifically its Fc
region, are degraded in the bloodstream whilst the protected Fc fusion protein is then able to
be recycled back out into the blood stream where it can continue to the site of action. Fc fusion
proteins have also been proven to be very efficacious and efficient to produce supported by

several examples of successful clinical translation (153, 158). Fc fusion proteins that are clinically
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available and commonly used include Eloctate, a novel therapeutic for haemophilia that is
constructed using recombinant factor VIl covalently linked to an IgG Fc region (159). Combining
the recombinant factor VIII with the Fc region double its plasma half-life in dogs (160), and
extended its average half-life from 12 hours (161) to 16.4 hours (158) in humans, enhancing its
clinical applications. Eloctate has also been commercially very successful, turning over €563
million in 2021 (162), providing strong evidence for the clinical and commercial viability of Fc

fusion proteins as therapeutics.

1.6.5 Human Serum Albumin Fusion Proteins

Human serum albumin (HSA) is the most abundant protein in blood that acts as a carrier protein
for fatty acids, hormones, and steroids. With a half-life of 19 days, it is also the most stable (163),
which is due to its large size, with a molecular weight of 69kDa, and its structure containing 585
amino acids, 35 of which are cysteine residues (164) which play a major role in the stability of
this protein. HSA fusion proteins are proteins bound to a synthetic or recombinant HSA to
increase half-life. In addition to the stability of native HSA, these HSA fusion proteins can utilise
native HSAs ability to bind to the neonatal Fc receptor, allowing them to utilise this recycling
pathway in endothelial cells and protecting these proteins from protease cleavage (147). The
combination of this protection from protease cleavage and the increased size from the HSA
preventing clearing via glomerular filtration, results in a significant increase in half-life. Examples
of this include Albiglutide, which is a commercially available and clinically approved treatment
for type 2 diabetes synthesised from a glucagon-like peptide 1 bound to a HSA (165). This fusion
significantly extended the half-life of this biologic from 1.5 minutes to 5-7 days (149),
contributing to the successful clinical translation (166, 167) and commercialisation of this novel

therapeutic. Whilst very effective in half-life extension, HSA fusion proteins have several
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limitations in that they are extremely costly to produce, have very low solubility and present
potential risks from their prolonged half-life. The development of a conjugate that utilises some
of HSA’s pharmacokinetic enhancing properties whilst addressing its limitations would be of

significant value in lead optimisation.

1.6.6 Human Serum Albumin Conjugate

Whilst the efficacy of albumin fusion proteins is well established, their clinical use is somewhat
limited, largely due to their significant size and low solubility. Low solubility limits clinical
applications, whilst their large size results in time consuming and costly production limiting their
commercialisation. To address this, Zorzi et al. developed three acylated heptapeptides,
synthesised by binding 6 or 7 amino acids to a fatty acid (148). Each peptide demonstrated high
binding affinity to albumins in the blood stream, with the highest affinity observed in the 7 amino
acid palmitoyl based conjugate. All three peptides were successfully bound to albumin in the
bloodstream of rats, mice, and human plasma, extending the half-life of their therapeutic
peptide. These conjugates utilise a piggyback approach, binding to albumins to prolong the time
to excretion 25-fold in the most effective conjugate. Zorzi et al. demonstrated this in the factor
Xl anti-thrombotic therapy extending its half-life from 13 minutes to over 5 hours. This HSA
conjugate provides many of the pharmacokinetic benefits of serum albumin fusion proteins

whilst addressing some of its clinical and commercial limitations.

1.6.7 Protein Mimetics

Protein mimetics are molecules that mimic part, or all the biological function of a protein, often

designed to be significantly smaller than the original protein containing additional therapeutic
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properties. An example of this is reported in PDGF, mimicking the receptor binding portion of
PDGF-BB binding to both the a and B receptor. Maintaining strong receptor binding activity of
the PDGF-B chain allowed the mimetic peptide to conserve PDGFs biological function, shown in
proliferation, collagen contraction and migration (133). Synthetically produced protein mimetics
have been successfully translated into the clinic including the immune thrombocytopenia
treatment Romiplostim (Nplate) (168, 169), a mimetic peptide of the thyroid peroxidase which
is recombinantly produced and linked with a Fc region of an I1gG as in the previously noted Fc
fusion proteins (170). Protein mimetics have the potential to perform the desired therapeutic
functions of native biologics whilst minimising some of the off-target effects. Mimetics are often
also smaller than native biologics and synthetically produced, making them easier and more
efficient to manufacture. By then binding these mimetics with half-life extending conjugates,
their pharmacokinetic properties are further enhanced increasing their viability as novel

therapeutics.

1.7 CONCLUSION

Despite significant efforts to mitigate the effects of cardiovascular disease, it remains a leading
cause of morbidity and mortality worldwide. Amongst this is the continuing lack of treatment
options available for heart failure that despite promising developments, remains an unmet need
with no therapies yet clinically available to reverse its effects. Recombinant human PDGF-AB
protein is a promising novel therapy to improve post-MI cardiac function with promising results
in rodent and porcine models. Noted effects were driven by an increase in angiogenesis and in
modulation of the cardiac scar, however, further refinement is required for this strategy to be
developed further as a clinically viable therapy for heart failure. To address this, we set out to

apply medicinal chemistry to enhance the pharmacokinetic properties of PDGF and assess its
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function using a combination of known biological functions of PDGF in vitro and in vivo efficacy
in murine models. Additionally, validation and further investigation into the mechanisms driving
HFpEF in a murine model will allow us to determine the suitability of our novel therapy as a
treatment for HFpEF, potentially widening the scope of its applications. By identifying a suitable
murine model for HFpEF and investigating the molecular mechanisms driving it, we may be able

to further the development of our pharmacokinetically enhanced PDGF mimetic peptide.

31



Chapter 1

Emily McKinna

AIMS AND HYPOTHESES

Hypotheses

1.

A validated murine model of HFpEF will provide a reliable and improved platform to test
potential therapeutics specifically for candidates that impact cardiac extracellular matrix
changes.

A peptide mimetic of the PDGF-B chain loop Il region will maintain the biological
function of PDGF receptor signalling and provide a foundation for incorporating
mechanisms for pharmacokinetic enhancement.

Lead candidate PDGF-mimetic peptides established and tested through in vitro assays
will provide a safe and efficacious method of improving cardiac function post myocardial

infarction.
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Aims

1. Validate a murine model of Heart Failure with Preserved Ejection Fraction (HFpEF).

2. ldentify characteristics within a murine model of HFpEF that could be targeted by novel
therapies.

3. Identify a region of the PDGF protein chains that can maintain biological function when
tested as a discrete peptide.

4. Incorporate half-life extending elements into the design of novel PDGF-mimetic
peptides whilst maintaining PDGF receptor signalling capacity.

5. Synthesise novel PDGF-mimetic peptides and test their efficacy for key known functions
of PDGFs in vitro.

6. Assess the toxicology and safety of synthetic PDGF-mimetic peptides in an uninjured in
vivo murine model at varying doses.

7. Determine the efficacy of PDGF-mimetic peptides in improving cardiac function in a post

myocardial infarction murine model.
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CHAPTER 2: MURINE MODEL OF HEART FAILURE WITH
PRESERVED EJECTION FRACTION
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2.1 INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) accounts for approximately 50% of heart failure
patients (19) and has a 5-year mortality rate of 53-74% (28). HFpEF is characterised by diastolic
dysfunction which occurs when there is a decrease in the hearts ability to fill the left ventricle in
diastole resulting in a compensatory increase in left ventricular filling pressure. Additionally,
approximately 50% of HFpEF patients have 5 or more major comorbidities (171). The most common
of these include obesity, hypertension, diabetes mellitus, chronic kidney disease and coronary artery

disease, all of which are also considered drivers in the development of HFpEF (171).

Coronary
Artery Disease

Obesity 0 Hypertension

Diabetes Atrial

Fibrillation
Renal t
Dysfunction

Figure 2.1.1: Common comorbidities driving HFpEF.

'3’ Chronic Lung
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The most frequently reported comorbidities that contribute to HFpEF are chronic diseases, metabolic
and mechanical stressors.

Despite significant developments in our understanding and therefore treatment of HFrEF, we have a
limited understanding of the mechanisms driving HFpEF and limited treatment options. Two key
factors that have contributed to this in HFpEF are the complexity and heterogeneity of the HFpEF

patient population and the lack of animal models that accurately reflect this. Inaccurate animal models
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have resulted in a limited understanding of the molecular mechanisms of HFpEF and poor in vivo
testing conditions, limiting the translational value of experimental therapies. A downstream
implication of this is that until recently, all clinical trials on interventions for HFpEF patients had failed

to reach primary endpoints (29).

Models of HFpEF have focused heavily on a single aspect of the phenotype, resulting in a model that
fails to accurately represent the complex nature of this syndrome. A key example of this is the
surgically induced transverse aortic constriction (TAC) model (33) that has previously been widely used
in the field. This model involves constricting the aorta using a suture or band to increase the pressure
of the aorta, therefore increasing pressure of the left ventricle. Whilst TAC models have been a popular
approach, several other methods of inducing HFpEF have been developed that also focus on singular
components of the phenotype. These include diet and obesity-based models (34, 40),
pharmacologically induced (43) and hypertension models (48), all of which have had limited clinical

relevance and translational value.

Previous work in the field assessed the effects of HFD and L-NAME independently as methods of
inducing heart failure in murine models. Early work on the effects of L-NAME on the heart reported
that when consumed through drinking water for 4 weeks, L-NAME induced hypertension, myocardial
fibrosis and an increase left ventricle mass (48). Later work built upon this with the addition of cardiac
functional data, including a preserved ejection fraction and a decrease in end diastolic volume of the
left ventricle (49). HDFs have been heavily explored in models of heart failure due to obesities
significant role in cardiovascular diseases. Over 80% of HFpEF patients are overweight or obese making
this a focal comorbidity in modelling the phenotype. A landmark model amongst these was the

application of a HFD in obese ZSF1 rats for 20 weeks, resulting in hypertension, diastolic dysfunction,
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renal dysfunction, and pulmonary oedema (172). Whilst all of these successfully modelled aspects of

the HFpEF phenotype none of them have resulted in a holistic, clinically relevant model.

To address this gap in the field, Schiatterella et al. established the ‘Two Hit Approach’ to HFpEF (50)
combining mechanical stress through hypertension induced by L-Arginine Methyl Ester (L-NAME) and
cardiometabolic stress through 60% calories from fat HFD (50). This approach to developing a HFpEF
phenotype was reported to induce hypertension, pulmonary oedema, cardiac hypertrophy, and
interstitial fibrosis whilst decreasing exercise tolerance and achieving diastolic dysfunction whilst
maintaining ejection fraction. The mechanical and metabolic stress of this model achieved the key
clinical characteristics of HFpEF by inducing nitrosative stress over the course of 15 weeks. The
combination of metabolic and mechanical stress in the ‘Two Hit Approach’ allowed for the successful

production of the HFpEF phenotype in mice.
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Figure 2.1.2: ‘Two Hit’ approach to HFpEF in a murine model.

Combining the metabolic and mechanical stress of HFD+L-NAME in mice produces the HFpEF
phenotype characterised by diastolic dysfunction, in addition to several frequently reported
comorbidities.
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Hypothesis

A validated murine model of HFpEF will provide a reliable and improved platform to test potential

therapeutics specifically for candidates that impact cardiac extracellular matrix changes.

Aims
1. Validate a murine model of Heart Failure with Preserved Ejection Fraction (HFpEF).

2. Identify characteristics within a murine model of HFpEF that could be targeted by novel

therapies.

In this chapter, we aimed to validate the two-hit approach to HFpEF in a murine model by applying
the 60% calories from fat diet with 0.5g/L L-NAME in drinking water over the course of 15 weeks in
C57BL6/) mice. The development of HFpEF in these mice was monitored using weight, blood pressure
measurements via tail cuff, echocardiography for systolic and diastolic parameters and exercise
tolerance using a swim test. At the conclusion of the in vivo studies, we carried out histology,
immunohistochemistry and tandem mass tagged (TMT) discovery proteomics to identify proteins
driving this phenotype to potentially identify novel therapeutic targets for HFpEF and assess its value

as means of testing our own novel therapeutics in vivo.
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2.2 MATERIALS AND METHODS

2.2.1 Animal ethics

All animal experiments were approved by the Garvan/St Vincent’s Animal Ethics Committee (AEC
protocol #19/14) and were conducted in accordance with the NHMRC guidelines for animal research
and the Australian code for the care and use of animals for scientific purposes. In vivo experiments
were conducted on male C57BL/6J mice bred at the Victor Chang Cardiac Research Institute (Sydney,

Australia) (Jackson Laboratory, 000664).

2.2.2 “Two Hit’ Diet to Induce Heart Failure with Preserved Ejection Fraction

Male C567BL/6J mice were split into two cohorts: a HFpEF group (n=16) and Normal Chow control
group (n=14). The HFpEF group were fed a high fat diet (HFD, 60% calories from fat) (Specialty Feeds,
SF13-092) and water supplemented with 0.5g/L of L-arginine methyl esther (L-NAME) (Sigma Aldrich,
N5751) for a period of 15 weeks to induce a HFpEF phenotype. The Normal Chow control group were
fed a normal chow diet and water. Both groups water was pH corrected to physiological pH of 7.4,
changed daily for 15 weeks. The development of HFpEF was monitored using blood pressure
measurements via tail cuff, echocardiography, exercise tolerance swim test (methods below) and

weight. Mice were weighed routinely at the conclusion of each week in the protocol.
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Figure 2.2.1: Experimental timeline for development of the HFpEF phenotype.

2.2.3 Blood Pressure via Tail Cuff

Mice blood pressure was recorded via tail cuff using the CODA non-invasive blood pressure system
(Kent Scientific, Connecticut, USA). This involves placing mice inside a holder within which an O cuff
and volume pressure recorder are placed on their tails. The shape of the holder allows for secure
holding of the mouse whilst maintaining free movement of their tails, minimising any additional
induced anxiety for the mouse throughout the protocol. The holder is placed on heat pad warmed to
35°C in addition to warming blanket to assist in managing mouse body temperature. An
acclimatisation protocol was undertaken prior to baseline data collection for 3 days in addition to a
short acclimatisation period prior to data collection at each time point. The initial 3-day acclimatisation
began with mice being placed inside the holder for 1 minute, followed by 5 minutes on day 2, including
placing the O cuff and volume pressure recorder (VPR) on their tails. On the final acclimatisation day
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mice were placed in their holders with the O cuff and volume pressure recorder for 5 minutes followed

by an acclimatisation run when blood pressure data was recorded but not used for further analysis.

Blood pressure data collection was carried out at baseline, week 2, week 5, week 10, and week 15.
This was completed by placing the mice in the holders, with the tail O cuff and volume pressure ring
(VPR) as described above. Re-acclimatisation prior to each data collection was achieved by allowing
mice 5 minutes to adjust to the holder followed by 5 acclimatisation cycles before commencing data
collection cycles. Data collection cycles were run 15 times with a minimum of 10 necessary for data
analysis. Additional cycles were run to allow for external stimuli that could interfere with data
collection avoiding re-commencing the protocol. This minimised distress of the mice, resulting in more
reliable data and improved animal welfare. The average of these cycles was then calculated for

systolic, diastolic, and mean blood pressure, then plotted in Prism (GraphPad, version 9.0.1).

2.2.4 Echocardiography

Echocardiography was performed throughout this protocol to assess cardiac function, including
diastolic function. Measurements were performed by Dr Vikram Tallapragada of the Victor Chang
Cardiac Research Institute at baseline, week 10 and week 15. Mice were lightly anesthetised using 0.5-
1.5% isoflurane and echocardiography was performed using the Visual Sonics Vevo 2100 Preclinical
Imaging System with a MS400 transducer (FUJIFILM Visual Sonics, Ontario, Canada). During the echo
the mouses paws were taped down to the echo platform that was warmed and monitored the
respiratory rate and electrocardiogram. Light anaesthetic allowed for a more accurate representation
of diastolic function. Echocardiography data analysis was carried out using the bullet method (method
below) and was completed by myself on the Vevo 3100 Analysis Software (FUJIFILM Visual Sonics,

Ontario, Canada).
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2.2.4.1 Bullet Method Analysis of Ventricular Function

Long and short axis echocardiography imaging was analysed for systolic parameters using the bullet
method. The bullet method uses a 5/6 area by length formula to calculate left ventricle volume to
determine left ventricular end systolic volume (LVESV), left ventricular end diastolic volume (LVDEV)
and ejection fraction (EF). Area of the left ventricle was calculated using the short axis at 3 points
through the ventricle from the 1mm below the mid-papillary (MP) level to 3mm below the MP level,
measuring the endocardium and epicardium in systole and diastole. Length of the ventricle was
measured using the long axis view in systole and diastole from the aortic valve to the apex. Analysis
measurements were carried out using the Vevo 3100 Analysis Software (FUJIFILM Visual Sonics,

Ontario, Canada) and calculated on Microsoft Excel (2016).

Long axis Short axis segments Short axis

Volume = (5/6) x area x length

Figure 2.2.2: Bullet method measurements for echocardiography analysis.

2.2.5 Exercise Tolerance Swim Test

Exercise tolerance was tested at baseline and week 15 via a swim test. Prior to both swim tests
acclimatisation was done to ensure mice were able to safely complete the test. Mice swam in buckets
with water at an optimised height to ensure mice were not jumping off the bottom or able to climb

out. Water temperature was maintained at 35°C using heat pads and warming the water prior to
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testing for mouse comfort. Additionally, mice swimming groups were limited to 7 mice, ensuring
optimal conditions for swimming. The swim protocol was a total of 7 days; 6 days of acclimatisation
with the swim test on day 7. Acclimatisation included 3 acclimatisation days, increasing from 5 minutes
on day 1, to 10 minutes on days 2 and 3, followed by 3 training days increasing from 20 minutes on
day 4, to 30 minutes on days 5 and 6. Mice were given breaks throughout acclimatisation and training
if it appeared necessary based on swimming ability and visible stress signs including climbing, dunking,
or diving. The swim test completed on day 7 was conducted by placing mice in the buckets and
allowing them to swim until exhaustion with 2 1-minute breaks in the testing time. Mouse weights
and behaviours were carefully monitored throughout the duration of each swim week to ensure mice

were not showing signs of significant stress as a result of daily swimming.

2.2.6 Tissue Collection

At the conclusion of their week 15 echocardiogram, mice were given potassium chloride to induce
cardiac arrest prior to tissue collection. The atria were separated from the ventricles and the ventricles
were then dissected longitudinally ensuring each half contained a left and right ventricle from base to
apex. Half of each ventricle was fixed for histology and immunohistochemistry whilst the other half
was frozen for further downstream experiments. All other organs collected were fixed using 4%
paraformaldehyde (PFA) (Thermo Fisher, 28906) for 24 hours for histology and

immunohistochemistry.

2.2.7 Histology

The heart sections assigned to histology were fixed overnight and stored in 70% ethanol prior (POCD,
ETHABSWV70) to paraffin embedding for 12 hours. Hearts were sectioned at 4um and baked for 2

hours prior to dewaxing. Sections were dewaxed by dipping in xylene (POCD, XYL1L) for 3 minutes, 3
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times in fresh xylene each time. This was then repeated with 100% ethanol (POCD, ETHABS100) prior
to 3 minutes in 70% ethanol and washed in running Milli Q water. Following dewaxing, histology
sections were then stained with in 0.1% Sirius red in picric acid with 0.1% Fast Green (POCD,
SIRIUSFAST500) or Haematoxylin (POCD, MODMAY) and Eosin (POCD, EOSVJ). Post staining, cover
slipping was completed by dipping in xylene 3x20 times in different batches each time. The coverslip
was then mounted to the slide using mounting medium (POCD, ULT5). All images were acquired on

the Olympus VS120 Slide Scanner (Olympus Life Science, Massachusetts, USA).

2.2.7.1 Picrosirius Red and Fast Green

Once dewaxed as described above, sections were washed in running water and incubated in picrosirius
red and fast green for 4 hours on a see-saw shaker, protected from the light. The slides were then
washed in running water and dipped in absolute ethanol twice prior to cover slipping as described

above.

2.2.7.2 Haematoxylin and Eosin

Once dewaxed as described above, sections were washed in running water and incubated in Mayer’s
Haematoxylin for 8 minutes at room temperature, following which the stain was differentiated by
blueing via washing in running water for 3 minutes. Sections were then stained with Alcoholic Eosin

for 5 seconds prior to dehydration in 100% ethanol twice and cover slipping as described above.

2.2.8 Immunohistochemistry

To detect changes in cardiomyocyte size and blood vessel density across our two groups,
immunohistochemistry was carried out using wheat germ agglutinin (WGA) - Alexa Fluor 647 (Thermo

Fisher, W32466) to stain cell borders and isolectin b4 (IB4)- Alexa Fluor 488 (Thermo Fisher, 121411)
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to stain blood vessels. Following dewaxing, antigen retrieval was performed using sodium citrate
buffer, adjusted to pH 6, for 20 minutes at 95°C in a decloaking chamber. The slides were then washed
3 times for 5 minutes in Phosphate Buffered Solution (PBS) (Gibco, 18912-014) prior to
permeabilisation in 0.1% Triton X-100 (Sigma Aldrich, T9284) for 10 minutes. Non-specific antibody
binding was then blocked using 5% normal goat serum (Sigma Aldrich, G9023) in PBS for 1 hour at
room temperature. WGA and IB4 were diluted 1:100 in 5% normal goat serum in PBS and applied to
the sections to be incubated overnight at 4°C. Following incubation in primary antibodies, the slides
were washed 3 times for 5 minutes in PBS and incubated in 300nM DAPI (Sigma Aldrich, MBD0015) in
PBS for 10 minutes. The slides were then washed in for 5 minutes in PBS and cover slipped using 1:2

glycerol in PBS. All slides were imaged using the Olympus VS120 Slide Scanner at 40x magnification.

2.2.9 Image Analysis

2.2.9.1 Fibrosis Quantification

Fibrosis was quantified using the sections stained with picrosirius red and fast green by calculating the
percentage of picrosirius red from the green parts of the section. This was done via a macro in Image
J. The macro used red, green, blue thresholding to separate the collagen (stained red) from the
myocardium (stained green). Following this, the amount of collagen within the section was calculated
to determine the percentage of collagen within the myocardium. Sections were analysed using the
whole section, for only interstitial fibrosis by removing connective tissue of the valves and blood
vessels, and for perivascular fibrosis by selecting regions of interest around blood vessels. To account
for the possibility of localised fibrosis, 5 sections were taken from 5 evenly distributed depths through

the tissue, ensuring the analysis represented accurate measurements of fibrosis.
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2.2.9.2 Cardiomyocyte and Blood Vessel Analysis

Cardiomyocyte size and blood vessel analysis was carried out as previously described (173). Pre-
processing of the images were carried out using the Image J Macros included in the protocol. This pre-
processing involved splitting channels, improving the contrast, smoothing the images, and inverting
the borders of the cardiomyocytes in preparation for measurements on CellProfiler (v4.2.4). Capillary
counting and cardiomyocyte size measurements were performed on CellProfiler by segmenting the
nuclei, cardiomyocytes, and capillaries, and then processing each of these objects and calculating
results. Cardiomyocytes were counted using the cell boundaries and nuclei in addition to counting of

capillaries and applying these results to calculate the number of capillaries per cardiomyocyte.

2.2.10 Tandem Mass Tagged Discovery Proteomics

2.2.10.1 Tandem Mass Tagged (TMT) Discovery Proteomics Sample Preparation

Tandem mass tagged (TMT) discovery proteomics was carried out by specialist staff at Sydney Mass
Spectrometry, The Charles Perkins Centre. Heart tissue was powdered under liquid nitrogen, before
20mg was mixed with 400pl of sodium deoxycholate (SDC) buffer and heated to 95°C for 10 minutes
at 1,000rpm, in a thermomixer. The samples were then processed in a bead beater for 3 minutes at
50Hz. 10mM Tris(2-carboxyethyl) phosphine (TCEP) and 40mM Chloroacetic acid (CAA) were added to
each tube, and then returned to the thermomixer to reduce and alkylate proteins at 95°C for 10
minutes at 1,000rpm. Sample clean-up was carried out using chloroform/methanol precipitation and
re-solubilised in 6M Urea/2MThiourea. Following Qubit quantitation, 100ug was taken from each
sample and made up to 50uL with Urea/Thiourea. The proteins were then digested by the addition of

2ug of porcine trypsin and incubated at 37°C in a thermomixer for 16 hours at 1,000 rpm.
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2.2.10.2 TMT labelling, Mid-pH fractionation and Data collection

The peptides were purified using Oasis hydrophilic-hydrophobic-balanced (HLB) with short cartridges
(Waters Corp., Milford, MA, USA) and resuspended in a total volume of 30uL with 100mM HEPES
buffer, pH 8.5. For each sample 7ug total peptides were labelled TMT pro 16plex Isobaric labelling
reagent (Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s instructions. The
TMT-labelled peptides were purified using an HLB column and fractionated by offline basic pH reverse
phase chromatography. Approximately 15ug peptides were loaded on to an in-house packed 320um
x 25cm column (3.5um particle size, Xbridge BEH C18; Waters). Liquid chromatography mobile phase
buffers were comprised of 10mM ammonium formate pH 7.9 and 90% (v/v) acetonitrile/10% (v/v)
water. Peptides were eluted using a linear gradient of 5% to 50% over 45 mins at a flow rate of
6uL/min. 12 concatenated fractions were then dried down prior to analysis. The TMT-labelled
hydrophilic interaction liquid chromatography (HILIC) fractions were resuspended in mass
spectrometry (MS) loading buffer (3% (v/v) acetonitrile/0.1% (v/v) formic acid) and analysed online by
nano-capillary liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a Dionex
Ultimate 3000 HPLC system (Thermo Fisher Scientific, Waltham, MA, USA) coupled to an in-house built
fritless nano 75um x 30cm column packed with ReproSil Pur 120 C18 stationary phase (1.9um, Dr,
Maisch GmbH, Germany). Separated compounds were analysed with a Orbitrap Eclipse Tribrid™ Mass
Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). A synchronous precursor selection MS3
method was used for data collection. Proteome Discoverer 2.5 (Thermo Fisher Scientific, Waltham,
MA, USA) was used to analyse the MS data, the settings included: the SEQUEST HT database search
engine node, percolator validation for protein identification. The calculated abundance ratios for each
sample against a pooled internal standard and normalised, relative to total protein signal, protein
guantification values were exported for further analysis to Microsoft Excel (2016) and log fold-change

values calculated.

47



Chapter 2 Emily McKinna

Gene ontology (GO) term analysis was carried out using database for annotation, visualisation, and
integrated discovery (DAVID, david.ncifcrf.gov) pathway analysis using proteins highlighted in TMT
proteomics. TMT proteomics and GO term analysis results were plotted using RStudio. TMT
proteomics was analysed using differential expression analysis of proteins with cutoffs set at Log2 fold
change threshold of 0.5 and -Log10 P threshold of 0.05. The volcano plot was executed using the
RStudio package EnhancedVolcano whilst GO term analysis was plotted using the RStudio package

ggplot2. RStudio scripts for the volcano plot and GO term analysis were provided by Dr Robert Hume.

2.2.11 Immunohistochemistry and Confocal Microscopy

Immunofluorescent staining was carried out on ventricle sections collected from HFD+L-NAME and
Normal Chow mice prior to confocal imaging to validate the most significant markers identified in TMT
discovery proteomics. The sections were prepared for staining as described above in section 2.2.8
Immunohistochemistry. Following this, WGA diluted 1:100 in 5% normal goat serum in PBS-Tween
(PBS/T) in addition to either anti-OXPAT (Thermo Fisher Scientific, PA1-46215) or anti-pyruvate
dehydrogenase lipoamide kinase isozyme 4 (PDK4) (Thermo Fisher Scientific, PA5-13776) primary
antibody both diluted 1:100, and applied to the sections for incubation overnight at 4°C. Following
incubation in primary antibodies, the slides were washed 3 times for 5 minutes in PBS/T and incubated
in Alexa-Fluor 488 anti-rabbit secondary antibody (Invitrogen, A-31566) diluted 1:1000 in 5% normal
goat serum in PBS/T. The slides were then incubated in 1uL/ml DAPI in PBS for 10 minutes, washed
for 5 minutes in PBS and cover slipped using 1:2 glycerol in PBS. All slides were imaged using the Leica
TCS SP8 STED confocal microscope at 100x magnification. These images confirmed the quantitative

results obtained through TMT proteomics and were therefore not further quantified.
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2.2.12 Statistical Analysis

All statistics were carried out using GraphPad Prism (version 9.0.1). Comparison of the Normal Chow
and HFD+L-NAME groups was completed using an unpaired T test with data presented as the mean

standard deviation.
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2.3 RESULTS

A total of 30 male mice were included in this study and assigned Normal Chow (n=14) or 60% calories
from HFD and 0.5g/L L-NAME in drinking water (n=16). Over the course of 15 weeks mice weight,
blood pressure, exercise tolerance and cardiac function were monitored to observe the development
of HFpEF. At the conclusion of the in vivo study mice were euthanised for blood and tissue collection
followed by histology, proteomics, and immunohistochemistry to investigate the underlying molecular

mechanisms driving HFpEF.

Obesity is a frequently documented co-morbidity of HFpEF and was expected to develop in our mice
as a result of 15 weeks HFD. Over the course of the experimental timeline, mice were weighed weekly
to monitor the onset of obesity. At 15 weeks, the HFD+L-NAME cohort had become significantly
heavier than their Normal Chow counterparts. Specifically, HFD+L-NAME mice weighed an average of
46.33g (£6.036), which was 13.40g (+1.671) (mean diff.) heavier than the average weight of the

Normal Chow cohort at 32.94g (+1.595) (p value = <0.0001).
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Figure 2.3.1: Increased weight of HFD+L-NAME versus Normal Chow mice.

HFD+L-NAME mice gained 13.40g (+1.671) (mean diff.) compared the Normal Chow mice at week 15
(p value = <0.0001). No significant difference was identified between the groups at the baseline. Error
bars represent + SD (Unpaired t-test) (n=13 HFD+LNAME/n=14 Normal Chow).

An increase in blood pressure was expected with the introduction of L-NAME to the rodents drinking
water and was assessed in this model by measuring blood pressure via tail cuff over the course of the
experimental timeline. At the baseline and week 5 there was no significant changes detected between
Normal Chow and HFD+L-NAME mice (Figure 2.3.2). The first significant change was detected at week
10, HFD+L-NAME mice had a mean systolic of 115.1mmHg, diastolic of 24.4mmHg and a mean blood
pressure of 134.3mmHg. The mean blood pressure of the Normal Chow mice was 42.45mmHg lower
than that at 91.84mmHg (p value <0.001). It can be seen from Figure 2.3.2 that from the baseline to

week 10 the blood pressure of Normal Chow mice decreased whilst the HFD+L-NAME mice maintained
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their increased blood pressure leading to its significant result. We suggest the decreased blood
pressure in the Normal Chow cohort was due to the mice becoming more comfortable with blood

pressure monitoring via tail cuff over the course of the experimental timeline (174).
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Figure 2.3.2: Onset of hypertension in HFD+L-NAME versus Normal Chow mice.

At the conclusion of week 10 the blood pressure of HFD+L-NAME mice was 42.45mmHg (+£7.504)
(mean diff.) higher than the Normal Chow mice. Error bars represent = SD (Unpaired t-test) (n=15
HFD+LNAME/n=14 Normal Chow).

Reduced exercise tolerance is an established marker of HFpEF and is commonly assessed in the
rodents using a treadmill running test. Due to ethical constraints, we adopted a swim test to analyse
exercise tolerance in mice at the baseline and post 15 weeks of their assigned diet. Discrepancies in
swimming ability were noted from the baseline between the two groups and became more significant
at the conclusion of this study. At the baseline the Normal Chow group produced an average swim
time of 24.01 minutes (+4.333) whilst the HFD+L-NAME group swam an average of 27.67 minutes
(+4.353) (Figure 2.3.3). At week 15 the HFD+L-NAME mice swam an average of 19.37 minutes (+3.268)

longer than their Normal Chow counterparts (p value <0.0001). HFD+L-NAME mice had an average
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swim time of 43.86 minutes (+£10.57) whilst the Normal Chow mice had an average swim time of 24.49
minutes (+£5.217). The increased swim time for HFD+L-NAME mice is possibly due to the increased size
of the mice allowing them to remain afloat combined with swimming slower allowing for less energy
expenditure than their Normal Chow counterparts resulting in a significantly longer swim time.
Despite being an established protocol for exercise training in rodents (175, 176), we identified

limitations in using a swim test as an assessment of exercise tolerance in this model.
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Figure 2.3.3: Increased exercise tolerance in HFD+L-NAME versus Normal Chow.

Following 15 weeks HFD+L-NAME mice swam an average of 19.37 minutes (£3.268) than the Normal
Chow cohort (p value <0.0001). (n=13 HFD+LNAME/n=14 Normal Chow). Error bars represent + SD
(Unpaired t-test) (n=14/15).

HFpEF is characterised by diastolic dysfunction driven by a decrease in left ventricular filling pressure.
This can be identified in vivo using echocardiography and analysing key diastolic parameters, these
include left atrial volume, E/e’, E/A wave, isovolumic relaxation time and strain. The capacity to assess
these parameters can be limited in a murine model due to their small size and very high heart rate,
hence our use of only E/e’ and global longitudinal strain (Figure 2.3.8 and 2.3.6, respectively). E/e’
indicates the tissue velocity at the mitral valve anulus whilst global longitudinal strain measures

longitudinal shortening of the left ventricle. These markers were analysed at the baseline, week 10
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and week 15 to assess the development of HFpEF in our mice over the duration of our experimental

timeline.

HFD+L-NAME Normal Chow

Figure 2.3.4: Echocardiography of Normal Chow and HFD+L-NAME C57BL6/J mice.

Echocardiography images displaying traces used to assess systolic parameters of cardiac function. A)
Short axis view of a HFD+L-NAME mouse. B) Short axis view of a Normal Chow mouse. C) Long axis
view of an HFD+L-NAME mouse. D) Long axis view of a Normal Chow mouse.
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Figure 2.3.5: Maintenance of Left ventricular ejection fraction above 50% in HFD+L-NAME mice at
week 10, and week 15.

Ejection fraction recorded at the baseline and week 10 identified no significant difference in ejection
fraction between the HFD+L-NAME and Normal Chow mice. A significant decrease in ejection fraction
was identified in HFD+L-NAME mice versus Normal Chow (p = 0.0183) however, the average ejection
fraction of this group remained above 50%. Error bars represent +SD (Unpaired t-test) (n=14/15).

A key parameter of cardiac function in modelling HFpEF is maintaining an ejection fraction above 50%.
At the baseline mice had an average ejection fraction of 67.92% (+6.409) and 66.69% (+6.891) for
Normal Chow and HFD+L-NAME respectively. The difference between the groups remained non-
significant at week 10 with an average ejection fraction of 62.86% (+6.310) and 57.54% (+8.995) for
Normal Chow and HFD+L-NAME respectively. Following 15 weeks of HFD+L-NAME in C57BL6/) mice
there was a significant decrease in ejection fraction when compared to the Normal Chow control
group (Figure 2.3.5). Normal Chow mice had an average ejection fraction of 64.69% (+8.410) versus
an average ejection fraction of 57.85% (+4.931) in the HFD+L-NAME mice. Despite the significant
decrease of 6.847% (mean diff.) (p = 0.0183), the HFD+L-NAME group still maintained an average

ejection fraction above 50% with only 1 mouse dropping below the 50% threshold at 15 weeks.
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Figure 2.3.6: Increased global longitudinal strain of HFD+L-NAME mice at week 10, and week 15.

Global longitudinal strain was significantly increased in HFD+L-NAME mice at 10 (p <0.0001) and 15
weeks (p = 0.0002) when compared to the Normal Chow group. Error bars represent +SD (Unpaired t-
test).

Global longitudinal strain (GLS) measures the sub-endocardial longitudinal muscle fibres of the heart
that are typically effected when the heart is under stress or following damage to the myocardium. This
is a good indicator of contractile function of the heart and are used as a parameter when assessing
diastolic function. GLS is expected to increase as contractility of the heart is impaired. GLS was
recorded at the baseline, week 10, and week 15 following treatment with HFD+L-NAME and compared
to the Normal Chow control group. GLS was significantly increased in the HFD+L-NAME at both week
10 and 15 with an increase of 8.294% (mean diff.) (p <0.0001) and 7.402% (mean diff.) (p = 0.0002),
respectively (Figure 2.3.6). Following 10 weeks treatment with HFD+L-NAME C57BL6/) mice had an
average GLS of -12.16% (+£3.992) versus -20.45% (+2.466) in Normal Chow mice (Figure 2.3.6). At the
later week 15 timepoint GLS had increased less in the HFD+L-NAME group than it had previously at
week 10. At week 15 HFD+L-NAME mice had an average GLS of -13.16% (+1.382) versus -20.57%
(¥0.9320) in the Normal Chow group. This decrease was possibly due to limitations in accurately

measuring GLS resulting in fewer mice being recorded at week 10 than week 15.
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HFD+L-NAME MNormal Chow

Figure 2.3.7: Tissue doppler and pulsed wave doppler of the mitral valve in diastole.

Tissue doppler velocity at he mitral valve annulus was assessed using tissue doppler by measuring e’
and a’ (labelled) in HFD+L-NAME (A) and Normal Chow (B) mice. Flow through the mitral valve
measured using the E and A wave (labelled) in HFD+L-NAME (C) and Normal Chow (D) mice.
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Figure 2.3.8: Increased E/e’ in HFD+L-NAME mice at week 15 versus Normal Chow.

E/e’ was significantly increased following 15 weeks of HFD+L-NAME in C57BL6/J mice when compared
to the Normal Chow control group (p <0.0001). Error bars represent +SD (Unpaired t-test) (n=14/15).

E/e’ is a frequently applied echocardiography parameter used in assessing diastolic function. E refers
to the pulsed wave doppler flow measuring passive filling of the left ventricle in early diastole which
is expected to decrease as ventricular relaxation becomes impaired in diastolic dysfunction (Figure
2.3.7 C-D). In conjunction with the E wave, €’ is recorded by tissue doppler and measures the tissue
velocity of the mitral vale annulus (Figure 2.3.7 A-B) which is expected to decrease with the
development of diastolic dysfunction. A increase in the ratio of E/e’ indicates a reduction in ventricular
relaxation and filling capacity of the left ventricle supporting a diagnosis of diastolic dysfunction.
Following 15 weeks of HFD+L-NAME mice displayed an increase in E/e’ when compared to the Normal
Chow control group (Figre 2.3.8). HFD+L-NAME mice had an average E/e’ of 53.92 (+2.677) which was

14.61 (mean diff.) greater than the Normal Chow control group at 39.31 (+1.165) (p <0.0001) (Figure
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2.3.8). Ideally in assessing diastolic dysfunction we would include pulsed wave doppler E/A ratio
measuring the change in flow in passive filling in early diastole versus peak flow velocity in late
diastole. However, the resting heart rate of most mice was too high, >500bpm, to accurately

distinguish between the E and A waves (Figure 2.3.7C-D) precluding the use of this parameter.

Following tissue collection, histology was carried out on all hearts collected at the conclusion of the
study to identify any development of interstitial and perivascular fibrosis. Picrosirus red and fast green
was used to visualise and later quantify fibrosis. An increase in collagen deposition throughout the
interstitium is expected to occur as a result of HFpEF in the form of perivascular and insterstitial
fibrosis. Sections were taken and stained from 5 points evenly distributed throughout the ventricles,
each of these points are indicated along the x axis of Figure 2.3.9. Whilst some points throughout the
hearts contained signficantly different levels of fibrosis between our two groups, this was not a
consistent result which is reflected in the combined data (Figure 2.3.9). In the combined data the
HFD+L-NAME mice contained 5% fibrosis (£2.742) whilst the Normal Chow cohort contained 3.612%
fibrosis (+£1.019) with a mean difference of only 1.388% (p value=0.2332). Following the ventricles, the
atria were sectioned, stained and analysed using the same methods at 3 evenly distrubuted points
throughout the tissue. Unlike the ventricles, the atria did not result in any changes in collagen
deposition between the Normal Chow and HFD+L-NAME groups as seen in Figure 2.3.10. This data
demonstrates that this model does not induce detectable increased interstitial fibrosis (Figure 2.3.9-

2.3.10).
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Figure 2.3.9: Limited changes in interstitial and perivascular fibrosis in ventricles post 15 weeks.

Limited changes in interstitial and perivascular fibrosis in the ventricles of HFD+L-NAME versus Normal
Chow mice following 15 weeks of their assigned diet. X axis titles indicate depth through the tissue.
Brightfield images 2x and 20x magnification. Error bars represent = SD (Unpaired t-test) (n=6/7).
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Figure 2.3.10: No changes in interstitial and perivascular fibrosis within the atria of HFD+L-NAME
mice post 15 weeks.

No changes in interstitial and perivascular fibrosis in the atria of HFD+L-NAME versus Normal Chow
mice following 15 weeks of their assigned diet. X axis titles indicate depth through the tissue and align
with the corresponding percentage. Brightfield images 2x magnification. Error bars represent + SD
(Unpaired t-test) (n=6/7).

To identify changes in cardiomyocyte size and blood vessel density ventricle and atria sections were
stained using Wheat Germ Agglutinin (WGA) for cell borders and Isolectin B4 (IB4) for blood vessels.
This was carried out on 4 ventricle sections (Figure 2.3.11) and 3 atria sections (Figure 2.3.12) evenly
distributed from each heart to thoroughly assess any detected changes. Following analysis, a
significant increase in cardiomyocyte size was detected in the HFD+L-NAME ventricles with a
normalised cardiomyocyte size of 124.5 (£15.73) versus the Normal Chow ventricles with 100 (+£13.12)
(p value=0.0082) (Figure 2.3.11). Despite a trend towards increased blood vessel density in the HFD+L-
NAME ventricles, no significant change was identified. No changes were identified in atrial sections at
week 15, following the same protocol. However, differences in the orientation of atrial tissue versus
the ventricle tissue limited the accuracy of this analysis pipeline resulting in fewer replicates than the

ventricles.
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Figure 2.3.11: Increase in cardiomyocyte hypertrophy in the ventricles of HFD+L-NAME mice at 15
weeks.

WGA (Thermo Fisher Scientific, W32466) and IB4 staining (Thermo Fisher Scientific, 121411) (40x
magnification) on the ventricles at week 15 identified a significant increase in cardiomyocyte
hypertrophy, 24.5 greater in HFD+L-NAME mice than the Normal Chow controls. No significant change
was identified in blood vessel density. Cardiomyocyte area data is normalised to the control group and
presented in arbitrary units (a.u.) £ SD (Unpaired t-test) (n=7).
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Figure 2.3.12: No change in cardiomyocyte hypertrophy in the atria of HFD+L-NAME mice at 15
weeks.

WGA (Thermo Fisher Scientific, W32466) and I1B4 (Thermo Fisher Scientific, 121411) staining (40x
magnification) on the atria of Normal Chow and HFD+L-NAME mice at 15 weeks identified no changes
in cardiomyocyte area. Cardiomyocyte area data is normalised to the control group and presented in
arbitrary units (a.u.) £ SD (n=3/6) (Paired t-test).

To further investigate the mechanisms driving HFpEF in this model we undertook TMT Discovery
Proteomics (Figure 2.3.13) on half of the whole ventricles collected from each mouse (n=7 per group).
The most significant change between HFD+L-NAME and Normal Chow hearts in this experiment was
PDK4 which is commonly upregulated in hearts under metabolic stress. When comparing differential
expression of proteins in HFD+L-NAME to Normal Chow, PDK4 was detected with a Log2 fold change
of 2.371 (p=0.0010). In addition to PDK4, Perilipin 5 (Plin5) and Acyl-CoA thioesterase 2 (Acot2) were
significantly upregulated in HFD+L-NAME versus Normal Chow with Log2 fold changes of 1.146

(p=0.0115) and 1.088 (p=0.0019) respectively.
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Upregulated Proteins in HFpEF Heart Tissue.
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Pdkd

Inhikitor of pyruvate dehydrogenase and glucose oxidation

Plin5

Lipid associated protein and regulator of lipolysis and lipogenasis

Aot

Increases Fatty Acid B oxidation

Decrl

Beta oxidation and metabolism of polyunsaturated fats

Hadha

Beta oxidation of medium and long chain fatty acids

Pdkl

Ispenzyme of Pdkd

Ephx2

Hydrolysis of lipid epoxides; signalling; regulation of hypertension

PrulZhb

Antioxidant; lipid biosynthesis

Echl

Fatty acid beta oxidation

CD36

Membrane fatty acid transporter; fatty add metabolism
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Fatty acid beta oxidation

Downregulated Proteins in HFpEF Heart Tissue.
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Lewcine metabolism; oxidation of short chain saturated fatty acids
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Cxidative phosphorylation
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Branched chain amino acid catabolism

Pmimz2

Protein ghycosylation

Omctl

Ketone body energy utilisation

Godh

Amino acid oxidation

Figure 2.3.13: TMT discovery proteomics identified changes in metabolic markers.
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TMT discovery proteomics carried out on ventricles collected from HFD+L-NAME and Normal Chow
mice. Log, Fold Change threshold was set at 0.5 and -Logio P threshold was set at 0.05 (n=7).
Following this proteomics run, GO term analysis (Figure 2.3.14) was carried out on all detected
proteins with a Log2 fold change above 0.5 and a p - value <0.05, to identify pathways that are
significantly impacted by the onset of HFpEF in this model. As seen in Figure 2.3.14, most of these
pathways are involved in metabolism including the most significantly affected pathway, fatty acid
metabolism. These results indicate metabolic changes as the key factor driving HFpEF development in
this model. No changes have been identified in processes influencing the extracellular matrix
throughout these analyses (Figure 2.3.13 and 2.3.14) further supporting the limited effect on fibrosis
seen in Figure 2.3.9 and 2.3.10. Upregulation of Plin5 and Pdk4 were validated via

immunohistochemistry and imaged using the Leica SP8 confocal microscope (Figure 2.3.15)
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Figure 2.3.14: Significant changes in metabolic processes identified in up and downregulated
proteins.

Significantly altered pathways were identified in HFD+L-NAME versus Normal Chow mice using GO
term analysis. Gene count and Logio P value are displayed (n=7). GO term analysis was carried out with
the guidance and expert input of Dr Robert Hume.
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Figure 2.3.15: Validation of TMT discovery proteomics result using immunofluorescent staining.

Immunofluorescent staining for Plin5 (Thermo Fisher Scientific, PA1-46215) and Pdk4 (Thermo Fisher
Scientific, PA5-46215) (100x magnification) confirmed the upregulation of these proteins in HFD+L-
NAME mice when compared to the Normal Chow control (n=7).
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2.4 DISCUSSION

Within the HFpEF patient population there remains a lack of unifying diagnosis that further
complicates the challenge of therapeutic development in this field. Despite significant improvements
in the creation of clinically relevant animal models, the heterogeneity within the human patient
population, combined with combinations of comorbidities results in subsets of patients with unique
therapeutic needs. A consequence is that very few clinical trials for therapeutic interventions in HFpEF
have successfully met primary endpoints (29). Efforts have been made to address the unmet need of
appropriate animal models that accurately reflect this complex syndrome, however, many continue
to fall short. Based on the current understanding of HFpEF, an accurate animal model needs to have
maintained left ventricular systolic function with diastolic dysfunction, hypertension, exercise

intolerance, pulmonary oedema, and concentric cardiac hypertrophy.

A variety of rodent models have been developed to reflect HFpEF phenotype. Many focus on single
aspects of the syndrome to produce the characteristic diastolic dysfunction. Commonly these focus
on obesity and hypertension, which have been achieved using pharmacological, diet and/or surgical
approaches. Hypertension has been achieved in murine models using several approaches. Most
notably, L-NAME is used to induce hypertension through endothelial cell dysfunction as a result of
nitric oxide synthase inhibition. Previous reports have noted the decrease in cardiac function and
onset of myocardial fibrosis following left ventricular pressure overload as a result of L-NAME
treatment (48, 49). Whilst hypertension is a common comorbidity of HFpEF, occurring in
approximately 75% of patients (177), it only reflects part of the phenotype and therefore fails to reflect
the additional metabolic factors that contribute to the development of HFpEF. Obesity based models
have focused more heavily on the metabolic components of HFpEF and is clinically relevant to many
HFpEF patients, as over 80% are overweight or obese (38). HDFs over the course of 20 weeks are

reported to result in diastolic dysfunction, pulmonary oedema, and renal dysfunction, all
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comorbidities associated with HFpEF (172). These approaches focus on single key aspects of the HFpEF
phenotype. A recently published model exploiting a combination of these methods has proven to be

more effective (50).

The two-hit approach to HFpEF, established by Schiattarella et al. in 2019, has become a frequently
used model throughout the literature to investigate HFpEF (50, 51, 178, 179). In establishing this
model, they reported a significant decline in diastolic function, secondary to the onset of hypertension
induced by 0.5g/L of L-NAME in drinking water, combined with the metabolic stress of 60% calories
from fat diet. Additionally, a decrease in exercise tolerance, pulmonary oedema, cardiac hypertrophy,
and interstitial fibrosis were reported. Development of these clinical features of HFpEF in a murine
model provided an accurate reflection of the HFpEF phenotype to utilise in future studies. The work
presenting in this chapter aimed to validate this model in the C57BL6/J mouse. In doing so, the
established model could be used by our group to explore potential benefits of candidate novel
peptides described in Chapter 3: Development of Novel Platelet Derived Growth Factor-AB Mimetic

Peptides.

We replicated several results reported in the Schiattarella et al publication. Specifically, we replicated
the significant decrease in diastolic function (Figure 2.3.6-2.3.8), induced hypertension (Figure 2.3.4,
observed significant weight gain (Figure 2.3.1) and induced cardiomyocyte hypertrophy (Figure
2.3.11). However, we identified key points of difference in our data when compared to others in the
literature. These included our inconclusive results in exercise tolerance and insignificant changes in

the ECM with no development of interstitial or perivascular fibrosis (Figure 2.3.9-2.3.10).
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Schiattarella et al. quantified diastolic function using E/e’ and GLS identifying a significant increase in
both parameters. We replicated this in our own study using the same parameters (Figure 2.3.6 and
2.3.8) at 15 weeks indicating a decline in left ventricle relaxation and increased left ventricle filling
pressure resulting in diastolic dysfunction. Ideally confirmation of diastolic dysfunction would include
additional parameters such as E/A wave and left atrial volume (25) however, these parameters have
limited accuracy in the mouse heart due to their high heart rate (180) requiring us to make these
conclusions based on E/e’ and GLS alone. A key component of cardiac function in HFpEF is the onset
of diastolic dysfunction in conjunction with maintained systolic function (20). This was achieved in the
‘Two Hit Approach’ by Schiattarella et al. at 15 weeks indicated by maintained ejection fraction above
50% and no significant difference between Normal Chow and HFD+L-NAME mice. In our own study,
we were successful in maintaining LVEF above 50% across both groups (Figure 2.3.5). However, the
LVEF was significantly decreased in HFD+L-NAME mice versus Normal Chow control mice (Figure
2.3.5). Despite this decrease, preserved LVEF above 50% indicates maintained systolic function at 15
weeks. A key factor in developing this cardiac phenotype was mechanical stress in the form of pressure
overload of the left ventricle as a result of hypertension. Hypertension was induced in this model using
0.5g/L L-NAME that inhibited nitric oxide synthase resulting in endothelial cell dysfunction and
hypertension. Whilst this effect was present in both our own data (Figure 2.3.2) and Schiattarella’s,
this mechanism of action for L-NAME induced hypertension is well established (48). To drive the
HFpEF phenotype in this model the mechanical stress was combined with metabolic stress with the
application of the HFD. This resulted in significant weight gain in HFD+L-NAME mice over the course
of 15 weeks (Figure 2.3.1) aligning with what was observed in the literature (50). The combined effect
of these factors on the heart identified in our study was an increase in cardiomyocyte hypertrophy in
the ventricles of HFD+L-NAME mice (Figure 2.3.11) quantified via immunohistochemistry. This result
was also identified by Schiattarella et al., observed in increased heart weight by tibia length and

immunohistochemistry.
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Schiattarella et al. assessed changes in exercise tolerance using a treadmill running test that
successfully identified a significant decrease in cardiac function in HFD+L-NAME mice at 15 weeks.
Replicating this assay was not possible in our study due to our Animal Ethics Committee’s concerns
about ethical use of rodent treadmills and the distress induced to maintain exercise. To address this
problem, we replaced this experiment with a swim test. Swimming is established as a training protocol
in mice (175, 176) but has not been reported as a method of assessing exercise tolerance.
Unfortunately, this method of assessing swimming ability in our mice was confounded by the
significant increase in size of HFD+L-NAME mice resulting in increased buoyancy (Figure 2.3.3).
Therefore, accurate measurement of exercise tolerance was not possible since HFD+L-NAME mice
appeared to expend less energy to remain afloat leading to longer swim times. This assay was

inconclusive in our study resulting in no definitive decline in exercise tolerance.

Perivascular and interstitial fibrosis and known features of HFpEF in humans and are considered key
parameters when modelling the phenotype in vitro. In establishing the two-hit approach to HFpEF,
Schiattarella et al. reported a significant increase in fibrosis using this method in C57BL6/N mice. This
increase was quantified by Schiattarella et al. via histological analysis using Masson’s trichrome
staining for collagen. In our study, we also used histological staining with picrosirius red and fast green
(counterstain) to visualise collagen changes throughout the myocardium (Figure 2.3.9-2.3.10).
Sections were collected the whole way through the ventricles and atria of all mice and fibrosis
guantification using Image J applied to stained sections. Despite significant efforts to identify changes
in the ECM and any onset of perivascular and interstitial fibrosis, we were unable to replicate this
result (Figure 2.3.9-2.3.10). One explanation may be our use of the C57BL6/J mouse strain that differed
from the C57BL6/N strain utilised by Schiattarella et al. which we chose to do due to very limited local
supply of the C57BL6/N strain. Supporting our results, other groups have also replicated aspects of

the HFpEF phenotype from this model in C57BL6/J (51) mice, however none have reported ECM
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changes or significant fibrosis. Causative differences between mouse strains is a possible hypothesis

for these inconsistent findings however, further experimentation is required to confirm.

Further to these notable differences in our results compared to those of Schiattarella et al, were
inconsistences in blood pressure monitoring. Whilst significant onset of hypertension is noted in the
HFD+L-NAME treated mice at week 10, we did not identify a significant difference between Normal
Chow and HFD+L-NAME mice at week 5 (Figure 2.3.2), as is seen in Schiattarella’s ‘Two Hit Approach’.
Additionally, an unexpected decrease in blood pressure from week 5 to week 10 is noted in the Normal
Chow cohort. Whilst the later onset of hypertension could be due to the aforementioned differences
in strain, we believe that combined with the change in blood pressure noted in the Normal Chow
cohort that it is more likely the result of limitations of the method used. Blood pressure was measured
via tail cuff that has a number of well-established limitations particularly, stress induced by the
handling and restraints necessary to carry out monitoring (181) in addition to providing only
intermittent recording (182). Telemetry is considered the gold standard for blood pressure monitoring
in rodents (181) and would have addressed many of the limitations of tail cuff monitoring, however

this is an invasive and expensive method and was therefore not used in this study.

Late onset of hypertension observed in our HFD+L-NAME cohort could be a contributing factor in the
insignificant development of interstitial and perivascular fibrosis in these mice. As previously
discussed, significant fibrosis was reported in Schiattarella et al which differed to our own results.
Given the earlier onset of hypertension also noted in their study, we hypothesise that the reduced
time of hypertension in our HFD+L-NAME mice could be a contributing factor to this difference in
disease phenotype. Further studies over a longer time course using the onset of hypertension as a
marker for commencement of phenotype development would allow us to determine if our strain of

mouse, C57BL6/J, also develops significant interstitial and perivascular fibrosis.
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We performed TMT discovery proteomics to identify underlying changes in the myocardium that may
not be visible histologically. Proteomic analysis of HFD+L-NAME mice highlighted significant changes
in metabolic processes, including upregulated Pdk4, Plin5, and Acot2, indicating the hearts were under
metabolic stress. PdK4 is a mitochondrial protein that is part of the pyruvate dehydrogenase complex
(PDH). Its primary function is as a regulator of general metabolism. This regulatory role is carried out
by inhibiting the oxidation of glucose and amino acids from pyruvate (183). In the heart, upregulation
of Pdk4 has been associated with metabolic stress (184) most commonly induced by high fat diets and
increased glycolysis (185), and following induced ischemia (186). Plin5 is a protein that coats lipid
droplets increasing their stability by preventing hydrolysis (187). It is known to increase in conditions
of lipid overload often associated with obesity (188). Additionally, it has been established as a
regulator of myocardial lipid metabolism acting in a cardioprotective capacity during myocardial injury
(189, 190). It has been suggested that increased Plin5 in these conditions is a compensatory
mechanism to protect against lipid induced stress (188). Lastly, Acot2 facilitates mitochondrial fatty
acid oxidation in the heart, among other organs (191), and is reported to increase following HFDs in
rodent models (192). The significance of cardiometabolic processes in driving the HFpEF phenotype
have recently been supported by reduced hospitalisation of patients following treatment with SGLT2i
empagliflozin, an established treatment for type 2 diabetes patients, in HFpEF clinical trials (29).
Importantly, these findings correlate with other proteomic analyses using this model (193). However,
despite significant changes in metabolic processes, no changes have been identified in proteins of the

ECM, correlating with our absence of detectable fibrosis.

The relatively low abundance of ECM proteins compared to proteins of the myocardium makes them
difficult to detect. This imposes a significant limitation in detecting changes within the ECM. To address

this problem, enrichment of the ECM during sample preparation ahead of proteomics could be used
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to increase their abundance and detectability within the sample (194). However, we chose not to do
this due to the insignificant changes in the ECM observed in our model throughout extensive
histological analysis of the ventricles and atria. Whilst the significant changes in metabolic processes
of the HFD+L-NAME cohort is consistent with the current understanding of metabolic stress on the
heart during development of HFpEF (195), the lack of changes in the ECM is an important limitation in
the context of our intended application of this model. Despite the insignificant changes identified in
histological and proteomic analysis, single cell RNAseq carried out by our collaborators at the Harvey
Lab, Victor Chang Cardiac Research Institute identified changes indicative of a potentially emerging
fibrotic phenotype. In analysis completed by Dr Ralph Patrick, upregulation of several fibrosis genes
was identified in addition to down regulation of Igf1 (unpublished data) that is reported to have an
anti-fibrotic effect in the heart (196). In future experiments, enrichment of the ECM for proteomics
could be considered to identify subtle changes that may have gone undetected whilst longer term

treatment of HFD+L-NAME may have elicited a fibrotic phenotype of HFpEF.

Previous work by our laboratories established the efficacy of recombinant human PDGF-AB in
significantly improving cardiac function in murine (58) and porcine (57) models of acute myocardial
infarction (Ml). The mechanism of action for PDGF-AB, identified in the porcine model of acute M, is
through modulation of the cardiac scar with most of the effects of PDGF seen in the ECM and
composition of replacement fibrosis (138). To investigate how these effects are translated in chronic
heart failure, the Two Hit Approach to HFpEF was pursued. Based on early reports of this model we
had hypothesised that changes in the ECM would provide us with a target for novel therapeutics, such
as PDGF-AB (57, 58). However, given the very limited ECM change in the development of HFpEF in this
model, the previously identified mechanism of action for PDGF-AB was deemed unlikely to have a
significant downstream effect on cardiac function. We therefore concluded that whilst the model in

this chapter accurately reflected some components of HFpEF (significant diastolic dysfunction), its
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limited perivascular and interstitial fibrosis made this an inappropriate model for assessing the effects

PDGF-AB on cardiac function.

The aims of this chapter were to 1) validate the two-hit approach to HFpEF and 2) investigate the
mechanisms driving the HFpEF phenotype in this model. This could identify possible targets for novel
therapeutics. Whilst our proteomics experiments were unable to identify changes in the ECM
following the onset of HFpEF, it did highlight the significance of metabolic processes in this model.
However, single cell RNAseq carried out by our collaborators pose the potential for an emerging
fibrotic phenotype, the limited signs of physiological change as a result of these genomic differences
still does not support the use of this model for investigation of PDGF mimetic peptides. Whilst
validation of this model was successful in replicating many key components of the HFpEF phenotype,
particularly diastolic dysfunction with preserved systolic function, hypertension, and obesity, we were

unable to replicate all aspects of this phenotype utilising the two-hit approach in C57BL6/J mice.
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2.5 CONCLUSION

Here we show that a recently reported ‘Two Hit Approach’ to HFpEF can successfully replicate some
clinical aspects of the human HFpEF disease in male C57BL6/J mice. In doing this, we highlight the
significance of metabolic processes driving the HFpEF phenotype. However, we also show that the
model falls short with respect to inducing cardiac ECM change (lack of perivascular and interstitial
fibrosis). Due to the established mechanism of action in our novel PDGF-AB therapeutic (138), the

mouse model of HFpEF here is not be suitable for testing the cardiac reparative ability of PDGF-AB.
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CHAPTER 3: DEVELOPMENT OF NOVEL MIMETIC
PEPTIDES FOR PLATELET DERIVED GROWTH FACTOR
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3.1 INTRODUCTION

Platelet derived growth factors (PDGF) are potent mitogens (86-88) and chemotactic agents (98), that
play a significant role in wound healing (94) and angiogenesis (96) in adults but also play a part in
foetal development (111, 113-115). PDGFs act by binding to the PDGF receptors (PDGFR), PDGFRa and
PDGFRP (89) via autophosphorylation, triggering a signalling cascade that effects proliferation,
differentiation, cell survival and chemotaxis (104). In order to be biologically active, PDGF isoforms,
made up of the either A, B, C or D chains, must dimerise as either heterodimers or homodimers e.g.,
AA, AB, BB, CC, and DD (89-91). Similarly, PDGF receptors must dimerise to be biologically active, as
aa, af or BB (103). PDGF-AB and PDGF-BB are used as controls throughout this chapter. PDGF-AB has
been the basis of prior work completed by our laboratory whilst PDGF-BB contains a central
component of our peptide design (57, 58). Additionally, Hume et al. showed that the effects of PDGF-
AB and -BB on human cardiac fibroblasts cluster more closely than the effects of PDGF-AA in genomic
analysis using bulk RNAseq (138). These results suggest that the effects of PDGF-AB and -BB are more
similar in the context of the heart. Our groups have identified improved cardiac function following
treatment with recombinant human PDGF-AB post myocardial infarction (Ml) in murine and porcine
models (57, 58). In the murine model improved cardiac function was noted alongside a reduction in
size of the cardiac scar and pro-regenerative effects seen in endothelial cells, fibroblasts, and
cardiomyocytes (58). The promising effects of PDGF-AB post-MI were replicated in the porcine model
resulting in improved cardiac function however no change in size of the cardiac scar. Despite no
reduction in cardiac scar, significant changes in alignment and composition of the scar post-Ml
provided evidence towards modulation of the scar as a likely mechanism for improved cardiac function

following treatment with PDGF-AB (57).
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In the PDGF-A and -B chains receptor binding is facilitated by the loop | and Il regions of their chains
(121, 122). Especially significant of these is the loop Ill region in the PDGF-B chain that has been
implicated in binding to and activation of both PDGFRa (123) and PDGFRp (124). Loop IlI’s role in
PDGFR signalling has been associated with an effect on proliferation and chemotaxis highlighting the
significance of this region’s role in PDGFs biological function (121). The significance of loop Il in the
PDGF-B chain was confirmed by applying it in the synthesis of PDGF analogues (133-135). The
analogues produced by Jehanli et al. used loop Il in multiple settings, either as a homodimer of the
region or as a heterodimer with either loop | or Il. These analogues confirmed the receptor binding
and activation capacity of this region and its ability to maintain biological function when isolated from

the remainder of the PDGF-B chain.

PDGF has been approved for therapeutic use in musculoskeletal and maxillofacial disorders (129) in
addition to the treatment of chronic non-healing diabetic wounds in topical preparations (130). By
utilising a topical preparation in this context, the PDGF-BB is able to perform its therapeutic function
without encountering the limiting effects of enzymatic degradation on the ligand. All full chain PDGF
ligands are highly potent and therefore only require small concentrations to illicit a functional effect,
however, like many biologic therapeutics they have poor pharmacokinetic properties, limiting clinical
applications. Molecules smaller than 45kDa are known to be rapidly cleared through glomerular
filtration due to their small size as opposed to large plasma proteins such as albumin that has a
molecular weight of 66.5kDa (197). PDGF-AB has a molecular weight of only 26.4kDa; additionally
PDGF has a known susceptibility to enzymatic degradation in the blood stream (139). Together these
factors result in a very short half-life of approximately 2 minutes (139). To increase the half-life of
biologic therapies, a range of methods have been developed to alter their chemical structures.
Unfortunately, a prolonged increase in PDGFR signalling can increase the risks of metastases occurring

in diagnosed or undiagnosed cancer patients (116), emphasising the need for short term use. This
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demonstrates the need for a half-life extending mechanism that prolongs the half-life of PDGF long
enough to achieve its therapeutic function, but short enough to not increase risks of adverse off target
effects. Importantly, despite this relationship between long term upregulation PDGFR signalling and
increased risk of tumorigenesis, it has been established that PDGF alone is not capable of inducing
tumour growth (117). In patients with prior metastases, prolonged use of PDGF-BB based therapeutics
have been associated with increased recurrent metastases, highlighting the importance of short-term

exposure (132).

Whilst biologic based therapies are very potent often resulting in good efficacy, poor pharmacokinetic
properties can limit their clinical applications, particularly in the context of protein therapies. This
problem is evident in the short half-life of PDGF (139) limiting its delivery in our previous animal
models to infusion via an osmotic mini-pump which provides a gradual PDGF infusion of 0.5ul/hr,
rather than treatment via bolus injection (57, 58). Enhancing the pharmacokinetic properties of PDGF
through half-life extension could improve its translational prospects by broadening its delivery
methods. To address this, we applied established mechanisms of half-life extension to our selected
functional region with the aim of decreasing its susceptibility to enzymatic degradation and reducing

its rapid clearing via glomerular filtration.

Methods of extending half-life in biologics typically focus on either increasing their size to avoid
glomerular filtration or decreasing their susceptibility to protease cleavage. In our study, we focused
on creating PDGF mimetics with increased peptide size by conjugating to human serum albumin (HSA)
and adding a novel heparin binding domain. Furthermore, we aimed to increase the peptides stability
by minimising effects of protease cleavage by cyclising and stapling. Cyclisation of a peptide involves
binding of the C and N terminus of a peptide taking them from a linear to a cyclic structure whilst

stapling in this context involves binding the 2 chains of the dimer using an irreversible hydrocarbon
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bridge. Both of these methods protect against enzymatic degradation applying structural changes to
the linear form of the loop Il dimer. HSA conjugates have previously been reported as a successful
alternative to albumin fusion proteins as a means of enhancing pharmacokinetic properties of biologic
based therapies (148). In this study, Zorzi et al. showed a biologic HSA conjugate bound to Factor Xlll
increased the half-life from 13 minutes to over 5 hours by utilising a ‘piggyback’ approach to bind to
free floating albumins in the blood stream. By binding to albumins, the peptide is able to avoid clearing
by kidney filtration extending its half-life and allowing it more time to reach its site of action and

perform its therapeutic function.

Albumin is the most abundant carrier protein in blood, with high stability owing to its size of 585 amino
acids, 35 of which are cysteine residues (164), thus giving albumin a long plasma half-life of
approximately 19 days (163). The long half-life of albumin is also partly due to its ability to utilise the
Fc neonatal receptor (FcRn) pathway, cycling through endothelial cells protecting them from
enzymatic degradation (147). The rate limiting function of albumin in the clearing of substances from
the bloodstream has been investigated since the 1980s (198) which has become a focal mechanism of
half-life extension throughout the 21st century (149, 165-167). Further benefits of using a synthetic
peptide are the increased efficiency in production of synthetic peptides versus the labour intensive
and complex production of recombinant full-length proteins and decreased quality control measures

required for synthetic production (199).
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Hypothesis

A peptide mimetic of the PDGF-B chain loop IIl region will maintain the biological function of PDGF
receptor signalling and provide a foundation for incorporating mechanisms for pharmacokinetic

enhancement.

Aims
1. lIdentify a region of the PDGF protein chains that can maintain biological function when tested
as a discrete peptide.
2. Incorporate half-life extending elements into the design of novel PDGF-mimetic peptides
whilst maintaining PDGF receptor signalling capacity.
3. Synthesise novel PDGF-mimetic peptides and test their efficacy for key known functions of

PDGFs in vitro.

In this chapter we aimed to design, synthesise and test synthetic peptides that act as mimetics of
PDGF-AB by maintaining its biological function whilst incorporating half-life extending mechanisms to
potentially improve its pharmacokinetic properties. The level of biological function of all peptides in
this chapter were determined using in vitro assays testing the key established function of PDGFs in
vitro. These were chemotaxis, collagen contraction, angiogenesis, proliferation, and activation of the
PDGFR through phosphorylation of Erk. PDGFs are known to increased cellular chemotaxis (98, 101,
102). In vitro assays of chemotaxis are limited however in this chapter we aimed to assess the effects
of our mimetic peptides on chemotaxis using a scratch test. Following this we assessed the effects of
our mimetic peptides on collagen contraction. Collagen contraction is a key component of wound
healing and is expected to increase with increased exposure to PDGF (200). PDGFs play a significant
role in angiogenesis both in wound healing and foetal development (96, 97). A tube forming assay was
then carried out to model angiogenesis in vitro and investigate the effects of our mimetic peptides on

endothelial cells in the context of tube formation. PDGF is well established as a potent mitogen with
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an expected increase in cellular proliferation following treatment with PDGF (86-88). The effect of our
mimetic peptides on proliferation was assessed in this chapter using an 5-ethynyl-2’-deoxyuridine
(EdU) assay for newly synthesised DNA, quantified via flow cytometry. Finally, activation of the PDGFR
was assessed by western blotting for phosphorylation of Erk in cells treated with our mimetic peptides,
a key component of the PDGFR signalling pathway that has downstream effects on proliferation,

chemotaxis, and cell survival (104, 126).

Despite the promising effects of PDGF as a therapeutic, its poor pharmacokinetic properties have
limited its translational prospects. These promising effects can be seen within our own laboratories
extensive prior work on the role of PDGF-AB (57, 58, 138) and PDGFR (137) signalling in the heart post-
MI. Developments in protein engineering have broadened the possibilities within lead optimisation
allowing for the enhancement of biologic based therapies largely through enhancing stability and
pharmacokinetic properties. Through the process of lead optimisation, medicinal chemistry methods
of enhancing pharmacokinetics combined with more efficient production may allow us to maintain

the therapeutic benefits of PDGF-AB whilst enhancing its clinical applications.
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3.2 MATERIALS AND METHODS

3.2.1 Peptide Design

Peptide design was carried out in collaboration with the Payne Laboratory at The University of Sydney,
School of Chemistry. A region of PDGF was selected as the functional region based on reported

findings in the literature (120, 124, 126, 133) that was then used across all peptides synthesised.

3.2.2 Peptide Synthesis

Peptide Synthesis was carried out by Dr Daniel Ford from the Payne Laboratory at The University of
Sydney, School of Chemistry. Automated peptide synthesis was completed on the Biotage SYRO 1
Peptide Synthesizer (Biotage, Uppsala, Sweden) using rink amide resins and Fmoc protected amino
acids (Mimotope). Following synthesis, the peptide chains were cleaved from the resin and underwent
disulphide formation prior to high performance liquid chromatography purification. Liquid
Chromatography-Mass Spectrometry (UPLC) was performed on a Shimadzu 2020 UPLC instrument
with a Nexera X2 LC-30AD pump, Nexera X2 SPD-M30A UV/Vis diode array detector and a Shimadzu
2020 (ESI) mass spectrometer operating in either positive or negative mode (Shimadzu, Kyoto, Japan).

For all in vitro applications, peptides were reconstituted in sterile water at 100ug/ml.

3.2.3 Cell Culture

3.2.3.1 C2C12 Mouse Myoblasts

C2C12 mouse myoblasts were cultured using Dulbecco’s Modified Eagle Medium (DMEM) (Lonza, 12-
604F) supplemented with 10% foetal bovine serum (FBS) (Gibco, 10099141) and 1x penicillin
streptomycin (Gibco, 15140122). Cells were routinely passaged at approximately 60% confluence by

washing with sterile phosphate buffered saline (PBS) (Lonza, 17-516F) and dissociating using 1x TrypLE
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Express (Gibco, 12604021) for 3 minutes at 37°C. Cells were seeded at required density and cultured

at 37°C with 5% CO2.

3.2.3.2 C3H10T1/2 Cells

C3H10T1/2 mouse embryo fibroblasts were cultured using DMEM supplemented with 10% fetal FBS
and 1x penicillin streptomycin. Cells were routinely passaged at approximately 70% confluence by
washing with PBS and dissociating using 1x TrypLE Express for 3 minutes at 37°C. Cells were seeded at

required density and cultured at 37°C with 5% CO?2.

3.2.3.3 Human Coronary Artery Endothelial Cells

Human coronary artery endothelial cells (HCAECs) were cultured using MesoEndo Basal cell growth
medium (Cell Applications Inc, 212-500) with 10% FBS. Cells were routinely passaged by washing with
PBS and dissociating using 1x TrypLE Express for 5 minutes at 37°C. Cells were seeded at required

density and cultured at 37°C with 5% CO2.

3.2.4 /n vitroFunctional Assays

3.2.4.1 Wound Healing Assay

C2C12 cells were dissociated as described in section 3.2.3.1 and seeded at 2.5x10° cells per well in a
six well plate followed by serum starving for 24 hours in DMEM with 1% FBS. Each well was scratched
horizontally using a P200 pipette tip and treated with 3ml of treatment group specific media: 10ng/ml
PDGF-AB/-BB (positive controls) (Peprotech, 100-00AB, 100-14B), 10ng/ml of PDGF-AB with 10uM
AG1296 (negative control) (Abcam, ab141170) or 1ug/ml mimetic peptides in DMEM supplemented

with 1% FBS. Additionally, a no treatment control (NTC) group was treated with DMEM supplemented
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with 1% FBS. Cells were then incubated at 37°C for 24 hours. At 24 hours the cells were washed in PBS
and fixed using 4% PFA (ThermoFisher, 28906) for 10 minutes at room temperature and washed again
twice with PBS. Cells were then stained with 0.05% crystal violet (Sigma Aldrich, C0775) for 15 minutes
at room temperature and washed twice in PBS prior to brightfield imaging using an Olympus CKX41
microscope. Cell migration was analysed using Image J by calculating optical density in the scratch
area at 24 hours. The scratch area was measured at the time of treatment and applied in our analysis
at 24 hours. Each treatment group was carried out in duplicate and the average of each treatment

group was plotted for statistical analysis.

3.2.4.2 Collagen Contraction Assay

C2C12 cells were dissociated as outlined in section 3.2.3.1 and suspended at 2x10° cells in 167uL
collagen solution from bovine skin (ThermoFisher, C4243) with 333puL of serum free DMEM per well
in a 24 well plate. Collagen gels were crosslinked using 0.5M NaOH at a batch dependent
concentration, mixed thoroughly to ensure even setting of the gel. Titration for NaOH concentration
outlined in section 3.2.3.4. Following mixing of the NaOH with the collagen and media with cells, gels
were left to set for 30 minutes at room temperature. Once all gels had set, gels were separated from
the edge of the well using a P20 pipette tip and 500pl of treatment group specific media was added.
PDGF-AB and BB were used at 10ng/ml in serum starved DMEM. Synthetic PDGF mimetic peptides
were used at a concentration of 1ug/ml in serum starved DMEM. The AG1296 negative control media
is made up of 10ng/ml of PDGF-AB and 10uM AG1296 in serum starved DMEM. The NTC group is
treated with serum starved DMEM. Gels were then incubated for 24 hours at 37°C and imaged using
the ChemiDoc Imaging System (Bio-Rad Laboratories, California, USA). Gel contraction was measured
using Image J by measuring the circumference of each gel at time of treatment and at 24 hours. The
percentage of contraction was then calculated. Each treatment group was carried out in triplicate and

the average of each treatment group was plotted for statistical analysis.
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3.2.4.3NaOH Crosslinker Titration

NaOH crosslinker titration is done by combining 200uL of collagen solution from bovine skin with
400uL of the media used in the collagen contraction assay in eight Eppendorf tubes. 0.5M NaOH is
added to each tube increasing by 1uL for each tube starting at 1uL in tube one and ending with 8L in
tube eight. The tubes are then left to set for 30 minutes at room temperature. NaOH concentration
was determined based on colour and consistency of the gel following incubation. An ideal
concentration of NaOH should result in a deep pink colour of the media, indicating a Neutral pH and
a solid gel. This titration needs to be repeated with every new batch of collagen and for each different

media used.

3.2.4.4Endothelial Tube Forming Assay

Endothelial tube forming assay was completed on primary HCAECs dissociated as outlined in section
3.2.3.3 and resuspended at a concentration of 3.5x10% in 100uL of serum free MesoEndo Basal
Medium with or without growth factors dependent on treatment group. Prior to this, growth factor
reduced Geltrex (Gibco, A1413201) was pipetted into a 96 well plate at 50uL per well and incubated
for 30 minutes at 37°C. Following incubation cells were seeded on top of the Geltrex in treatment
group dependent media and incubated for 24 hours at 37°C. PDGF-AB and BB were used at a
concentration of 50ng/mL in serum free MesoEndo Basal Medium. PDGF mimetic peptides were used
at a concentration of 5ug/mL in serum free MesoEndo Basal Medium. The AG1296 negative control
was made up of 50ng/ml PDGF-AB and 10uM AG1296 in MesoEndo Basal Medium. The no treatment
control group was treated with serum free MesoEndo Basal Medium. Following incubation gels,
brightfield images were taken using the Olympus CKX41 and tube length and numbers were analysed

using Image J.
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3.2.4.5 Receptor Activation by Phosphorylation of Erk

3.2.4.5.1 Titration Assay

C2C12 cells were expanded and seeded into T75 flasks (Corning, 353135) for treatment with synthetic
peptides and controls. Cells were serum starved for 24 hours at 37°C in serum free DMEM. Following
serum starving cells were treated with treatment group specific media for 10 or 30 minutes, with
mimetic peptide doses ranging from 500ng/ml to 5ug/ml. After incubation cells were washed with
cold PBS and dissociated using TrypLE Express for 3 minutes. The cells were then centrifuged at 300xg

for 5 minutes at 4°C and cell pellets were resuspended in 100uL of RIPA buffer for protein extraction.

3.2.4.5.2 Time Course Assay

C2C12 cells were expanded and seeded into T75 flasks for treatment with synthetic peptides and
controls. Cells were serum starved for 24 hours at 37°C in serum free DMEM. Following serum starving
cells were treated with treatment group specific media and incubated at 37°C for 5, 10, 20, 30 or 60
minutes. After incubation cells were washed with cold PBS and dissociated using TrypLE Express for 3
minutes. The cells were then centrifuged at 300xg for 5 minutes at 4°C and cell pellets were

resuspended in 100puL of RIPA lysis buffer (Merck, 20-188) for protein extraction.

3.2.4.5.3 Protein Extraction and Quantification

Cells were incubated in RIPA lysis buffer with protease (Sigma Aldrich, 11873580001) and phosphatase
(Sigma Aldrich, P5726) inhibitors on ice for 1 hour and centrifuged at 16,000xg for 20 minutes. The
supernatant containing the protein was then collected and stored at -80°C. Protein quantification was
carried out using the Pierce BCA Protein Assay Kit (ThermoFisher, 23225). After incubation for 30
minutes at 37°C results were obtained using the SpectraMax plate reader (Molecular Devices,

California, USA) at 562nm.
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3.2.4.5.4 Western Blot for Phosphorylation of Erk

Sodium Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was carried out using 4-20%
polyacrylamide pre-cast gels (Bio-Rad, 4561094), loading 20uL per sample and 7uL of the protein
ladder (Bio-Rad), and running for 1 hour at 90V. Following this the proteins were transferred onto a
nitrocellulose membrane using the Bio-Rad Turbo Transfer system (Bio-Rad Laboratories, California,
USA) carrying out a semi wet 7-minute transfer. To block non-specific antibody binding the
membranes were incubated for 1 hour in 5% skim milk in PBST at room temperature. Following this
they were incubated overnight at 4°C in primary antibody and then 1 hour at room temperature in
secondary antibody after washing in PBST. To assess receptor activation via phosphorylation of Erk,
the primary antibody Rabbit p44/42 MAPK (Erk1/2) (137F5) (Cell Signalling, 4695) and Rabbit
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (20G11) were both diluted 1 in 1000 in 5% skim milk
in PBST. The secondary antibody used for both was anti-Rabbit secondary antibody diluted 1 in 10,000
in 5% skim milk in PBST. The blots were then imaged on the ChemiDoc Imaging System (Bio-Rad
Laboratories, California, USA) using ThermoFisher SuperSignal™ West Femto Maximum Sensitivity

Substrate (ThermoFisher, 34094).

3.2.4.5.5 Western Blots for PDGF Antibody Optimisation

Recombinant human PDGF-AA, -BB, and -AB (Peprotech, 100-13A, 100-14A, 100-00AB) were run on
an SDS-PAGE using the same western blot protocol as outlined above (section 3.2.4.5.4) as positive
controls for PDGF antibody validation and optimising. The described protocol for transferring to the
nitrocellulose membrane and blocking for non-specific antibody binding was carried out prior to
overnight incubation at 4°C. This was followed by washing in PBST and incubation in the appropriate
antibody diluted 1 in 10,000 5% skim milk in PBST. The blots were then imaged on the ChemiDoc

Imaging System (Bio-Rad Laboratories, California, USA) using ThermoFisher SuperSignal™ West Femto
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Maximum Sensitivity Substrate (ThermoFisher, 34094). All primary antibodies were used in a range of
concentrations based on manufacturers guides diluted in 5% skim milk in PBST. Primary antibodies

tested are listed below in Table 3.2.1.

Table 3.2.1: PDGF antibody optimisation.

Antibody Name Manufacturer Catalogue Number
PDGF-A polyclonal antibody ThermoFisher Scientific PA5-99405
Anti-PDGFB antibody Sigma Aldrich SAB4502136
Recombinant anti-PDGF B antibody Abcam ab178409
Anti-PDGF B antibody Abcam ab181341

PDGF B antibody Novus NBP1-58279

3.2.4.6 Flow Cytometry for EdU

Flow cytometry was carried out to assess the proliferative effects of the mimetic peptides versus our
various control groups. This was completed by staining for EdU using the Abcam EdU proliferation
assay kit (Abcam, ab222421). CH310T1/2 cells were passaged as outlined in section 3.2.3.2 and seeded
in T25 flasks prior to treatment. C3/H10T1/2 cells were treated with 20ng/ml| PDGF-BB and PDGF-AB,
and 2ug/ml of peptides JC5 and JC5a. In addition to these groups was a 1% FBS in DMEM NTC group,
10% FBS in DMEM as an additional positive control, and AG1296 negative control groups. The negative
control groups were 10uM AG1296 in DMEM and 10uM AG1296 co-treated with each of our PDGF
and peptide treatments. Following 22 hours of treatment, 10uM EdU was added to the cells and
incubated for 2 hours. The cells were then dissociated as outlined in section 3.2.3.2, collected in FACS
tubes, and washed in 500pL of cold PBS prior to centrifuging at 500xg for 5 minutes and fixation in 4%
PFA at room temperature for 15 minutes. The assay was then carried out according to the
manufacturer’s instructions and analysed using the BD LSR Fortessa Laser Cell Analyser (BD

Biosciences, Erembodegem, Belgium).
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3.2.5 Introduction of Negative Control Peptides

The functional region of the negative control peptides was scrambled randomly to remove its
biological function, followed by manual confirmation that key amino acids in the chain were no longer
placed together. These were then bound to the same HSA conjugate present in JC5 and JC5a, either
with 1 or 2 conjugates to correlate with their respective mimetic peptide. Synthesis was carried out
using the same method outlined in section 3.2.2. To confirm the negative control peptides had not
maintained biological activity, the in vitro assays carried out in Research Chapter 3: Development of
Novel Platelet Derived Growth Factor-AB Mimetic Peptides, were repeated using the same controls in
addition to JC5 and JC5a. The methods for these assays are outlined in section 3.2.4. All peptides were
synthesised by Dr Daniel Ford from the Payne Laboratory at the University of Sydney, School of

Chemistry.

3.2.6 Statistical Analysis

All statistics were carried out using GraphPad Prism (version 9.0.1). One way ANOVA statistical tests
were carried out to determine statistical significance for all assays comparing the mean of each
treatment group with the mean of all other treatment groups. Statistical significance was set to a P

value of <0.05 in all experiments.
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3.3 RESULTS

Our initial approach to address the pharmacokinetic limitations of PDGF-AB as a therapeutic was
to maintain the full protein chain and identify key amino acids within the chain that were
cleavage targets of proteolytic enzymes and replace these with synthetic amino acids
unrecognisable to proteases. This approach, if successful, would allow for minimal interruption
of the full-length protein providing the greatest opportunity to maintain its full biological
function. This method first required identification of these specific sequences within the chain
which would require highly specific antibodies to both the A and B chains. Despite significant
optimisation, antibodies that could reliably distinguish between the two chains could not be
identified (Figure 3.3.1). Whilst successful in validating an A chain specific antibody, the same
could not be achieved for the B chain. All antibodies tested failed to distinguish each chain and
demonstrated significant non-specific binding outside of the PDGFs (Figure 3.3.1). Additionally,
further investigation into the likely protease cleavage sites on the A and B chains of PDGF
identified 483 possible protease cleavage combinations involving 208 of the 234 amino acids in
the full-length heterodimer (Table 3.3.1). Therefore, our initial approach did not appear
possible, and we redirected efforts towards production of mimetic peptides utilising a key
functional region within the specific PDGF chains in addition to pursuing other methods of

improving its pharmacokinetic properties.
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Table 3.3.1: Enzyme cleavage sites on human PDGF-AB heterodimer.

Potential cleavage sites in the human PDGF-AB heterodimer. Number of cleavages indicates the
number of sites an enzyme could potentially cleave. The position of the cleavage site is the
amino acid position along the chain that is susceptible to enzyme cleavage for the specific

enzyme.
Enzyme Number of Position of cleavage sites
cleavages

Arg-C Proteinase | 24 13, 21, 42, 58, 62, 73, 84, 103, 109, 111, 117, 119, 121, 144, 152,
153,157,173, 181, 186, 193, 198, 204, 231.

Asp-N 5 24,100, 105, 155, 217.

endopeptidase

Asp-N 25 2, 3,17, 24, 38, 69, 79, 85, 86, 89, 100, 103, 104, 105, 111, 133,

endopeptidase + 139, 145, 148, 155, 169, 200, 216, 217, 224.

N-terminal Glu

BNPS-Skatole 34, 165.

CNBr 137.

Chymotrypsin- 17,31, 71, 102, 148, 162, 209.

high specificity (C-

term to [FYW],

not before P)

Chymotrypsin- 25 17, 31, 32, 60, 61, 71, 78, 85, 88, 89, 98, 102, 122, 127, 130, 137,

low specificity (C- 148, 154, 162, 163, 192, 209, 216, 219, 220.

term to [FYWML],

not before P)

Clostripain 24 13, 21, 42, 58, 62, 73, 84, 103, 109, 111, 117, 119, 121, 144, 152,
153, 157, 173, 181, 186, 193, 198, 204, 231.

Formic acid 5 25,101, 106, 156, 218.

Glutamyl 20 3,4, 18, 39, 70, 80, 86, 87, 90, 104, 105, 112, 134, 140, 146, 149,

endopeptidase 170, 201, 217, 225.

lodosobenzoic 2 34, 165.

acid

LysC 21 11,41,53,65,68,74,75,77,79, 115, 116, 118, 120, 123, 142, 199,
205, 206, 210, 211, 223.

LysN 21 10, 40, 52,64, 67,73,74,76,78,114, 115,117,119, 122, 141, 198,
204, 205, 209, 210, 222.

NTCB (2-nitro-5- 16 9,36, 42,45, 46, 53,90, 92, 140, 167, 173, 176, 177, 184, 221, 223.

thiocyanobenzoic

acid)

Pepsin (pH1.3) 23 30, 31, 32, 78, 85, 88, 89, 97, 126, 127, 129, 130, 147, 148, 161,
162, 163, 191, 209, 215, 216, 219, 220.

Pepsin (pH>2) 27 16, 17, 30, 31, 32, 71, 78, 85, 88, 89, 97, 102, 126, 127, 129, 130,
147, 148, 161, 162, 163, 191, 209, 215, 216, 219, 220.

Proline- 7 76, 110, 124, 187, 194, 207, 232.

endopeptidase [*]
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Proteinase K

112

2,3,4,5,6,8,9,12,14, 15, 16, 17, 18, 19, 24, 27, 29, 31, 32, 33,
34, 38, 39, 40, 44, 49, 52, 59, 64, 66, 67, 69, 70, 71, 72, 78, 80, 81,
83, 85, 86, 87, 89, 90, 92, 94, 95, 96, 98, 102, 104, 105, 107, 112,
122, 125, 127, 130, 131, 132, 133, 134, 136, 138, 139, 140, 143,
145, 146, 147, 148, 149, 150, 154, 155, 158, 160, 162, 163, 164,
165, 169, 170, 171, 183, 188, 190, 192, 195, 197, 200, 201, 202,
203, 208, 209, 212, 213, 214, 215, 216, 217, 220, 221, 225, 226,
227, 228, 229, 230, 233, 234.

Staphylococcal
peptidase |

17

3, 18, 39, 70, 80, 86, 90, 104, 112, 134, 140, 146, 149, 170, 201,
217, 225.

Thermolysin

61

1,7,8, 14,15, 23, 28, 30, 31, 32, 37, 51, 58, 63, 65, 66, 68, 71, 77,
82, 84, 88,91, 93,97, 121, 126, 129, 131, 132, 135, 136, 137, 138,
147, 153, 154, 159, 161, 162, 163, 168, 182, 189, 191, 194, 196,
199, 202, 207, 208, 211, 213, 215, 219, 220, 226, 227, 228, 229,
232.

Trypsin

38

11, 13, 21, 41, 42, 53, 58, 62, 65, 68, 73, 74, 77, 79, 84, 103, 111,
115, 116, 117, 118, 119, 120, 121, 142, 144, 152, 153, 157, 173,
181, 198, 199, 204, 205, 210, 211, 223.
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Figure 3.3.1: Platelet derived growth factor antibody optimising.

Western blots of recombinant human PDGF-AA, -BB, and -AB (A-E) with HEK cells transfected
with PDGF-A (HEK A) and PDGF-B (HEK B), and rat liver tissue lysate (RLTL) (B). Binding to PDGF-
B at the expected size is indicated by the red circles on blots with significant non-specific binding.
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Chapter 3 Emily McKinna

3.3.1 Peptide Design — Group 1

Throughout this chapter we designed and synthesised 9 synthetic peptides aimed at functioning
as mimetics of PDGF-AB and tested them in vitro using assays based on the established key
functions of PDGF. These assays were in migration, proliferation, collagen contraction, tube
formation, and receptor activation using C2C12 cells, C3H10T1/2 cells, and HCAECs. Extensive
revision of the literature highlighted key sequences within the full-length chain, most of which
were within loop Ill of the PDGF-B chain. As a result, the design of all 9 peptides were based on
the use of loop Il from the B chain as its functional region. These peptides were separated into
3 groups: Group 1 that aimed to confirm the function of loop Ill in PDGF signaling and if this
region was able to act alone; Group 2 aimed to enhance the pharmacokinetic properties of this
functional region by incorporating several half-life extending mechanisms; Group 3 contained a
refined peptide based on the results of Group 2 and compared it to the lead peptide at the
conclusion of Group 2. Loop lll was selected as the focal functional region of our mimetic
peptides due to its established role in receptor binding and activation, mitogenesis and
chemotaxis (120, 124, 126). These established roles have been confirmed in prior tested

analogues of PDGF providing a further basis for this choice (133-135).

Group 1 contained 4 peptides named JC1, JC2, JC3 and JC4 (Figure 3.3.2). JC1 and JC2 both
contained a homodimer of PDGF loop Il region bound to a heparin binding domain, linked using
either 4 or 3 Ahx linkers, respectively. These peptides were based on previous PDGF mimetic
analogues developed by Zamora et al (133, 134). JC3 contained only a homodimer of the loop IlI
region whilst JC4 contained this same homodimer bound to a homodimer on the heparin binding
domain. These peptides were developed in collaboration with the Payne Laboratory at the

School of Chemistry, University of Sydney. Dr Daniel Ford synthesised all peptides used.
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Figure 3.3.2: Chemical structures of Group 1 PDGF mimetic peptides.

Emily McKinna

A) JC1 — a dimer of the loop Il region of the PDGF-B chain with a heparin binding domain linked
by four Ahx linkers. B) JC2 — a dimer of the loop Il region of the PDGF-B chain with a heparin
binding domain linked by three Ahx linkers. C) JC3 —a dimer of the PDGF-B chain with no heparin
binding domain. D) JC4 — a dimer of the loop Il region of the PDGF-B chain with a dimer of the
heparin binding domain. These peptides were developed in collaboration with the Payne

Laboratory at the School of Chemistry, University of Sydney. Dr Daniel Ford synthesised all

peptides used.
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3.3.2 /n vitro Assay Design

In vitro assessment of the biological functions of our mimetic peptides was carried out testing
chemotaxis, collagen contraction, angiogenesis, receptor activation and proliferation. The
controls applied across these assays were recombinant human PDGF-AB and PDGF-BB as
positive controls, AG1296 as a negative control and a serum starved NTC. PDGF-AB and -BB were
selected as positive controls due to our understanding of their closely linked effect on cardiac
fibroblasts (138), the importance of the B chain in our peptide design, and our groups prior work
in PDGF-AB as a novel therapeutic post-MI (57, 58). AG1296 is a PDGFR inhibitor that’s
mechanism of action is an ATP-competitive inhibitor specific to the a and B receptors of PDGF,
suppressing endogenous PDGFR activity limiting this as a confounding variable. This mechanism
of action makes it an effective negative control is confirming the effect of PDGF and our PDGF
based mimetics. A serum starved NTC was selected due to the effects of FBS on cellular signaling
pathways that overlap significantly with the PDGFR signaling pathways. The results of this
overlap can be seen in migration, collagen contraction, proliferation, angiogenesis, and
phosphorylation of Erk making a serum starved NTC more appropriate in these experiments.
Preliminary in vitro experiments were carried out on Group 1 peptides with these results used
to inform our peptide design of Group 2. The in vitro effects of our peptide mimetics were further
explored with Group 2 to build upon the results of Group 1 and inform the design of our final

lead candidate peptide.

97



Chapter 3 Emily McKinna

3.3.3 Chemotaxis — Group 1

Chemotaxis was assessed using a scratch wound healing assay combined with treatment with
positive controls PDGF-AB, PDGF-BB, negative control AG1296 co-treated with PDGF-AB, the
serum starved NTC or JC1, JC2, JC3 or JC4 (Group 1 peptides) for 24 hours. Following treatment,
increased migration was expectedly observed in PDGF-AB and PDGF-BB positive controls, as well
as JC1, JC3, and JC4, when compared to the negative control AG1296 + PDGF-AB. However, only
the PDGF-BB treated group had significantly greater levels of migration than the no treatment
control group (Figure 3.3.3). Specifically, PDGF-BB-treated cells migrated across 49.33% (+9.866)
of the scratch which was 19.67% (mean diff.) greater than the no treatment control group
(p=0.0133) at 29.67% (+6.110) migration and 27.00% (mean diff.) greater than the AG1296 +
PDGF-AB group (p=0.0007) at 22.33% (+4.163) migration. A lesser effect was seen in PDGF-AB,
migrating 40.67% (+2.517) and the mimetic peptides JC1, JC3, and JC4 that migrated 42.33%
(+3.055), 40.33% (+6.110), and 43% (+7.211), respectively. Despite the lesser effect than that of
PDGF-BB, all 4 of these groups were significantly increased when compared to the negative
control AG1296 + PDGF-AB (PDGF-AB p=0.0230, JC1 p=0.0116, JC3 p=0.0263, JC4 p=0.0088)
(Figure 3.3.3). There were no significant changes in migration between the positive controls
PDGF-AB and PDGF-BB and the mimetic peptides JC1, JC3 or JC4. These results indicate that loop
[Il can maintain similar chemotactic function to recombinant human PDGF-AB in the context of

these 3 mimetic peptides in this assay.
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Figure 3.3.3: Increased migration of C2C12 mouse fibroblast cells treated with PDGF and PDGF
mimetic peptides.

C2C12 mouse fibroblast cells were treated with 10ng/ml PDGF-AB, PDGF-BB, and 1pug/ml of
PDGF mimetics JC1, JC2, JC3 and JC4 in a 2D scratch assay with 24 hours peptide treatment. A)
Migration quantified using Imagel analysis. B) Representative images of scratch assay following
24 hours with respective treatment groups. *p<0.05, **p<0.01, ***p<0.001. Error bars
represent +SD (n=3). One way ANOVA.

3.3.4 Collagen Contraction — Group 1

Collagen contraction is an important function during wound healing of many tissues including
the heart (200). This can be simulated in vitro using a collagen gel contraction assay. This was
assessed using C2C12 cells treated with the positive controls 10ng/ml recombinant PDGF-BB and
PDGF-AB, negative control 10uM AG1296 co-treated with 10ng/ml recombinant PDGF-AB, a
serum starved NTC and 1pg/ml of the Group 1 JC1/2/3/4 peptides. C2C12 mouse myoblasts
were seeded in a 3D collagen gel crosslinked with NaOH and incubated at 37°C for 24 hours

following treatment with either controls or mimetic peptides.

At the conclusion of 24 hours treatment, all mimetic peptides and both positive controls had
significantly impacted collagen contraction when compared to the negative control AG1296 +

PDGF-AB (Figure 3.3.4). The most significant of these was PDGF-BB that contracted to 17.22%
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(£2.636) of its initial surface area, 32.27% (mean diff.) more than the negative control at 54.49%
(£8.731) (p<0.0001). PDGF-AB contracted to 24.19% (+5.237) which was 30.30% (mean diff.)
greater than the negative control (p=0.0006). Each of the mimetic peptides performed similarly
to PDGF-AB with JC1 contracting to 23.38% (+1.519), 31.11 (mean diff.) greater than the negative
control (p=0.0004). JC2 contracted to 26.04% (+3.018) which was 28.45 (mean diff.) greater than
the negative control (p=0.0014). JC3 contracted to 27.12% (+4.349) which was 27.37 (mean diff.)
greater than the negative control (p=0.0022). JC4 contracted to 27.39% (+1.719) which was
27.11 (mean diff.) greater than the negative control (p=0.0025). These results show the Group 1
peptides maintain collagen contracting ability to a similar level of recombinant human PDGF-AB
in vitro in C2C12 cells, although to a lesser extent than is seen in recombinant human PDGF-BB.
Furthermore, they indicate that the loop Il region of the PDGF B chain can maintain some

functions of PDGF in vitro when compared to the recombinant full-length protein.
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Figure 3.3.4: Increased collagen contraction of C2C12 mouse fibroblasts treated with PDGF and
Group 1 PDGF mimetic peptides.

C2C12 mouse fibroblasts seeded in a 3D collagen matrix treated with 10ng/ml of PDGF-AB and
PDGF-BB and 1pg/mL of JC1, JC2, JC3, and JC4 for 24 hours. A) Collagen contraction quantified
using ImagelJ analysis. B) Representative image of collagen gels at 24 hours following treatment.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars represent #SD (n=5). One way
ANOVA.
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3.3.5 Peptide Design — Group 2

Group 2 mimetic peptides contained (Figure 3.3.5); JC5, JC6, JC7, and JC8. All these peptides
contained a homodimer of the loop Il region of the PDGF B chain following the positive results
observed during Group 1 testing. In addition to this functional region, each peptide contained a
potential half-life extending mechanism. JC5 contained a HSA conjugate, designed to ‘piggy-
back’ onto native albumins in the blood stream to avoid clearance via glomerular filtration. JC6
was a redox locked dimer, designed to reduce the susceptibility of the peptide to protease
cleavage. JC7 contained a novel heparin binding domain, whilst JC8 was designed as a cyclic
peptide to reduce its susceptibility to protease cleavage. Following synthesis, JC8 was insoluble
and unable to be tested in vitro, eliminating it as a potential candidate for further testing. These
peptides were developed in collaboration with the Payne Laboratory at the School of Chemistry,

University of Sydney. Dr Daniel Ford synthesised all peptides used.
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Figure 3.3.5: Chemical structures of Group 2 PDGF mimetic peptides.

A) JC5 — a dimer of the loop Ill region of the PDGF-B chain with a human serum albumin
conjugate. B) JC6 — a redox locked dimer of the loop Ill region of the PDGF-B chain. C) JC7 — a
dimer of the PDGF-B chain with a dimer of a novel heparin binding domain. D) JC8 — a cyclic
peptide dimer of the loop Ill region of the PDGF-B chain. These peptides were developed in
collaboration with the Payne Laboratory at the School of Chemistry, University of Sydney. Dr
Daniel Ford synthesised all peptides used.
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3.3.6 Chemotaxis — Group 2

As was outlined for the Group 1 peptides, chemotaxis was assessed using a scratch assay with
C2C12 cells treated with our control groups and the remaining 3 Group 2 peptides at 1ug/ml. A
significant increase in migration of C2C12 cells treated with recombinant PDGF-BB and peptide
JC5 is shown in Figure 3.3.6. The migration of the positive control PDGF-BB treated cells was
64.63% (+21.60), not significantly higher than migration of JC5 treated cells at 56.85% (+16.14).
The NTC group migrated 13.89% (+7.769) similarly to the negative control AG1296+PDGF-AB
treated cells that migrated 15.72% (+12.02). PDGF-BB treated cells had a 50.74% (mean diff.)
increase when compared to the NTC (p=0.0033) and a 48.91% (mean diff.) increase when
compared to the negative control (p=0.0046). Cells treated with novel mimetic peptide JC5 had
a42.95% (mean diff.) increase when compared to the NTC group (p=0.0130) and a 41.13% (mean
diff.) increase when compared to the negative control (p=0.0179). In summary, novel mimetic

peptide JC5 demonstrated a chemotactic function similar to recombinant human PDGF-BB.
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Figure 3.3.6: Increased migration of C2C12 mouse fibroblast cells treated with PDGF and novel
PDGF mimetic peptides.

C2C12 mouse fibroblast cells were treated with 10ng/ml PDGF-AB, PDGF-BB, and 1pug/ml of
PDGF mimetics JC5, JC6 and JC7 in a 2D scratch assay with 24 hours peptide treatment. A)
Migration quantified using Imagel analysis. B) Representative images of scratch assay following
24 hours with respective treatment groups. *p<0.05, **p<0.01. Error bars represent +SD (n=3).
One way ANOVA.

3.3.7 Collagen Contraction — Group 2

Increased collagen contraction is known to occur following treatment with PDGF and was
observed in this assay following treatment with PDGF-BB, PDGF-AB, and peptides JC5 and JC7
(Figure 3.3.7). The increase in collagen contraction was statistically significant when compared
to our negative control AG1296+PDGF-AB, however none of these were statistically significant
when compared to the NTC. These results are consistent with other reported data on PDGF in
collagen contraction assays (201). Following a 24-hour incubation C2C12 cells treated with
PDGF-AB had contracted the collagen gel to 22.46% (+2.503) of its initial surface area, whilst
PDGF-BB had contracted to 19.65% (+2.997), JC5 had contracted to 19.63% (+2.476) and JC7 had
contracted to 21.83% (+3.713). The negative control AG1296 co-treated with PDGF-AB

contracted to 57.41% (+10.53) which was 35.71% (mean diff.) less than PDGF-AB (p = 0.0027),
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37.76% (mean diff.) less than PDGF-BB (p=0.0015), 37.78% (mean diff.) less than our novel
mimetic peptide JC5 (p=0.0015), and 35.58% (mean diff.) less than our novel mimetic peptide
JC7 (p=0.0059). The NTC contracted to 37.72% (+3.527) which was not significantly less than any
treatment group, including the positive controls PDGF-AB and PDGF-BB. In summary, our novel
mimetic peptides have similar collagen contracting ability to recombinant human PDGF-AB and

PDGF-BB.
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Figure 3.3.7: Increased collagen contraction of C2C12 mouse fibroblasts treated with PDGF and
novel PDGF mimetic peptides.

C2C12 mouse fibroblasts seeded in a 3D collagen matrix treated with 10ng/ml of PDGF-AB and
PDGF-BB and 1pg/mL of JC5, JC6, and JC7 for 24 hours. A) Collagen contraction quantified using
Imagel analysis. B) Representative image of collagen gels at 24 hours following treatment taken
using the ChemiDoc gel imager. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars
represent £SD (n=5). One way ANOVA.
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3.3.8 Angiogenesis

PDGF has a well-established role in angiogenesis in vivo. To simulate this function in vitro, a
vascular tube forming assay on primary HCAECs was carried out using the strongest performing
peptides of Group 1 and Group 2. This assay involved seeding cells on a 3D growth factor reduced
basement membrane extract and incubating for 24 hours with the PDGF-AB, PDGF-BB, NTC,
AG1296+PDGF-AB negative control, JC5 or JC4. Following treatment, the ability of the cells to
form tubes throughout the gel indicates their ability to induce angiogenesis. PDGF is angiogenic

and reported to facilitate tube formation of endothelial cells in in vitro 3D assays (97).

Cells treated with PDGF-AB, PDGF-BB or JC5 produced longer more uniform tubes than both
untreated cells and cells treated with the negative control AG1296+PDGF-AB (Figure 3.3.8).
Positive controls PDGF-AB and PDGF-BB produced tubes that were 560.7um (+53.93) and
616.3um (+39.07), respectively. These were not significantly different to JC4 and JC5 that
produced tubes that were 601.3um (+35.64) and 591.3um (+£73.23), respectively. The no
treatment control and AG1296+PDGF-AB negative control produced tubes that were 305um
(£104.1) and 307.7u (£77.03), respectively. The PDGF-AB treatment group had an increased tube
length of 255.7um (mean diff.) compared to the NTC (p=0.0062) and 253um (mean diff.)
compared to the negative control (p=0.0068). The PDGF-BB treatment group had an increased
tube length of 311.3um (mean diff.) compared to the NTC (p=0.0013) and 308.7um (mean diff.)
compared to the negative control (p=0.0014). The JC4 treatment group had an increased tube
length of 296.3um (mean diff.) compared to the NTC (p=0.0019) and 293.7um (mean diff.)
compared to the negative control (p=0.0021). The JC5 treatment group had an increased tube
length of 286.3um (mean diff.) compared to the NTC (p=0.0025) and 283.7um (mean diff.)

compared to the negative control (p=0.0027). These results show that JC4 and JC5 protein
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mimetics both had similar vascular tube forming ability to recombinant human PDGF-AB and

PDGF-BB, suggesting an associated angiogenic potential.
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Figure 3.3.8: Increased tube length of human coronary artery endothelial cells treated with
PDGF and PDGF mimetic peptides.

Human coronary artery endothelial cells treated with 50ng/ml of PDGF-AB, PDGF-BB, 5ug/ml of
the PDGF mimetic JC4 and JC5. A) Tube length quantified using Image) analysis. B)
Representative brightfield images of 3D gels at 24 hours following treatment. ns=not significant,
*p<0.05, **p<0.01. Error bars represent £SD (n=3). One way ANOVA.

3.3.9 Peptide Design —JC5a

Based on the increased migration, collagen contraction and uniformity in tube formation that
was observed following treatment with the novel mimetic peptide JC5, this was determined to
be our lead candidate. Following in vitro testing of the Group 2 peptides a refined version of JC5,
JC5a, was introduced. JC5a contained the same loop Il functional region but rather than a single
HSA conjugate, it contained 2 of this half-life extending mechanism (Figure 3.3.9). The loop llI
dimer was formed via a disulfide bond whilst the HSA conjugates were bound to each functional

region using 3 polyethylene glycol (PEG) subunits.

107



Chapter 3 Emily McKinna

HH_,_NH; HH

Q
||N’J'I\/‘\.-W/\/\A
‘IH oH oH
o ‘D ¥ o 5 4] T o ‘3 § [+]
) D)\A:Ln--éh u«ﬁmﬁwﬁuwcwwuﬁhﬁéd»igﬂQ’émﬁa
HD% s} H [+ H o
Hy
HM o, _WH
M ] H:%
) n?fﬂa Ikﬁc.
rasday

NH;

M HH
3 g_: HH,
ﬂi;:/n [s] " [+] H (] j)n [s] n o] " (o]
W \T HWUV«;A’OV«E WWDWA’AH’]’ Jn "‘ALH »«LLN Mk
- <

H
HHEHi, H W

Figure 3.3.9: Novel mimetic peptide JC5a.

The chemical structure of JC5a is composed of a homodimer of the loop Ill region of the PDGF B
chain linked to 2 human serum albumin conjugates by 3 polyethylene glycol subunits. These
peptides were developed in collaboration with the Payne Laboratory at the School of Chemistry,
University of Sydney. Dr Daniel Ford synthesised all peptides used.

3.3.10 Chemotaxis — JC5a

A significant increase in migration of C2C12 cells treated with recombinant PDGF-BB and
peptides JC5 and JC5a is shown in Figure 3.3.10. The migration of the positive control PDGF-BB
treated cells was 75.02% (£18.14), not significantly higher than migration of JC5 treated cells at
68.28% (+17.80) and was lower than JC5a at 79.88% (+9.096). The no treatment control group
migrated 20.32% (+12.08) similarly to the negative control AG1296+PDGF-AB treated cells that
migrated 16.57% (+9.602). PDGF-BB treated cells had a 54.70% (mean diff.) increase when
compared to the NTC (p<0.0001) and a 58.45% (mean diff.) increase when compared to the
negative control (p<0.0001). Cells treated with novel mimetic peptide JC5 had a 47.96% (mean
diff.) increase when compared to the NTC group (p<0.0001) and a 51.71% (mean diff.) increase

when compared to the negative control (p<0.0001). Cells treated with novel mimetic peptide
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JC5a had a 59.56% (mean diff.) increase when compared to the NTC group (p<0.0001) and a
62.71% (mean diff.) increase when compared to the negative control (p<0.0001). In summary,
our novel peptide demonstrated a chemotactic function similar to recombinant human PDGF-

AB and PDGF-BB.
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Figure 3.3.10: Increased migration of C2C12 mouse fibroblast cells treated with PDGF and
novel PDGF mimetic peptides JC5 and JC5a.

C2C12 mouse fibroblast cells were treated with 10ng/ml PDGF-AB, PDGF-BB, and 1pg/ml of
PDGF mimetics JC5 and JC5ain a 2D scratch assay with 24 hours peptide treatment. A) Migration
quantified using ImagelJ analysis. B) Representative images of scratch assay following 24 hours
with respective treatment groups. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars
represent +SD (n=6/3). One way ANOVA.
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3.3.11 Collagen Contraction —JC5a

Increased collagen contraction is known to occur following treatment with PDGF and was
observed in this assay following treatment with PDGF-BB, PDGF-AB, and peptides JC5 and JC5a
(Figure 3.3.11). The increase in collagen contraction was statistically significant when compared
to our negative control AG1296+PDGF-AB whilst, PDGF-AB, PDGF-BB and JC5 were statistically
significant when compared to the NTC. These results are consistent with other reported data on
PDGF in collagen contraction assays. Following a 24-hour incubation C2C12 cells treated with
PDGF-AB had contracted the collagen gel to 22.46% (+£7.081) of its initial surface area, whilst
PDGF-BB had contracted to 23.42% (+7.522), JC5 had contracted to 23.01% (+6.040) and JC5a
had contracted to 33.28% (+6.979). The negative control AG1296 co-treated with PDGF-AB
contracted to 55.25% (+15.61) which was 32.79% (mean diff.) less than PDGF-AB (p>0.0001),
31.83% (mean diff.) less than PDGF-BB (p>0.0001), 32.23% (mean diff.) less than our novel
mimetic peptide JC5 (p>0.0001), and 21.96% (mean diff.) less than our novel mimetic peptide
JC5a (p=0.0120). The NTC contracted to 41.27% (+7.675) which was 18.82% (mean diff.) less than
PDGF-AB (p=0.0073), 17.86% (mean diff.) less than PDGF-BB (p=0.0126), and 18.26% (mean diff.)
less than our novel mimetic peptide JC5 (p=0.0100). In summary, our novel mimetic peptides

have similar collagen contracting ability to recombinant human PDGF-AB and PDGF-BB.
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Figure 3.3.11: Increased collagen contraction of C2C12 mouse fibroblasts treated with PDGF
and PDGF mimetic peptides JC5 and JC5a.

C2C12 mouse fibroblasts seeded in a 3D collagen matrix treated with 10ng/ml of PDGF-AB and
PDGF-BB and 1pg/mL of JC5 and JC5a for 24 hours. A) Collagen contraction quantified using
Imagel analysis. B) Representative image of collagen gels at 24 hours following treatment taken
using the ChemiDoc gel imager. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars
represent +SD, n=8/4. One way ANOVA.

3.3.12 Receptor Activation

PDGF receptor activation takes place via autophosphorylation of tyrosine and threonine
residues at key sites throughout the intracellular domain. Autophosphorylation engages
different signalling pathways, including Erk (MAPK) which participates in proliferation, cell
survival, angiogenesis, and chemotactic activity of cells. Phosphorylation of Erk indicates
successful activation of the PDGF receptor. In Figure 3.3.12, phosphorylation of Erk (pErk) can
be seen in the PDGF-BB treated group and the JC5 treated group when compared to the no
treatment control, AG1296 + PDGF-AB negative control and PDGF-AB groups. Phosphorylation
increases at 10 minutes and returns to baseline levels of phosphorylation by the 30-minute time

point. In Figure 3.3.13, phosphorylation of Erk (pErk) can be seen in the PDGF-BB treated C2C12
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cells and the JC5a treated cells when compared to the no treatment control, AG1296 + PDGF-
AB negative control and PDGF-AB cells. We have also observed a preserved phosphorylation of
Erk (pErk) following treatment with our PDGF mimetic peptide JC5a for 30 minutes. These results
indicate successful activation of the PDGF receptor following treatment with JC5 and JC5a.
Further it is noted that the AB ligand requires presence of PDGFRa, which is very lowly expressed

in C2C12 cells, whereas PDGFR is expressed at high levels; thus, pErk is induced by PDGF-BB

but not PDGF-AB.
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Figure 3.3.12: Phosphorylation of Erk following treatment of C2C12 cells with PDGF and PDGF

mimetic peptide JC5.

Western blots for total (Erk) and phosphorylated Erk (pErk) at 42 and 44 kDa following treatment

with 10ng/ml PDGF-BB and 1ug/ml of our novel mimetic peptide JC5 (n=3).
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Figure 3.3.13: Phosphorylation of Erk following treatment of C2C12 cells with PDGF and PDGF
mimetic peptide JC5a.

Western blots for total (Erk) and phosphorylated Erk (pErk) at 42 and 44 kDa following treatment
with 10ng/ml PDGF-BB and 1ug/ml of our novel mimetic peptide JC5a (n=3).
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3.3.13 Proliferation

The mitotic effects of PDGF mimetic peptides JC5 and JC5a were tested using cultured C3H10T1
/2 mouse embryonic fibroblasts (Figure 3.3.14). Proliferation was assayed after a pulse of
nucleotide analogue 5-ethynyl-2’-deoxyuridine (EdU), which binds to DNA during S-phase and
fluorescent detection of EdU using flow cytometry to identify proliferative cells. Cells were
treated with 20ng/ml PDGF-BB or PDGF-AB, and 2ug/ml of peptides JC5 or JC5a, 10% FBS was
used as a positive control, and co-treatments with specific PDGF receptor antagonist, AG1296,
was used to ascertain whether proliferation occurred via the PDGF ligand/receptor pathway.

Assays were performed in biological triplicate.

Both 10% FBS (positive control) and PDGF-BB stimulated EdU uptake >2 fold (p<0.001), with the
latter significantly inhibited by AG1296, confirming stimulation via the PDGF ligand-receptor
pathway. However, PDGF-AB, JC5 and JC5a did not significantly stimulate proliferation relative
to 1% FBS. Thus, even though the PDGF peptide moiety of JC5 and JC5a were based on the loop
lIl sequence of PDGF-BB, they did not show significant proliferative activity in this assay. The
inhibition of EdU levels shown with PDGF-AB and JC5 after cotreatments with AG1296 (p<0.001
and p<0.005, respectively) suggests a weak stimulation of the PDGF ligand-receptor pathway
with PDGF-AB and JC5, although at much lower levels than that seen with PDGF-BB. In summary,
novel mimetic peptides JC5 and JC5a display an effect on proliferation in C3H10T1/2 that is
significantly less than PDGF-BB (Figure 3.3.14). This contrasts the results seen in cell migration,
collagen gel contraction and angiogenesis assays, where PDGFAB, PDGF-BB, JC5 and JC5a show
comparable activities (Figures 3.3.10-3.3.13). These data suggest novel biological activities for

JC5 and JC5a.
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Figure 3.3.14: Proliferation of C3/H10T1/2 cells following treatment with PDGF and novel
PDGF mimetic peptides.

C3/H10T1/2 mouse embryo cells were treated with 20ng/ml PDGF-AB, PDGF-BB, and 2ug/ml of
novel PDGF mimetics JC5 and JC5a. Following 24 hours the cells were stained using EdU and
quantified via flow cytometry. ns= not significant, *p<0.05, **p<0.01, ***p<0.001,
***%¥p<0.0001. Error bars represent £SD, n=3. One way ANOVA. Flow cytometry was completed
in collaboration with Dr Osvaldo Contreras.

3.3.14 Negative Control Peptides

Peptides JC5 and JC5a were selected at the conclusion of the in vitro assays. Two additional
biologically inactive negative control peptides were introduced at this point (JC5ncand JC5anc)
(Figure 3.3.15). To establish the role of the loop Il region of the PDGF-B chain in these peptides

and as further controls for their function in vivo we designed and synthesised 2 biological
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inactive negative control peptides that contained a scrambled sequence of the functional region,
Loop Il from the PDGF-B chain, linked to either 1 or 2 HSA conjugates as is on JC5 and JC5a,
respectively (Figure 3.3.15). These peptides were developed in collaboration with the Payne
Laboratory at the School of Chemistry, University of Sydney. Dr Daniel Ford synthesised all

peptides used.

AW),
RENy

«Er:‘g ?p’vrmeMmﬂwr?r?\i}rr‘lr?W “H(jvkj;**iﬁé%ﬁ%wqummﬂd“j;fé E;v‘é

Figure 3.3.15: Biologically inactive negative control peptides.

The chemical structure of the biologically inactive negative control peptides is composed of a
homodimer of the scrambled loop Il region of the PDGF B chain linked to either 1 or 2 human
serum albumin conjugates by 3 polyethylene glycol subunits. These peptides were developed in
collaboration with the Payne Laboratory at the School of Chemistry, University of Sydney. Dr
Daniel Ford synthesised all peptides used.
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Confirmation that the negative control peptides maintained no biological function was
completed by repeating the in vitro assays carried out previously using the same controls PDGF-
AB, PDGF-BB, co-treatment with AG1296 and NTC in addition to comparison with our selected

mimetic peptides JC5 and JC5a versus the 2 newly introduced negative control peptides.

The migration assay carried out to assess the in vitro efficacy of JC5 and JC5a was repeated using
additional controls of JC5 and JC5a co-treated with PDGF inhibitor AG1296 and the new
biological inactive negative control peptides. This assay was completed by treating C2C12 mouse
myoblast cells with their respective treatment groups for 24 hours prior to fixing in 4% PFA and
staining with crystal violet. Following 24 hours of treatment with the JC5ncand JC5anc, neither
peptide demonstrated significant migration compared to the NTC group and were significantly
less effective than their active peptide counterpart. With respect to JC5, its negative control
JC5ncresulted in 32.76% (+7.696) versus 69.75% (£15.98) in JC5 treated cells (p=0.0015). Similar
results were seen regarding JC5a with JC5anctreated cells migrating 33.35% (+8.262) whilst JC5a

treated cells migrated 68.70% (+15.35) (p=0.0029).
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Figure 3.3.16: No migration of C2C12 mouse fibroblast cells treated with negative control
peptides JC5NC and JC5aNC.

C2C12 mouse fibroblast cells were treated with 10ng/ml PDGF-AB, PDGF-BB, and 1pug/ml of
PDGF mimetics JC5, JC5a, JC5NC and JC5aNC in a 2D scratch assay with 24 hours peptide
treatment. A) Migration quantified using ImagelJ analysis. B) Representative images of scratch
assay following 24 hours with respective treatment groups. ns= not significant, **p<0.01,
***p<0.001, ****p<0.0001. Error bars represent +SD. One way ANOVA.

Further assessment of the biological activity of our negative control peptides in vitro was carried
out by repeating the collagen contraction assay with our additional controls. Following
treatment for 24 hours, C2C12 mouse myoblast cells seeded in a 3D collagen matrix with JC5nc
contracted the collagen to 59.83% (+£19.60) of its initial surface area whilst cells treated with
JC5anc contracted to 50.20% (+10.29). These were 38.51 (mean diff.) (p=0.0003) and 24.67
(mean diff.) (p=0.0937) less than their active peptide counterpart for JC5 and JC5a, respectively.

Importantly, the difference between JC5a and JC5anc was not significant in this assay.
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Figure 3.3.17: No collagen contraction of C2C12 cells treated with negative control peptides

JC5NC and JC5aNC.

C2C12 mouse fibroblasts seeded in a 3D collagen matrix treated with 10ng/ml of PDGF-AB and
PDGF-BB and 1pg/mL of JC5, JC5a, JC5NC and JC5aNC for 24 hours. A) Collagen contraction
quantified using Imagel analysis. B) Representative image of collagen gels in duplicate at 24

hours following treatment taken using the ChemiDoc gel imager. *p<0.05,
***p<0.001. Error bars represent +SD. One way ANOVA.
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Figure 3.3.18: Mimetic peptide in vitro efficacy summary.
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3.4 DISCUSSION

Despite significant research efforts, cardiovascular diseases continue to be the leading cause of
morbidity and mortality worldwide. Whilst developments have been made in the treatment and
prevention of many of these, there remains no treatment options available for heart failure
outside of heart transplantation. In attempting to address this problem, previous work by our
laboratories highlighted the important role of PDGFR signalling in the injured heart (137) and
the potential of recombinant human PDGF-AB to improve cardiac function post-Ml in murine
(58) and porcine models (57, 138). Despite its promising therapeutic benefits, PDGF-AB is limited
in clinical translation due difficulties in scalability and its poor pharmacokinetics. The aim of this
chapter was to design and synthesise a mimetic peptide that could address these limitations by
maintaining the biological function of PDGF-AB in vitro and utilised a half-life extending

mechanism.

Enhancement of the pharmacokinetic properties of PDGF is essential in improving its clinical
applications and translational prospects. Our initial plan to address this involved the
identification of amino acids within the full-length protein that were highly susceptible to
enzymatic degradation and replace these with synthetic amino acids that are unrecognisable to
proteases. Early investigations into the full-length protein highlighted 483 possible protease
cleavage combinations in the 234 amino acid full-length heterodimer (Table 3.3.1). In addition
to this, we were unable to validate and optimise necessary antibodies with enough specificity to
the A and B chain to execute this method (Figure 3.3.1). Whilst western blotting for PDGF A and
B chains are commonly reported (202, 203), they rarely need to distinguish between the 2
chains. As a result, we redirected our approach to designing synthetic mimetic peptides, utilising

alternative pharmacokinetic enhancing mechanisms.
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Selection of Loop Il from the PDGF-B chain was based on extensive literature investigating the
role of this sequence in binding to both the a and [3 receptors and the downstream effects of
this on cells in vitro. Alteration of key amino acids within the sequence have been reported to
reduce binding affinity to the receptors or switch strength of binding affinity from the B to the
o, receptor (124). These reports have been supported by PDGF analogues (135) and mimetics
(133, 134) that have utilised this region and successfully maintained receptor binding and
activation in addition to downstream cellular effects. Whilst these reports provided evidence for
the significance of Loop Ill as a functional region in vitro, none had provided evidence of Loop

II’s role in vivo.

A vital component of the PDGF structure is the dimer formation with PDGFs existing as
homodimers and heterodimers of the A and B chains and homodimers of the C and D chain.
PDGF is biologically inactive outside of the dimer formation, necessitating a dimer when
designing PDGF based peptides in order to maintain biological function. The Loop Il region of all
PDGF chains is essential due to its role in dimer formation (120), containing several essential
cysteines required for forming the inter- and intra- disulphide bonds that form the cysteine knot
structure of PDGF. In our peptide design, we did not include Loop Il region, however, in PDGF
based peptides this region becomes non-essential as additional cysteines can be introduced to
the chain forming a dimer. Whilst additional cysteine residues can ensure formation of a dimer
in a sequence as short as Loop I, the cystine knot structure that is characteristic of PDGFs is
unable to be formed. The cysteine knot structure is essential in the function of PDGF ligands and
whilst this is largely due to its role in dimerisation (120) it remained a point of concern in
designing a PDGF based peptide. The in vitro assay results of this chapter indicate that the

cysteine knot structure is unnecessary in this context to maintain an effect in vitro. All peptides
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designed in this chapter contain a homodimer of loop Il bound by disulfide bonds as a result of
cysteine residues inserted at the ends of each chain. In vitro assays in this chapter allowed us to
confirm that the insertion of cysteine residues on each end of the chain was sufficient to form a
dimer capable of ensuring biological activity necessary for receptor binding and activation.
Further experiments are required to determine if this remains true in an in vivo system and will

be carried out using a murine model of myocardial infarction.

Utilising a homodimer of the Loop Il region, we designed and synthesised 9 synthetic peptides
across 3 groups, with the aim of producing a mimetic of PDGF-AB. The efficacy of these peptides
was assessed in vitro based on well-established key functions of PDGF: proliferation, migration,
collagen contraction, tube formation and receptor activation. Throughout these assays 2
positive controls, PDGF-AB and -BB, in addition to a no treatment control and an AG1296
negative control were applied to ensure the validity of these results. AG1296 is a potent selective
inhibitor of PDGFR signalling that suppresses endogenous PDGFR activity. This was evident
across all in vitro assays with AG1296 suppressing PDGFR activity below the level identified in
untreated groups (Figure 3.3.3-3.3.4, 3.3.6-3.3.8, 3.3.10-3.3.14, 3.3.16-3.3.17). Whilst AG1296
did have an effect on endogenous PDGFR activity, this effect was not statistically significant in

any in vitro assays.

For our developed peptides in vitro testing, we formed two groups. Group 1 consisted of 4
peptides that aimed to confirm the function of Loop Ill and determine whether the region can
maintain its biological function when isolated from the remainder of the chain (Figure 3.3.2).
Within Group 1, all peptides displayed some level of PDGF like function whilst 2 of them

successfully induced both migration (Figure 3.3.3) and collagen contraction (Figure 3.3.4)
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similarly to PDGF-AB and -BB. These results indicated loop Ill was capable of functioning in
isolation from the remainder of the chain aligning with the in vitro results of previously reported

PDGF based analogues and mimetics (133-135).

Following the results of Group 1, we progressed with Group 2, combining the homodimer of the
loop 1l with a mechanism of enhancing the pharmacokinetic properties of each peptide (Figure
3.3.5). Each of these mechanisms had been explored throughout the literature and were well
established but had not been previously combined with a PDGF based therapy. Commencing
Group 2, 4 peptides were synthesised, 1 of these was insoluble resulting in 3 Group 2 peptides
being carried forward into in vitro assays. Early in vitro assays on Group 2 highlighted JC5 as a
lead candidate due to its ability to mimic the function of PDGF in vitro (Figure 3.3.6-3.3.8, 3.3.12,

and 3.3.14).

Our lead candidate peptide, JC5, significantly increased migration of cells similarly to the positive
controls PDGF-AB and -BB (Figure 3.3.6). This was assessed in vitro for all peptides synthesised
in this chapter, using a scratch assay. Chemotaxis is a significant function of PDGF that is a well-
established downstream effect of increased PDGFR signalling. The effects of PDGF on cellular
chemotaxis are well reported (99-101) and other PDGF based mimetics have demonstrated this
effect utilising a dimer of the loop Ill region (133). The increased migration noted from several
peptides in this chapter, including JC5, aligns with the reported effects of PDGF and PDGF
mimetics in the literature. This indicates that in the context of this work, the loop Il region of
the PDGF-B chain is capable of mimicking the effect of PDGF on chemotaxis. With respect to JC5,
this conclusion remains true in collagen contraction (Figure 3.3.7), tube formation (Figure 3.3.8),

and receptor activation (Figure 3.3.12), further aligning with the reported effects of PDGF in vitro
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(97, 103) and PDGF mimetics (133). The effects on collagen contraction were confirmed using a
3D collagen gel matrix, observing contraction following 24 hours treatment whilst a similar assay
was carried out on endothelial cells assessing tube formation in Geltrex. Receptor activation was
identified via phosphorylation of Erk, a key component of the PDGFR signalling pathway with
downstream effects on chemotaxis, proliferation, angiogenesis, and cell survival (104). Mimetic
peptide JC5a was designed as a more refined version of our lead candidate JC5, containing the
same homodimer of loop Il with both chains linked to their own HSA conjugate (Figure 3.3.9).
JC5a maintained similar function to JC5 across all assays (Figure 3.3.10, 3.3.13-3.3.14) with the

exception of collagen contract where a reduced effect from JC5a was noted (Figure 3.3.11).

PDGF has been reported as a potent mitogen (86-88). However, in the context of my
experimental work the proliferative effects of PDGF-AB and JC5 were limited, and no effect was
identified in JC5a. Although this does not align with many reports of PDGFs effect on mitogenesis
and the reported effects of PDGF mimetics (133) it does align with the insignificant effect of
proliferation identified following PDGF treatment in our group’s previous studies (57, 58, 138,
204). In vivo, these studies demonstrated the beneficial effects of PDGF-AB on cardiac function
whilst resulting in no significant increase in scar post MI. These were later supported by
mechanistic studies highlighting the lack of proliferative effect in murine and porcine hearts
treated with PDGF-AB in addition to human cardiac fibroblasts treated with PDGF-AB in vitro.
Our group has also performed RNA sequencing experiments of infarcted pig hearts treated with
PDGF and found no significant effect on cell cycle markers were identified in this model (138).
Furthermore, we have performed RNA sequencing of human cardiac fibroblasts in vitro and in
murine hearts post Ml finding that genes associated with cell cycle pathways were reduced

relative to controls. Together this work highlights the significant effects of PDGF on the ECM,
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angiogenesis, chemotaxis, an immune response (138) as the mechanisms driving improved

cardiac function following treatment with PDGF.

Remodelling of the left ventricle post-Ml is a combined effect of degradation of the ECM and
development of cardiac fibrosis in the infarct zone (205). The significance of the ECM in this
declining cardiac function makes it an attractive target for novel therapeutics post-Ml. The
previous work by our groups provided evidence to support PDGF-AB as a novel therapeutic
acting on the ECM (57, 58). This was seen through reduction in cardiac scar in the murine model
and modulation of the cardiac scar in the porcine model. Modulation of the cardiac scar was
supported as the mechanism of action in further work identifying significant genomic changes
following PDGF-AB in mice and pigs in vivo and human cardiac fibroblasts in vitro (138). In
addition to this, a significant decrease of cardiac fibroblast differentiation to myofibroblasts
following treatment with PDGF-AB was observed across all species (138). Due to PDGFs role as
a potent mitogen (87) and reports of PDGF increasing fibrogenesis (206) it would be expected
that PDGF would likely increase fibrosis, doing so by acting on the cell cycle. However, these
further studies into the mechanism of PDGF highlighted the lack of significant effect on
proliferation in this context, with significant down regulation of the cell cycle in human cardiac
fibroblasts following treatment with PDGF-AB (138). Interestingly, in this same experiment
significant changes in genes of the ECM and significant upregulation of the immune response
were identified following treatment with PDGF-AB. The conclusion of these factors combined is
that treatment with PDGF-AB induces a phenotype of human cardiac fibroblasts distinct from
myofibroblasts with significant effects on angiogenesis, migration, and the immune response
(138). This data supports previous reports of cardiac scar modulation as a mechanism driving

improved cardiac function in PDGF-AB in vivo studies. It also aligns with the significant effects of
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PDGF-AB and our novel mimetic peptides on migration, and angiogenesis, and the minimal effect
on proliferation in vitro seen throughout this chapter. These experiments carried out by Hume
et al. also highlighted the very similar effects of PDGF-AB and -BB in genomic analysis of human
cardiac fibroblasts. This further supports our use of the loop Il region from the PDGF-B chain in

developing a PDGF-AB mimetic.

Albumin fusion proteins are an established and effective method of improving the
pharmacokinetic properties of biologic based therapies, that have previously enabled clinical
translation and commercialisation of various therapies (149, 165). Despite its success in
enhancing therapeutics, its large size and low solubility limits its commercial and clinical
applications, and in the context of PDGF may extend its half-life longer than our desired window.
The HSA conjugate utilised in JC5 and JC5a provided a mechanism of extending half-life without
maintaining all mechanisms found in albumin fusion proteins. The result of this is that peptides
bound to the conjugate are protected from protease cleavage with a decreased rate of
glomerular filtration but are unable to cycle through the FcRN pathway. The cause of this is
poorly understood, however the result is limiting the prolonged half-life of peptides bound to
this conjugate. The HSA conjugate was constructed using a palmitoyl based fatty acid conjugate
that has binding capacity for HSA and utilised a ‘piggy-back’ approach to extending half-life
(148). Rather than binding the Loop Il region to a full-size albumin, binding to a HSA conjugate
that could bind to native albumins in the bloodstream allowed for the efficient production of a
synthetic peptide that had good solubility, addressing the shortcomings of albumin fusion
proteins while still taking on its balanced pharmacokinetic enhancement. Due to the effects of
PDGF on the cell cycle and its role in angiogenesis, a prolonged increase in PDGFR signalling

could have negative impacts on the safety of a PDGF based therapeutic. In previous PDGF based
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therapies, prolonged exposure to PDGF-BB was associated with an increase incidence of
metastases (132). Selecting a half-life extending mechanism that balanced improved
pharmacokinetics without prolonged exposure of a PDGF based peptide was a significant aspect
of our peptide design. Further work is required to assess the pharmacokinetic properties of our
novel mimetic peptides JC5 and JC5a. This may be carried out in vitro using plasma stability
assays (207) and in vivo in a murine model (208). These experiments combined would be a
significant contribution towards our understanding of the dose response relationship in JC5 and

JC5a.

All peptide mimetics within this chapter were based on a functional region of the Loop Il region
of the PDGF-B chain, dimerised using cysteines inserted at each end of both chains. In the
context of our lead candidate peptides, JC5 (Figure 3.3.5A) and JC5a (Figure 3.3.9), this was
combined with the HSA conjugate to potentially enhance the pharmacokinetic properties of
PDGF. In in vitro testing of these peptides, we showed that the biological activity of PDGF-AB
could be maintained in a novel mimetic peptide based on its ability to induce migration (JC5
Figure 3.3.6, JC5a Figure 3.3.10), collagen contraction (JC5 Figure 3.3.7, JC5a Figure 3.3.11),
receptor activation (JC5 Figure 3.3.12 JC5a Figure 3.3.13) and tube formation (Figure 3.3.8).
Whilst the Loop Il region had been utilised in prior PDGF based analogues, providing evidence
for its functional role, maintenance of this function was essential following binding to the HSA
conjugate. The in vitro assay results of novel mimetic peptides JC5 and JC5a provided evidence
to support the use of a dimer of an isolated region of PDGF to produce a synthetic mimetic
peptide, with potentially enhanced pharmacokinetic properties using the fatty acid-based HSA

conjugate. The results presented in this work successfully addressed the aims of this chapter
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whilst providing us with 2 lead candidate peptides (Figure 3.3.18) to transition into in vivo safety

and efficacy testing.

3.5 CONCLUSION

Recombinant human PDGF-AB has been established as an effective novel therapy to improve
cardiac function post-Ml in murine and porcine models (57, 58). However, its labour-intensive
synthesis limits scalability whilst its poor pharmacokinetic properties limit its clinical
applications. To address these problems, we aimed to design and synthesise a synthetic peptide
mimetic to be a more clinically viable and commercially attractive alternative. The in vitro assay
results of this chapter highlight the efficacy of our chosen functional region, loop lll, of the PDGF
B chain in mimicking the function of PDGF in vitro. From these cell migration, collagen
contraction, tube formation and receptor activation studies JC5 and its subsequent peptide JC5a
(Figure 3.3.18) stood out as promising lead candidates for in vivo safety and efficacy testing as
possible replacements for PDGF-AB, improving the prospects of clinical translation for our PDGF

based therapeutic post-Ml.
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CHAPTER 4: APPLICATION OF NOVEL MIMETIC PEPTIDES
IN A MURINE MODEL OF ACUTE MYOCARDIAL
INFARCTION
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4.1 INTRODUCTION

Platelet derived growth factors (PDGFs) are cysteine knot growth factors with primary functions
in mitogenesis (86-88), chemotaxis (98, 100, 101), angiogenesis (115) and wound healing (94).
In addition, they have proven effective in utilising these functions to improve outcomes in some
disease states. For example, PDGF based therapies have been FDA approved for the treatment
of musculoskeletal and maxillofacial disorders (129) and diabetic non-healing ulcers (130).
Furthermore, in preclinical models PDGFs have been successfully tested as potential therapies
for cardiovascular diseases (57, 58), chronic non-healing wounds (127), and bone remodelling
(128). Within our research group, the PDGF isoform PDGF-AB has been reported to significantly
improve cardiac function in murine (58) and porcine models (57), with its effect attributed to

modulation of the ECM, cardiac scar and increased angiogenesis.

In the aforementioned murine model, Asli et al. delivered recombinant human PDGF-AB via
osmotic mini-pump for 5 days following a surgically induced myocardial infarction (Ml), carried
out by permanent occlusion of the left anterior descending (LAD) artery. Using
echocardiographic and histological assessment, this study demonstrated infarcted PDGF-AB-
treated mice show an increased ejection fraction and a reduced scar size, compared to controls.
This improved cardiac function was likely driven by the pro-regenerative effects on endothelial
cells, fibroblasts, and cardiomyocytes. Treatment with PDGF-AB also resulted in increased
activation, proliferation, and self-renewal of fibroblasts alongside PDGFRa signalling highlighting

the effect of increased PDGFR signalling on cardiac fibroblasts (58).
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Building upon this work, our lab developed a porcine model to confirm the therapeutics benefits
of post-MI PDGF-AB treatment in a large animal model. Thavapalachandran et al. delivered
recombinant human PDGF-AB via osmotic mini-pump for 7 days post-MI and assessed cardiac
function 28 days post-MI by cardiac magnetic resonance imaging and left ventricular pressure
volume loop analysis. These results highlighted a significant increase in left ventricular ejection
fraction (LVEF) at day 28 post-MI in animals treated with PDGF-AB. This increase in LVEF was as
a result of a significant increase in end systolic volume suggesting that the improved cardiac
function was a result of improved contractility of the left ventricle. Histological analysis was
carried out to identify changes in the EMC and angiogenesis in the scar. This showed increased
collagen alignment within the scar, altered ratios of collagen subtypes within the scar and
increased angiogenesis following treatment with PDGF-AB. Despite these changes, scar size was
not significantly different between treated and non-treated animals indicating the mechanism
of action of PDGF-AB in this model is through modulation of the cardiac scar and increased
angiogenesis post-MI. This work progressed translation of cardiac PDGF-AB therapy from a

murine model into a more clinically relevant large animal model (57).

In Chapter 3: Development of Novel Platelet Derived Growth Factor-AB Mimetic Peptides, we
designed, synthesised, and assessed the biological function of peptide mimetics of PDGF. Based
on these results, 2 mimetic peptides were selected for in vivo testing. As our colleagues have
previously shown that PDGF-AB improves function in a post-MI murine model (58), we aimed to
assess the safety and efficacy of these peptides in the same model. |Initially, safety and
toxicology of the peptides were assessed using a combination of healthy male and female
C57BL6/J mice, whilst efficacy was assessed in male C57BL6/J mice post surgically induced MI.

The key functional region of these peptides is taken from loop lll of the PDGF-B chain that is
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essential to receptor binding and activation with downstream cellular effects on proliferation,
migration, and collagen contraction (121, 122, 124). To confirm the role of the PDGF-B chain
Loop lll region in these peptides we introduced 2 biologically inactive negative control peptides
for use in the in vivo assays. The negative control peptides contained a scrambled functional
region and either 1 or 2 half-life extending conjugates. The other groups used to assess these
peptides effect post-MI were PDGF-AB as a positive control, a vehicle only PBS control and sham-
surgery control group. Sham control mice were included to control for the effects of the mini-
pump insertion surgery, that received an osmotic mini-pump with no Ml treated with either
32.50mg/kg JC5 or JC5a. The negative control peptides JC5nc and JC5anc were tested in vitro in
Chapter 3, to ensure they maintained no biological function. Concerns were raised at the
conclusion of those experiments as JC5a was not significantly different in effect to its negative
control peptide JC5anc. As a result of this and our limited understanding of the negative control
peptides, we chose to exclude them from the in vivo efficacy study, however, they were still
included for toxicity and safety testing. This study was designed to replicate the conditions of
previous PDGF studies on murine models carried out by our groups (57, 58). This in vivo timeline
included echocardiography at the baseline (before infarction), day 2, and day 28 to assess
changes in cardiac function during PDGF peptide mimetic treatment as compared to PDGF-AB
and the other control groups. Successful translation of the results presented in Chapter 3, into
a clinically relevant murine model could provide us with an alternative to recombinant PDGF-AB
as a novel therapy for heart failure, capable of maintaining its therapeutic effects whilst

addressing its limitations to enhance its progression in clinical translation.
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Hypothesis

Lead candidate PDGF-mimetic peptides established and tested through in vitro assays will

provide a safe and efficacious method of improving cardiac function post myocardial infarction.

Aims
1. Assess the toxicology and safety of synthetic PDGF-mimetic peptides in an uninjured in
vivo murine model at varying doses.
2. Determine the efficacy of PDGF-mimetic peptides in improving cardiac function in a post

myocardial infarction murine model.
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4.2 MATERIALS AND METHODS

4.2.1 Animal Experiments

All animal experiments were approved by the Garvan/St Vincent’s Animal Ethics Committee (AEC
Protocol #19/14 and #22/18) and were conducted in accordance with the NHMRC guidelines for
animal research and the Australian code for the care and use of animals for scientific purposes. In vivo
experiments were conducted on C57BL/6J mice bred and housed at the Victor Chang Cardiac Research
Institute (Darlinghurst) BioCORE (Jackson Laboratory, 000664). All animal experiments were carried

out with the technical expertise of Dr Vikram Tallapragada.

4.2.2 In vivo Safety Studies

The safety of our synthetic peptides was assessed in vivo using a two-part safety study made up of
Phase A — maximum tolerated dose study and Phase B — toxicity study. Doses of synthetic peptides
are detailed in Table 4.3.1. The standard dose was determined using the known dosage of
recombinant human PDGF-AB used successfully in previous murine studies. An estimated drop in
potency of our peptides versus full-length PDGF was also accounted for. Additional dose groups for
toxicity testing were selected based on standard in vivo toxicity protocols in the field (209-211).
Monitoring over the course of both phases included weighing of the mice, food and water intake, and
close observation for signs of distress and acute toxicity. Specific signs of distress and acute toxicity
were: weight loss 220%, hunched posture, abdominal distension, piloerection, diarrhoea, any signs of
respiratory distress (e.g., changed respiratory rate, gasping, and dyspnoea), lethargy, health filt,
tremors, seizures, circling or paresis, and persistent self-induced trauma. At the conclusion of each
experimental timeline the heart, lungs, liver, kidneys, spleen, and brain were weighed, visually
inspected gross pathological changes then fixed in 10% neutral buffered formalin in preparation for

histological examination as detailed below.
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Table 4.2.1: Safety study dosage groups.

Group Dosage
Low Dose 3.25mg/kg
Standard/Mid Dose 6.50mg/kg
Mid High Dose 13mg/kg
High Dose 32.50mg/kg

4.2.3 Maximum Tolerated Dose Study

Phase A, the maximum tolerated dose study, comprised 4 dose groups of 3 males and females for each
peptide. The peptides were delivered via intraperitoneal injection on day 1 followed by monitoring 3
times daily up to day 7. Dose groups were increased stepwise weekly at the successful conclusion of
the dose group study prior. At the conclusion of each study, tissue and blood collection was carried

out as above.

4.2.4 Toxicity Study

Phase B, the toxicity study, was carried out over a period of 28 days using 6 male mice per peptide.
The peptides were delivered via osmotic mini-pump at the highest dose tolerated in Phase A.
Following mini-pump insertion on day 1, mice received daily pain management up to day 7 and then
twice weekly monitoring up to day 28. Tissue and blood collection were carried out as outlined above
and analysed downstream via histology and pathology. Osmotic mini-pump insertion was carried out

by Dr Vikram Tallapragada.

4.2.5 Histology

To identify and analyse any off-target effects of the peptides on the major organs collected they were
dissected in half and paraffin embedded prior to sectioning. The heart, kidneys, spleen, and liver were

dissected longitudinally, the brain was dissected down the sagittal plane and the lungs were left intact.
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All dissected organs were embedded with each half in an opposite orientation to allow for the most
detailed sectioning of each organ. Each lung was oriented in opposite direction to achieve the same
detailed sectioning. Following sectioning, 2 sections of each organ were stained with haematoxylin
(POCD, MODMAY) and eosin (POCD, EOSVIJ) and an additional 2 sections were stained for picrosirius
red and fast green (POCD, SIRIUSFAST500) to identify any potential changes in collagen deposition.
Histological staining was carried out as described in section 2.2.7.1 (Picrosirius red and fast green) and
section 2.2.7.2 (Haematoxylin and eosin). All sections were then imaged using the Olympus VS120
slide scanner (Olympus Life Science, Massachusetts, USA) at 10x magnification. These images were
analysed by veterinarian Dr Alan Marcus for structural abnormalities, fibrogenesis, and areas of

increased cell proliferation.

4.2.6 Blood Profiling

Immediately following the Phase B tissue collection, 800uL of blood was collected from the jugular
vein and sent for profiling at a specialist commercial veterinary laboratory (ldexx, NSW). Analysis of
blood biochemistry and haematology were carried out, the results of which were combined with the

histology data from these mice to identify any potential off target effects of these peptides.

4.2.7 Efficacy Study Surgery

To assess the efficacy of our mimetic peptides an efficacy study was carried out in a murine model of
Ml. A surgically induced MI was carried out via permanent occlusion of the LAD artery in addition to
insertion of an osmotic mini-pump (Alzet, 1007D), loaded with 100uL a designated treatment.
Recombinant human PDGF-AB was loaded at a concertation of 20ug/mL whilst JC5 and JC5a were
loaded at a concentration of 3250ug/mL. Prior to commencing the Ml surgery mice were anesthetised

with an intraperitoneal injection of ketamine (100mg/kg) and xylazine (20mg/kg). This was maintained
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throughout the surgery using 2% isoflurane and 100% oxygen via intubation using a 20-gauge cannula
that is placed using a lamp to illuminate the pharyngeal region. Ventilation was set at a volume of
0.5ml and 120 breaths per minute. The surgery was then carried out by opening the thorax, firstly by
opening the subcutaneous and muscle layers using scissors down to the level of the ribs. The fourth
intercostal space was then opened, and a retractor was placed to expose the heart. Once the LAD was
identified, it was ligated using a 7/0 prolene suture on a tapered needle. A 3mm section of 4-Osilk was
placed on top of the vessel to avoid the suture cutting through the myocardium. During the same
procedure a 0.5cm incision was made on the dorsal surface of the mouse with a subcutaneous pocket
formed to place the osmotic mini-pump. The catheter (Alzet, 0007701) from the mini-pump is then
placed in the jugular vein for infusion of the designated treatment at 0.5uL/hour for 7 days. Each of
the layers of the thorax and dorsal incision were then closed using prolene. Mice received 0.75mg/kg
of buprenorphine following surgery and twice daily for 3 days post-MlI. Occlusion of the LAD and
osmotic mini-pump insertion was carried out by Dr Vikram Tallapragada. Echocardiography was used
to analyse cardiac function over the study, firstly at the baseline prior to surgery and then at day 2 and
day 28 to detect any significant differences between treatment groups. At the conclusion of the
experimental timeline the hearts were collected, weighed, and fixed in 10% neutral buffered formalin
for downstream analysis. Mice in the efficacy study were randomised using a random order generator
and then manually modified to ensure no more than 2 of each treatment group were grouped in a
single day. All operators were blinded throughout the surgeries, echocardiography, tissue collection

and downstream analysis.

4.2.8 Echocardiography

Echocardiography was performed throughout this protocol to assess cardiac function. This was
performed by Dr Vikram Tallapragada of the Victor Chang Cardiac Research Institute at Baseline, day

2, and day 28. Mice were lightly anesthetised using 0.5-1.5% isoflurane and echocardiography was
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performed using the Visual Sonics Vevo 2100 Preclinical Imaging System with a MS400 transducer
(FUJIFILM Visual Sonics, Ontario, Canada). Blinded echocardiography data analysis was carried out
using the bullet method and was completed by Dr Sul Ki Kim of the Centre for Heart Research, The
Westmead Institute for Medical research and myself allowing for inter-reader variability analysis
(Methods included in section 4.2.9). Long and short axis echocardiography imaging was analysed for
systolic parameters using the bullet method. The bullet method uses a 5/6 area by length formula to
calculate left ventricle volume to determine left ventricular end systolic volume (LVESV), left
ventricular end diastolic volume (LVDEV) and ejection fraction (EF). Area of the left ventricle was
calculated using the short axis at 3 points through the ventricle from the 1mm below the mid-papillary
(MP) level to 3mm below the MP level, measuring the endocardium and epicardium in systole and
diastole. Length of the ventricle was measured using the long axis view in systole and diastole from
the aortic valve to the apex. Analysis measurements were carried out using the Vevo 3100 Analysis

Software (FUJIFILM Visual Sonics, Ontario, Canada) and calculated on Microsoft Excel (2016).

Long axis Short axis segments Short axis

Volume = (5/6) x area x length

Figure 4.2.1: Bullet method measurements for echocardiography analysis.
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4.2.9 Statistical Analysis

All statistics were carried out using GraphPad Prism (version 9.0.1). One way ANOVA statistical tests
were carried out to determine statistical significance for all assays comparing all treatment groups to
the PBS vehicle control group. Inter-reader variability on the echo analysis was carried out using a
Bland-Altman method comparison test to identify significant differences in analysis between different

observers.
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4.3 RESULTS

To assess the safety and efficacy of our mimetic peptides we carried out a two-part toxicity study (see
Figures 4.3.3-4.3.4 below) followed by an efficacy study (see Figure 4.3.7 below) in a murine model of
acute MI. Phase A of our toxicity study was carried out as a maximum tolerated dose study on both
male and female C57BL6/J mice. Mice were given 1 our 4 synthetic peptides via intraperitoneal
injection and monitored 3 times daily until tissue and blood collection on day 7. We tested four dose
groups increasing step wise each week at the safe completion of the prior dose group. Phase B was
carried out using the highest tolerated dose of Phase A on only male C57BL6/J mice. The peptides
were delivered via osmotic mini-pump that infused at a constant rate over days, with mice monitored
daily for the first seven days and then twice weekly until tissue and blood collection on day 28. Delivery
via osmotic mini-pump was chosen to replicate the delivery method of the efficacy study. At the
completion of Phase B, blood biochemistry and hematology in addition to histology on the heart,
lungs, liver, kidneys, spleen, and brain was carried out to identify signs of toxicity and adverse off
target effects. Peptides were selected for transitioning into in vivo experiments based on the results
of the in vitro assays carried out in Chapter 3: Development of Novel Platelet Derived Growth Factor-
AB Mimetic Peptides (Figure 3.3.18). From the in vitro assays we concluded that JC5 (Figure 4.3.1)
displayed comparable function to PDGF-AB across migration, collagen contraction, tube formation,
receptor activation and proliferation (Figure 3.3.18). These lead to the more refined version of this

peptide, JC5a (Figure 4.3.2), that displayed comparable function to JC5 (Figure 3.3.18).
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Figure 4.3.1: Novel mimetic peptide JC5 selected for in vivo testing.

The chemical structure of JC5 is composed of a homodimer of the loop Il region of the PDGF B chain
linked to a human serum albumin conjugate by 3 polyethylene glycol subunits. These peptides were
developed in collaboration with the Payne Laboratory at the School of Chemistry, University of Sydney.
Dr Daniel Ford synthesised all peptides used.
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Figure 4.3.2: Novel mimetic peptide JC5a selected for in vivo testing.

The chemical structure of JC5a is composed of a homodimer of the loop Ill region of the PDGF B chain
linked to 2 human serum albumin conjugates by 3 polyethylene glycol subunits. These peptides were
developed in collaboration with the Payne Laboratory at the School of Chemistry, University of Sydney.
Dr Daniel Ford synthesised all peptides used.
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4.3.1 Toxicity and Safety Study

4.3.1.1 Phase A — Maximum Tolerated Dose Study

Preliminary toxicity studies were carried out to assess acute safety and toxicity. Mice received an IP
injection of 1 of the 4 peptides on day 1 and were monitored 3 times daily for signs of distress or acute
toxicity until day 7. To determine a maximum tolerated dose a new dose group was completed each
week increasing step wise at the successful completion of the dose prior, starting with the lowest dose
3.25mg/kg and escalating to 32.50mg/kg. Throughout Phase A no signs of acute toxicity or signs of
distress were noted in any mice across all doses for all peptides in both males and females and there

were no mortalities (Figure 4.3.3).

Week 1: Low Dose
3.25mg/kg

Week 3: Mid-High Dose

13mg/kg
& <
4 n=6(3males+3 ' n=6(3males+3
» females)/peptide » females)/peptide
D1: 1P D7:TC D1: 1P D7:TC
All mice survived until Day 7 All mice survived until Day 7
with no signs of acute toxicity. with no signs of acute toxicity.
Total mice = 24 Total mice = 24

Week 2: Mid Dose Week 4: High Dose

6.50mg/kg 32.50mg/kg
% 2 > 4
n=6 (3 males +3 n=6 (3 males +3
females)/peptide ‘, females)/peptide
D1:IP D7:TC D1: 1P D7:TC
All mice survived until Day 7 All mice survived until Day 7
with no signs of acute toxicity. with no signs of acute toxicity.
Total mice = 24 Total mice = 24

Figure 4.3.3: Mice showed no signs of acute toxicity over 7 days following intraperitoneal injection.

Following IP injection none of the mice treated with the 4 peptides across each dose groups presented
with signs of distress or acute toxicity. (n=6 [3 males + 3 females]/peptide). This study was carried out
with the technical expertise of Dr Vikram Tallapragada.
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4.3.1.2 Phase B — Toxicity Study

Daily monitoring of mice
response to synthetic peptides

Week 1 Week 3

Week 2 Week 4

Day 1: Osmotic mini pump Day 28:
insertion (mini pump loaded
with designated peptide and
dose)

Figure 4.3.4: Phase B toxicity study — experimental timeline

Osmotic mini-pump insertion was performed by Dr Vikram Tallapragada.

Moving forward with the highest dose of 32.50mg/kg successfully completed in Phase A, Phase B was
commenced with the aim of identifying potential off target effects longer term and to reflect the
administration route in the planned efficacy study. To achieve this, male C57BL6/) mice received their
designated peptide at 32.50mg/kg via osmotic mini-pump on day 1 and were monitored for 28 days
for signs of distress or toxicity prior to blood and tissue collection on day 28 (Figure 4.3.4). At day 28
major organs were fixed for histology whilst blood and plasma were collected for blood profiling.
Analysis of blood profiling (Table 4.3.2-4.3.3) and histology (Figure 4.3.5-4.3.6) results was completed
by veterinarian Dr Alan Marcus. Blood profiling consisting of haematology and blood biochemistry
parameters was then carried out by Idexx Laboratories. Haematology analysis identified no significant
changes across the peptide groups with the exception of a mild increase in monocytes in 2 of 3 mice
in the JC5 group (Table 4.3.2). Biochemistry identified decreased total protein, albumin, and
creatinine, and increased urea, calcium, and sodium across all groups including scrambled peptide
controls. This is likely due to species/strain differences in recorded reference ranges (Table 4.3.3). The

reference ranges set by Idexx Laboratories were for mus musculus species but not specifically the
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C57BL6/) strain. Further assessment of these results indicated they align with reported reference

ranges specific to this strain (212, 213).

Table 4.3.1: Maximum tolerated dose study haematology parameters.

Blood profiling identified minor changes in haematology parameters of Phase B mice, 28 days post

treatment with each of the 4 peptides. Blue indicates below the reference range. Red indicates above

the reference range (n=3/peptide)

Test JC5 JCsNC JC5a Jcsal¢

nl n2 n3 nl n2 n3 nl n2 n3 nl n2 n3
Red Blood Cells 9.2 9.1 8.5 7.4 8.4 8.0 8.0 7.8 8.3 8.6 7.2 8.9
(6.3-10.1) x1012/L
Haematocrit 042 | 04 | 037 | 033 0.37 0.35  0.37 | 036 | 0.38 | 0.42 0.33 0.40
(0.33-0.48) L/L
Haemoglobin 134 | 133 123 | 108 123 115 120 122 124 135 85 131
(101-161) g/L
MCV (42-56) fL 46 44 44 45 44 44 46 46 46 49 46 45
MCH (14-18) pg 15 15 14 15 15 14 15 16 15 16 12 15
MCHC 319 | 333 332 | 327 332 329 324 339 326 321 258 328
(295-351) g/L
% Reticulocytes | 3.6 3.9 3.8 3.2 35 4.6 41 4.9 3.6 5.6 4 3.7
(0.0-11.3) %
Reticulocytes 331 | 355 323 | 237 294 368 328 382 299 482 288 329
x10%/L
WBC 6.9 5.8 5 5.2 5.1 3.5 3.4 4.7 8.3 9.3 4.7 3.9
(5.1-11.6) x10%/L
% Neutrophils 12 12 10 28.4 26.1 353 11 9 8 14 12 14
% Lymphocytes 79 78 84 68.3 67.4 55.9 85 89 90 81 82 84
% Monocytes 7 5 3.3 6.5 8.8 3 2 2 3 4 2
% Eosinophils 2 1 0 0 0 1 0 0 2 2 0
% Basophils 0 0 0 0 0 0 0 0 0 0 0
Neutrophils 0.8 0.7 0.5 15 13 1.2 0.4 0.4 0.7 1.3 0.6 0.5
(0.0-2.8) x10%/L
Lymphocytes 5.5 4.5 4.2 3.6 34 2 2.9 4.2 7.5 7.5 3.9 33
(0.0-12.0) x109/L
Monocytes 0.5 0.5 0.3 0.2 0.3 0.3 0.1 0.1 0.2 0.3 0.2 0.1
(0.0-0.4) x10%/L
Eosinophils 0.1 0.1 0.1 0 0 0 0 0 0 0.2 0.1 0
(0.0-0.3) x10°%/L
Basophils 0 0.1 0 0 0 0 0 0 0 0 0 0
(0.0-0.0) x10°%/L
Platelets 667 | 438 | 1167 | 341 - 610 - - - - 1412 -

(252-1612) x109/L
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Blood profiling identified minor changes in biochemistry parameters of Phase B mice, 28 days post

treatment with each of the 4 peptides. (n=3/peptide)

Test

JC5

Jeshe

JC5a

JC5aN¢

nl

n2

n3

nl

n2

n3

nl

n2

n3

nl

n2

n3

Glucose (FO)
mmol/L

13.7

12.3

10.9

10.9

10.6

12

11.9

11.6

11

10.9

12

11

Creatinine
(0.04-0.12)
mmol/L

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

Urea
(1.8-5.2)
mmol/L

10

8.1

9.5

13.4

111

9.5

9.3

7.6

10.6

8.1

Phosphorus
(1.3-3.0)
mmol/L

2.3

1.2

1.5

1.4

2.1

1.8

23

2.5

Calcium
(1.2-1.9)
mmol/L

2.3

2.2

2.1

2.2

2.1

2.2

2.2

2.1

2.2

Sodium
(132-144)
mmol/L

148

147

145

147

141

145

Potassium
(5.1-5.7)
mmol/L

4.6

5.6

6.0

5.4

5.1

Chloride
(96-129)
mmol/L

114

115

112

113

109

111

Bicarbonate
mmol/L

12

Anion Gap
mmol/L

30.6

31.6

25.4

30.1

Total Protein
(58-66) g/L

44

40

42

43

41

43

44

38

43

41

45

45

Albumin
(32-36) g/L

26

28

28

27

26

26

26

22

26

23

26

26

Globulin g/L

18

12

14

16

15

17

18

16

17

18

19

19

ALT IU/L

23

27

16

26

23

37

21

17

14

13

17

17

AST IU/L

61

70

52

47

50

69

44

81

38

53

46

37

ALP
(28-104) 1U/L

67

71

76

43

33

50

57

50

64

81

55

51

GGT IU/L

Bilirubin
(0-24) umol/L

Cholesterol
(0.7-2.9)
umol/L

2.6

2.1

2.1

2.1

2.1

1.5

1.9

1.4

2.2

2.1

Creatinine
Kinase
U/L

639

140

418

130

690

1017

1967

1511

343

1972

829

703
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Histological analysis was completed on all the hearts, lungs, liver, kidneys, spleen, and brain of all mice
from Phase B. Haematoxylin and eosin staining (Figure 4.3.5) was performed to identify changes in
tissue composition and potential pathological changes, whilst picrosirius red and fast green (Figure
4.3.6) staining was used to identify any changes in collagen deposition within the ECM (n=6/peptide).
All mice across all groups presented with some degree of consolidation and increased cellularity in the
lungs. This was likely as a result of fixative protocols rather a pathological change. Poor fixation of
lungs is known to cause consolidation of the alveolar and give the appearance of increased cellularity
(214). Additionally, vacuolation and retraction were present in the brain but are also likely artefactual
due to post mortem absorption of cerebrospinal fluid that occurs during fixation (215).
Hyperpigmentation in regions of some spleen indicates splenic melanosis present in some mice which
is not specific to any single group and is considered a normal condition for this specific strain (216)
and fell within expected ranges. Interindividual variation in apparent hepatocyte glycogen storage was
noted in the livers (Figure 4.3.5). Combining results from blood profiling, histological and clinical
observations (including lack of weight changes), Dr Alan Marcus concluded there were likely no

concerns regarding safety of the peptides based on these results.
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JC5 JESNE JC5a JCsahc

Figure 4.3.5: Treatment with novel mimetic peptides shows no signs of toxicity or aberrant cell
growth.

Representative images of haematoxylin and eosin staining of all major organs (10x magnification) of
Phase B mice. Analysis of histology was carried out by Dr Alan Marcus.
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JC5aMc

Figure 4.3.6: No signs of toxicity or aberrant cell growth following treatment with novel mimetic
peptides.

Representative images of picrosirius red and fast green staining of all major organs (10x magnification)
of Phase B mice. Analysis of histology was carried out by Dr Alan Marcus.
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4.3.2 /n vivo Efficacy Study

The in vivo efficacy of lead candidate peptides was assessed using a murine model of acute Ml
established using a surgically induced Ml via permanent occlusion of the LAD artery (Figure 4.3.7).
Cardiac function was measured using echocardiography with a pre-infarct baseline and post-Ml
measurements at day 2 and a day 28, followed by tissue collection and calculation of heart weight
divided by tibia length. For echocardiographic analyses, the bullet method was employed, which
shows improved accuracy over other analysis methods (217). Mice were randomised into treatment
groups receiving either the positive control recombinant human PDGF-AB, novel mimetic peptide JC5,
novel mimetic peptide JC5a, or PBS as a vehicle control, via implanted osmotic mini-pump at the time
of infarction. In addition to this sham-surgery non-infarcted healthy mice controls were included,
receiving either 32.50mg/kg of novel mimetic peptides JC5 or JC5a via osmotic mini-pump. Sham
control mice underwent the same mini-pump insertion surgery on day 1 and all echocardiography

imaging analysis as MI mice.

Baseline echo Day 2 echo Day 28 Final Echo

| l Week 1 | Week 3

| [ [
Week 0 Week 2 Week 4 ‘

Day 0: Permanent LAD occlusion and
Mini pump insertion

Figure 4.3.7: Efficacy study experimental timeline.

Occlusion of the LAD and osmotic mini-pump insertion was carried out by Dr Vikram Tallapragada.

At 28 days post-Ml, mice treated with PDGF-AB (Ml) and JC5 (MI) had a significantly increased LVEF
when compared to mice that received the PBS (MI) vehicle control (Figure 4.3.8A). Mice treated with
PDGF-AB (MI) had a day 28 LVEF of 43.44% (+11.90) similar to mice treated with JC5 (MI) that had
LVEF of 42.06% (+£13.41). This was significantly greater than control mice receiving PBS (MI) with LVEF

26.89% (+6.966) (PDGF-AB p=0.0073, JC5 p=0.0129, Figure 4.3.8A). Novel mimetic peptide JC5a (Ml)
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demonstrated a trend towards increased LVEF but this was not statistically significant (p=0.0655)
when compared to PBS (MI) with LVEF at day 28 of 39.24% (+13.51) (Figure 4.3.8A). The validity of the
day 28 LVEF results was confirmed using a Bland-Altman inter-observer variability analysis for the
blinded operators analysing echocardiographic data (Figure 4.3.9). The bias was 14.06 (+7.346),
consistent across all replicates when comparing observer 1 to observer 2. This falls within reported
ranges for rodent echocardiography of injured hearts (218, 219). Together, these data demonstrate

the PDGF peptide mimetic JC5 was as effective at improving post-MI function as PDGF-AB.

In mice treated with positive control PDGF-AB (MI) and novel mimetic peptide JC5 (Ml), there was a
significant decrease in both ESV and EDV at day 28 when compared to the vehicle control, PBS (Ml),
cohort (Figure 4.3.8B-C). JC5 and PDGF-AB had a day 28 ESV of 67.01pL (+42.94) and 55.04pL (+23.66)
respectively. These were significantly reduced when compared to the PBS vehicle control, at 116.6uL
(+45.00) (JC5 p=0.0032, PDGF-AB p=0.0003, Figure 4.3.8B). The same could be seen with respect to
EDV in both PDGF-AB and JC5 when compared to the PBS control (JC5 p=0.0185, PDGF-AB p=0.0016,
Figure 4.3.8C). The decreased EDV of PDGF-AB and JC5 treated mice is visible in the echocardiography

images presented in Figure 4.3.10.
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Figure 4.3.8: Improved cardiac function at day 28 post myocardial infarction.

A) Left ventricular ejection fraction (LVEF) of mice 28 days post-MI. B) End systolic volume (ESV) of
C57BL6/) mice 28 days post-MI. C) End systolic volume (ESV) of C57BL6/J mice 28 days post-MI. D) Day
2 — day 28 delta (A) ejection fraction. E) Day 2 — day 28 delta (A) end systolic volume (ESV). F) Day 2 —
day 28 delta (A) end diastolic volume (EDV). G) Timeline of mean LVEF per treatment group. A-C) Error
bars represent + SD. D-F) Data presented as median £ minimum and maximum values. G) Data
presented as mean and error. One way ANOVA comparing all groups to the PBS vehicle control group
(n=10/11). ns=not significant, *p<0.05, **p<0.01, ***p<0.001. Echocardiography data was collected

by Dr Vikram Tallapragada.

151



Chapter 4 Emily McKinna

Whilst JC5a (MI) treated mice did not have a significantly increased LVEF on day 28 when compared
to PBS (M), JC5a (M) did result in the greatest increase in LVEF from day 2 to day 28 (Figure 4.3.8D).
Following treatment with 32.50mg/kg of novel mimetic peptide JC5a (MI), mice had an average
change in LVEF of 10.82% from day 2 to day 28 compared to PBS mice at -7.203% (+12.16) (p=0.0082)
(Figure 4.3.8D). JC5a treated were also noted having a slightly reduced day 2 LVEF when compared to
all other groups (Figure 4.3.8G). Mice treated with the positive control PDGF-AB (MI) and JC5 (M) also
had a significant increase in LVEF from day 2 to day 28 when compared to PBS (Ml). Mice treated with
PDGF-AB (MI) had an average day 2 to day 28 A of 7.104% (+13.19) (PDGF-AB p=0.0393) whilst mice
treated with JC5 (MI) had an average day 2 to day 28 A of 6.686% (+12.22) (JC5 p=0.0409). Additionally,
mice treated with PDGF-AB, JC5, and JC5a resulted in a significant decrease from day 2 to day 28 in
ESV (Figure 4.3.8E) (PDGF-AB p=0.0001, JC5 p=0.0030, JC5a p=0.0114). However, only JC5 and PDGF-
AB resulted in a significant day 2 to day 28 A for EDV (Figure 4.3.8F). These results show JC5a is also

as effective at improving cardiac function in mice, as JC5 and PDGF-AB.

Difference vs. average: Bland-Altman of Day 28 EF
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o
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Figure 4.3.9: Inter-observer variability of day 28 left ventricular ejection fraction (LVEF).

Inter-observer variability at day 28 was within normal limits for rodent echocardiography with a bias
of 14.06 (£7.346). Error bars represent 95% limits of agreement. Dr Sul Ki Kim acted as the second
observer for this analysis.
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Figure 4.3.10: Day 28 Echocardiography Images.

Echocardiography at day 28 showing the long axis (LAX) and short axis (SAX) views at the 3 levels (basal
to apical) used for our measurements. Sax levels are as indicated in Figure 4.2.1. All images presented
are in diastole. Ap=apex, B=base, Ao=aorta. Echocardiography data was collected by Dr Vikram
Tallapragada.

To assess the effects of novel mimetic peptides JC5 and JC5a on cardiac scar we carried out picrosirius
red and fast green staining on paraffin embedded sections of the hearts collected at day 28. Scar size
was quantified using percentage of collagen in each section. Despite significant improvements in
cardiac function, no significant effect was identified in cardiac scar size at 28 days post Ml (Figure
4.3.11). Given the effect of PDGF on fibrogenesis and proliferation of cells, this analysis allowed us to

confirm that JC5 and JC5a do not result in increased scar size. Additionally, a decrease in cardiac scar
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could have indicated a potential mechanism leading to improved cardiac function. No significant
change in scar size identified through these experiments indicate that JC5 and JC5a did not result in
increased fibrogenesis a day 28 however, also indicates that effects on scar size are unlikely the

mechanism of action leading to improve cardiac function.
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Figure 4.3.11: No significant effects on size of cardiac scar at day 28 post myocardial infarction.

Scar quantification of picrosirius red and fast green stained sections at day 28 identified no significant
changes in scar size. One way ANOVA comparing all groups to the PBS vehicle control group (n=10/11).
ns=not significant.
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In summary, these results show the safety and efficacy of JC5 and JC5a in C57BL6/J) mice. Following
the maximum tolerated dose study and 28-day toxicity study, no significant markers of acute toxicity
or off target adverse effects were present. This indicates that both peptides were safe for therapeutic
use in the subsequent efficacy study. Our efficacy study assessing the effects of JC5 and JC5a 28 days
post-Ml showed increased cardiac function following treatment with both peptides and similar effects

to that of our positive control PDGF-AB.

4.4 DISCUSSION

Preclinical studies have established PDGF-AB as a promising novel therapy for heart failure (57, 58).
However, despite its promising therapeutic effects its poor pharmacokinetics and costly inefficient
synthesis has limited clinical translation. Whilst analogues of PDGF have been produced previously
with good in vitro results (133), none have ever been reported in vivo. Throughout lead optimisation
of the peptides designed and synthesised in Chapter 3: Development of Novel Platelet Derived Growth
Factor-AB Mimetics, JC5 and JC5a were identified as lead candidates for translation into in vivo studies.
The aim of this chapter was to assess the safety and efficacy of these lead candidates in an established
murine model of acute MI, comparing the effects of these on cardiac function against recombinant

human PDGF-AB.

To assess the safety of our novel mimetic peptides we carried out a two-part toxicity study starting
with a maximum tolerated dose study (Figure 4.3.3) and a 28-day toxicity study (Figure 4.3.4). The in
vivo safety and toxicity studies were based on previous toxicity studies of other therapeutics in the
literature (209-211). Maximum tolerated dose was assessed in C57BL6/J mice for several cytotoxic
chemotherapies using weight and clinical score as endpoints for determining safety (211). The clinical

score in their study was determined based on appearance, body condition, and activity. Similarly, a 2-
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part toxicity study was carried out on the small molecule sirtuin inhibitor, Inhauzi. This applied a similar
maximum tolerated dose study as previously outlined with the addition of blood profiling and
histological analysis to further investigate the effects of their therapeutic (209). We replicated this
approach in our own toxicology and safety studies for our novel mimetic peptides, JC5 and JC5a. At
the conclusion of the in vivo study, histology and blood profiling were carried out to identify potential
adverse effects of each of the peptides. Based on the known cellular effects of increased PDGFR
signalling, our primary concern in carrying out the 28-day toxicity study was to identify signs of
abnormal proliferation, tumorigenicity or changes in the ECM. It is understood that PDGFR signalling
alone cannot induce metastatic growth (117), however, it is a well-established potent mitogen (86,
87) posing the need to ensure these effects do not result in adverse off target effects. Whilst minor
changes were identified throughout these experiments (Table 4.3.2-4.3.3 and Figure 4.3.5-4.3.6),
veterinarian Dr Alan Marcus concluded that these changes did not indicate any significant adverse or
off target effects. The previously reported studies support the use of blood profiling and histological
analysis to assess the safety of therapeutics in murine models (209). Despite concluding from these
results that JC5 and JC5a were safe for further in vivo efficacy testing, these studies need to be
repeated applying Good Laboratory Practice standards in future work. A notable limitation of the
present study is the absence of a saline treated control group. Each cohort of the present studies were
treated with 1 of our 4 mimetic peptides, either the biologically active JC5 or JC5a or their biologically
inactive negative control counterparts. Due to the lack of saline treated control group, conclusions
drawn from the blood profiling and histology were based on expected species-specific ranges from
the literature (212, 213). The introduction of a saline treated control group would allow for more

accurate assessment of the effects of our peptides, ensuring their safety for in vivo use.

Echocardiography measurements at day 28 identified a significant increase in cardiac function in mice

treated with recombinant human PDGF-AB and novel mimetic peptide JC5 when compared to PBS

156



Chapter 4 Emily McKinna

vehicle control mice (Figure 4.3.8). This was determined by changes in LVEF, ESV, and EDV. Greater
significance was identified in decreased ESV than EDV indicating the effect of PDGF-AB, JC5, and JC5a
was more a result of improved contractility rather than reduced dilation of the left ventricle.
Importantly, these results correlate with previous results in PDGF-AB in vivo models by our groups (57,
58). For example, our previous murine Ml model identified significantly reduced ESV and EDV following
28 days treatment with PDGF-AB. Furthermore, this previous study showed greater significance in
ESV (58), which is in agreement with our results for PDGF-AB and also our PDGF based mimetic
peptides JC5 and JC5a. In the porcine model assessing effects of PDGF-AB on cardiac function, a
significant decrease was only noted in ESV, indicating that the increased LVEF was driven by
improvements in contractile function. The mechanism of this in the porcine model supported these
results, identifying no significant decrease in size of the scar post-MI but rather a significant change in
the composition of the scar resulting in improved contractility (57). Interestingly, our analysis of
cardiac scar size at day 28 (Figure 4.3.11) identified no significant changes in scar size in mice treated
with PDGF-AB and both novel mimetic peptides JC5 and JC5a, aligning with this previous porcine
model. This differed from the earlier murine model that reported a decrease in size of the scar but
included no further analysis of scar composition (58). Further investigations into composition of the
ECM are needed to determine if the same mechanism identified in previous models on PDGF-AB is the

cause of the cardiac functional change following treatment with JC5 and JC5a described here.

The change in LVEF, ESV, and EDV from day 2 to day 28 was plotted to account for differences in day
2 cardiac function in the event that any group had larger infarcts than others. On average mice in the
JC5a had worse day 2 LVEFs than all other groups indicating this group had larger induced Mils.
Increased infarct size at day 2 is potentially a confounding variable to consider when comparing
treatment groups at the day 28 timepoint. Whilst JC5a did not significantly improve cardiac function

based on its day 28 LVEF, ESV, and EDV compared to other groups, plotting the day 2 to day 28 A
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highlighted a significant increase in cardiac function when compared to the PBS vehicle control group.
This was not maintained with respect to EDV for JC5a however, was for ESV indicating that JC5a had
improved contractility at day 28. The improvement in LVEF and ESV is consistent with the effects of

PDGF-AB in the murine and porcine models (57, 58).

The work in this chapter provides evidence of in vivo therapeutic benefits of our lead candidate
peptides, JC5 and JC5a. Significant efforts have been made in previous work to establish the
mechanism of action for PDGF-AB post-MIl. This has included collagen alignment studies and
investigations into the composition of the post-infarct cardiac scar. Additionally genomic analysis has
highlighted roles of the ECM and immune response pathways following treatment with PDGF-AB
(138). Future work on JC5 and JC5a will require similar investigation into their mechanism of action
and how this aligns with what we know of PDGFs mechanism. These future studies will require analysis
of the ECM specifically with collagen alighnment and composition of the scar can be performed on
mouse hearts collected from the in vivo efficacy study reported in this chapter. In addition to this,
further work is required to assess the pharmacokinetics and pharmacodynamics of our lead candidate
peptides. Both peptides utilised a HSA conjugate that has been reported to successfully extend the
half-life of synthetic peptides (148). To assess the efficacy of this conjugate in the context of JC5 and
JC5a, in vitro plasma stability assays and in vivo pharmacokinetics studies will be required.
Pharmacokinetics and pharmacodynamics (Pk/Pd) experiments could have been carried out prior to
the commencement of in vivo safety and efficacy studies however, we elected to prioritise testing the
efficacy of our lead candidates. Pk/Pd in vivo studies require expertise outside the scope of our group
with Good Laboratory Practice and ISO certification not held by our facilities. These would, therefore,
require engagement from an external third party making these studies a costly endeavour.
Commencing in vivo data collection with pilot safety and efficacy studies provided necessary data to

support commencing necessary pharmacokinetics and pharmacodynamics studies. Other experiments

158



Chapter 4 Emily McKinna

that could be considered to increase our understanding of JC5 and JC5a’s relationship with PDGF
receptors are in vitro assays studying their binding specificity and affinity. These could be done using
surface plasmon resonance to measure the binding affinity of our mimetic peptides (220, 221) to each
of the PDGF receptors alongside phosphoproteomics to identify off target receptor phosphorylation
(222, 223) that may be present following treatment with our novel mimetic peptides. All of these
assays would contribute to a better understanding of the potency, stability, and specificity of our lead
candidates. Finally, successful translation of JC5 and JC5a as therapeutics for post-MI cardiac

dysfunction will require confirmatory studies in a more clinically relevant large animal model of MI.

Our prior work in human recombinant PDGF-AB highlighted its therapeutic value post-Ml in murine
and porcine models however, its limitation in scalability and poor pharmacokinetics hinders its
translation prospects. The loop Ill region of the PDGF-B chain had been previously utilised successfully
in mimetics and analogues of PDGF in vitro (133-135), however these reports did not progress into in
vivo studies. In the previous chapter entitled Chapter 3: Development of Novel Platelet Derived
Growth Factor-AB Mimetics, we confirmed the effectiveness of loop Ill of the PDGF-B chain to

recapitulate biological functions of PDGF using in vitro assays.

4.5 CONCLUSION

This chapter assesses the safety and efficacy of our lead candidate novel mimetic peptides, JC5 and
JC5a. We have shown in a murine model of Ml that these peptides improve cardiac function without
adverse off-target effects or acute toxicity and therefore mimic the therapeutic effects of recombinant
human PDGF-AB demonstrated previously by our groups (Asli et al, Thavapalachandran et al).
Furthermore, greater efficiency in manufacturing and potentially enhanced pharmacokinetic
properties confer advantageous commercialisation and clinical translation prospects providing
exciting alternatives to the full-length recombinant protein.
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CHAPTER 5: DISCUSSION, FUTURE DIRECTIONS AND
CONCLUSIONS
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5.1 GENERAL DISCUSSION

Cardiovascular disease remains the leading cause of morbidity and mortality world-wide, prevalent
among them is heart failure with a 5-year mortality rate approaching 50% (1). Whilst significant
developments have been made in the treatment of myocardial infarctions (Ml) and heart failure there
are still no viable treatment options to reverse the damage of heart failure after large infarcts outside
of transplantation. The cardiac scar that forms post-Ml as a result of adult cardiomyocytes very limited
regenerative capacity is a significant contributor to the worsening cardiac function post-Ml, making it

an exciting therapeutic target following large infarcts (205).

Significant efforts have been made to address the poor regeneration of adult myocardium post-Ml
with notable approaches seen in stem cell therapies (55), gene therapy (53), and protein therapy (57).
Despite promising pre-clinical results, none of these have been successfully translated into clinical use
to date. A key limitation across all of these approaches is the highly skilled staff, complex
manufacturing, and extensive quality control required to execute these therapeutics. Significant
improvements in recombinant protein and peptide manufacturing have been made by the
pharmaceutical industry moving into the 21 century resulting in very successful commercialisation
and increased clinical translation of these therapeutics (168, 169). This has allowed for application of
biologic based therapeutics with their efficacy beyond what was possible in traditional drug-based

pharmaceuticals whilst ensuring feasibility for clinical use.

5.1.1 /n VitroFindings

Previous work by our groups highlighted the potential of recombinant human PDGF-AB (rhPDGF-AB)
to modulate the cardiac scar as a mechanism of improving cardiac function post-Ml in murine and

porcine models (57, 58, 138). Whilst this posed rhPDGF-AB as a promising novel therapeutic, its poor
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pharmacokinetic properties, and inefficient and costly synthesis limited its clinical translation. To
address this, we developed novel mimetic peptides of PDGF-AB with half-life extending mechanism:s,
allowing for potentially improved pharmacokinetics whilst maintaining the biological function of
PDGF-AB. Previous examples of PDGF mimetic peptides and analogues have demonstrated the ability
to maintain the key functions of PDGF by utilising regions essential to receptor binding and activation
(133-135). Among these a mimetic peptide with binding affinity to both the a and [ receptors has
been reported to induce migration, proliferation, collagen contraction and receptor activation (133,
134). Whilst analogues and peptide mimetics of PDGF have had very promising results in vitro, none

have reported successfully translating these results into an in vivo model.

Lead optimisation allowed for the design and synthesis of novel mimetic peptides of PDGF-AB that
replicated its therapeutic benefits whilst enhancing its pharmacokinetics making it a more clinically
desirable and commercially attractive novel therapy for heart failure. This commenced with the
identification of the loop Ill region of the PDGF-B chain that is known to be significant in the receptor
signalling activity of PDGF (122, 124). Utilising this region, we designed and synthesised 9 mimetic
peptides that were tested in vitro based on their efficacy compared to rhPDGF-AB and -BB. Our
selected in vitro assays focused on migration (99-102), collagen contraction (201), tube formation (88,
97), proliferation (86-88), and receptor activation (103, 104). Whilst the effects of PDGF in these in
vitro assays is well documented, our own work in the mechanism of action for PDGF in the context of
our own work further highlighted the significance of these effects (138). In work carried out by Hume
et al, the significant effect of PDGF on the extracellular matrix (ECM), angiogenesis, and chemotaxis is
described. Additionally, the limited effect of PDGF on the cell cycle in this context is highlighted (138).
This work further supported the use of our selected in vitro assays in assessing the effects of our lead
candidates against rhPDGF-AB. In this work we showed that the loop Ill region is capable of executing

receptor activation and downstream signalling cellular effects. It also highlighted JC5 and JC5a as lead
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candidates based on their effects on migration, collagen contraction, tube formation and receptor
activation. JC5 and JC5a were distinct to other peptides designed for these experiments as they
contained a human serum albumin (HSA) conjugate with the potential to increase stability and half-
life of the PDGF region. This HSA conjugate was previously reported bound to a Factor VIl therapeutic

peptide enhancing its half-life by 25-fold (148).

5.1.2 /n Vivo Findings

Whilst JC5 and JC5a were strong lead candidates based on our in vitro findings we needed to ensure
they could mimic the effects of rhPDGF-AB in vivo in a model of acute MI, and that they could do so
without eliciting adverse off target effects. To do this, the safety and efficacy of our novel mimetic
peptides were tested in vivo in C57BL6/) mice. The design of our toxicity study was based on reported
toxicity and safety studies on novel therapeutics in mice (209, 211). In addition to the general histology
carried out in the literature we included picrosirius red and fast green staining to examine changes in
collagen deposition. Given the known effects of increased PDGFR signalling on fibrosis in several
organs (93, 224, 225), we determined this was necessary in assessing for adverse off target effects.
The two-part toxicity study identified no significant adverse effects or signs of toxicity following
treatment with JC5 and JC5a which aligns with the established safety of short-term exposure to
rhPDGF (60). Whilst these experiments provided us with evidence to support the safety of JC5 and
JC5a for in vivo efficacy testing, these experiments are not sufficient for clinical translation and will
require more extensive, good laboratory practice (GLP) grade studies. Efficacy studies then established
improved cardiac function following treatment with the mimetic peptides, JC5 and JC5a. Efficacy was
assessed in a murine model of acute MI by permanently ligating the left anterior descending (LAD)
artery. Whilst other more clinically relevant models, such as an ischemia reperfusion injury, may have
been utilised in these studies (226), we chose a permanent occlusion model to reflect our previous

work on rhPDGF-AB (58). In order to address the key aim of this work in producing a mimetic of
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rhPDGF-AB, we felt it was essential to replicate our previous studies in the full-length protein to
accurately assess the comparative effects of JC5 and JC5a. At 28 days post-MI mice treated with JC5
and JC5a had improved cardiac function compared to PBS vehicle control mice, similarly to mice
treated with rhPDGF-AB. An increase in ejection fraction from day 2 to day 28 was identified in both
peptide treated groups and the rhPDGF-AB treated group, aligning with the results of previous in vivo
efficacy studies using rhPDGF-AB post-MI in murine and porcine models (57, 58). From these results
we concluded that the comparable effect of our lead candidates JC5 and JC5a observed in vitro, were
successfully translated to a comparable effect in vivo. In summary, novel mimetic peptides JC5 and
JC5a, composed of the loop Il homodimer and HSA conjugate, successfully mimicked the effects of

rhPDGF-AB in vitro and in vivo, improving cardiac function in a murine model of acute Ml.

Whilst the effects of rhPDGF-AB have been well established in models of acute Ml, further work is
required to investigate its affects in chronic heart failure. Attempting to address this we pursued a
heart failure with preserved ejection fraction (HFpEF) model of chronic heart failure to investigate the
effects of rhPDGF-AB and our novel mimetic peptides JC5 and JC5a. We carried out this work by
validating the reported ‘Two-Hit’ approach to HFpEF, successfully replicating several key components
of the HFpEF phenotype. Namely, maintained systolic function with reduced diastolic function in
addition to significant weight gain, hypertension, and increased cardiomyocyte size. It also highlighted
the significant role of metabolic processes in the development of HFpEF in this model. Despite these
promising results we were unable to replicate significant changes to the cardiac ECM in this model. Of
note the mouse strain we used for our validation of this model differed slightly to that used in the
original reported data. This model was reported using the C57BL6/N whilst we chose to use the
C57BL6/) due to difficulties locally sourcing the 6/N strain. Discrepancies between strains among
C57BL6 mice have been reported across various murine models (227, 228) and is likely a factor in the

differing results that we have seen from reported findings (50). Importantly, C57BL6/J have been
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reported to have better mitochondrial respiration than C57BL6/N mice (227). The ‘Two-Hit’ approach
to HFpEF relies on the onset of nitrosative stress to induce HFpEF (50). As a result, changes in
mitochondrial respiration could have significant implications on the phenotype produced in this model

across different C57BL6 strains.

The established mechanism of action for rhPDGF-AB post-MI is through modulation of the cardiac
scar, angiogenesis, and the immune response (138). Given the similar function of our peptide mimetics
JC5 and JC5a to rhPDGF-AB in vitro and in vivo, we hypothesise that their mechanism of action will
closely align to that of rhPDGF-AB. The limited cardiac ECM changes identified in the ‘Two-Hit’
approach to HFpEF made this an inappropriate model for assessing the effects of our novel
therapeutics. Despite not being appropriate for our applications, our validation of this approach in
C57BL6/) mice successfully replicated several key aspects of the HFpEF phenotype. This work also
added to our understanding of the significant metabolic processes in the development of HFpEF with

several pathways affected in HFD+L-NAME treated mice.

5.2 FUTURE DIRECTIONS

The work in this thesis has shown that the JC5 and JC5a peptides mimic the therapeutic benefits of
rhPDGF-AB whilst favourably improving ease of manufacture and potentially increasing biological half-
life effectively addressing these particular shortcomings for rhPDGF-AB clinical translation. Although
results of this thesis have highlighted the potential for our novel mimetic peptides JC5 and JC5a to
replace rhPDGF-AB as a potential therapy for heart failure, further investigations are required to

progress clinical translation.
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5.2.1 Pharmacokinetic and pharmacodynamic studies

A key aim of developing an alternative to rhPDGF-AB for post-Ml treatment was a need to improve its
pharmacokinetic properties. The work in this thesis develops novel peptides that maintained cardiac
therapeutic effects of rhPDGF-AB with an additional mechanism for improved pharmacokinetics.
However, further work is required to investigate this in detail. Such experiments include in vitro via
plasma stability assays (207) and in vivo assays in an appropriate murine model (229) to determine
the half-life of JC5 and JC5a in addition to gaining an understanding of how these peptides are
metabolised. These experiments are essential in confirming long term safety for therapeutic use as a

part of the clinical translation of rhPDGF based therapies post-Ml.

5.2.2 Mechanisms of action of novel peptides

Adding to our understanding of its safety for clinical use is greater understanding of the receptor
signalling activity of JC5 and JC5a. In ‘Research Chapter 2: Development of Novel Platelet Derived
Growth Factor-AB Mimetics’, we were able to confirm that JC5 and JC5a activate receptors by auto-
phosphorylation of MAPK/Erk. Beyond this our understanding of receptor signalling of these peptides
is limited. The aims of this work are to better understand the receptor signalling activity of JC5 and
JC5a, to determine the mechanism of improved cardiac function post-Ml, and to assess the dose
response relationship of JC5 and JC5a. Further experiments in this will include surface plasmon
resonance, to determine the binding affinity of our peptides to the PDGFR (220, 221) and
phosphoproteomics to identify off target receptor signalling occurring post treatment (222, 223). At
the conclusion of these studies, we would have a greater understanding of the in vivo functions of our
novel mimetic peptides JC5 and JC5a that are required to carry these forward to a more clinically

relevant large animal model.
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5.2.3 Other disease models to test novel peptides

We have previously shown that rhPDGF-AB has favourable effects on the cardiac ECM and the work
in this thesis shows that JC5 and JC5a have similar effects. Further in vivo experiments to assess the
effects of JC5 and JC5a in other chronic heart failure could be pursued to expand its clinical
applications. The HFpEF model explored throughout ‘Chapter 1: Murine model of heart failure with
preserved ejection fraction (HFpEF)’ lacked significant effects in the ECM that we believed were
necessary to test a PDGF based therapeutic. As a result, other models may be pursued. Murine models
that could be considered in this context would be transverse aortic constriction (TAC) (230) derived
models of HFpEF or ischaemic injury with TAC to develop HFrEF (231). Although HFpEF was explored
as a model of chronic heart failure in this thesis, our understanding of JC5 and JC5a in addition to our
greater understanding of HFpEF could indicate that pursuing murine models of HFrEF is more

appropriate for these novel therapeutics.

Our greater understanding of HFpEF in the context of this work was the significance of metabolic
pathways in the development of this HFpEF phenotype. In our proteomics experiments we identified
significant changes in metabolic processes in HFD+L-NAME treated mice whilst identifying no changes
in ECM processes. All previous work on rhPDGF-AB as a therapeutic post-MI shows effects on the ECM,
angiogenesis, and immune response with no obvious effects on metabolic processes (57, 58, 219).
Given our hypothesis that this mechanism of action will be reflected in JC5 and JC5a, we believe it
would have minimal or no effect in a metabolically driven model of HFpEF. In the event that
mechanistic studies on JC5 and JC5a highlighted potential metabolic effects leading to improved
cardiac function then this murine model of HFpEF could be reconsidered. A metabolic mechanism of
JC5 and JC5a would align more effectively with significant metabolic processes driving the
development of HFpEF in this model. However, our understanding of JC5 and JC5a developed

throughout this thesis and our established knowledge regarding the mechanism and function of
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rhPDGF (57, 138) makes this unlikely with future efforts towards models of chronic heart failure likely

focusing on ischemic based models.

Overall, the future directions of this project will aim to progress these lead candidates forward in
clinical translation. The aim of these is develop and enhance our understanding of the safety and
mechanisms of JC5 and JC5a in addition to efficacy studies in a clinically relevant pre-clinical model.
These experiments are essential to the clinical translation and commercialisation of these peptides
and would be a significant contribution towards eventual clinical trials and applications of these

peptides.
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5.3 CONCLUSION

Previous work has established the very promising effects of rhPDGF-AB as a novel therapeutic post-
Ml in improving cardiac function through modulation of the cardiac scar, angiogenesis, and immune
response. Despite its impressive therapeutic effects, rhPDGF-AB is limited in clinical translation due to
its inefficient and labour-intensive synthesis limiting scalability, and its poor pharmacokinetic
properties limiting its clinical applications. In this thesis we have undergone lead optimisation utilising
the loop Il region of the PDGF B chain to develop an alternative therapeutic peptide that successfully
mimics the biological effects of rhPDGF-AB in vitro and in vivo in a murine model of acute Ml. Novel
peptides JC5 and JC5a demonstrated comparable effects to rhPDGF-AB across in vitro assays of
migration, collagen contraction, receptor activation, and angiogenesis. Furthermore, these peptides
significantly improved cardiac function in a mouse model of myocardial infarction, aligning with the
effects of rhPDGF-AB previously reported (57, 58, 138). The results presented here highlight the
promising nature of synthetic novel mimetic peptides JC5 and JC5a as alternatives to rhPDGF-AB
providing us with clinically viable and commercially attractive novel therapies for cardiac dysfunction

after myocardial infarction.
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Table 6.1: Maximum tolerated dose study — mouse weights.

Weight of phase B mice at day O prior to osmotic mini pump implantation and day 28 following
treatment with either of the novel mimetic peptides, JC5 and JC5a or either of the negative control
peptides.

Mouse ID Treatment Group Day 0 Weight (g) Day 28 Weight (g)
271456 JC5 26.00 26.90
271454 JC5 27.40 28.20
272455 JC5 25.70 25.50
271617 JC5 24.20 25.00
271453 JC5 27.30 28.60
271618 JC5 24.60 25.9
271516 JC5a 25.60 27.25
271050 JC5a 26.88 28.60
271427 JC5a 26.00 27.16
271425 JC5a 26.00 27.90
271517 JC5a 25.00 27.7
271515 JC5a 26.35 27.50
273979 Neg Con 5 30.00 31.00
273981 Neg Con 5 31.00 30.30
274025 Neg Con 5 31.23 29.04
274026 Neg Con 5 31.65 30.15
273980 Neg Con 5 30.51 30.31
274753 Neg Con 5 30.01 32.10
271625 Neg Con 5a 25.20 27.80
271428 Neg Con 5a 26.00 27.00
271624 Neg Con 5a 27.00 28.90
271426 Neg Con 5a 26.30 28.20
271623 Neg Con 5a 26.45 27.80
271626 Neg Con 5a 27.30 28.50
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Table 6.2: Maximum tolerated dose study — organ weights.

Weight of phase B mice organs at day 28 following treatment with either of the novel mimetic
peptides, JC5 and JC5a or either of the negative control peptides.

Mouse ID | Treatment | Heart Lungs Kidneys Liver Spleen Brain

271455 JC5 0.1449 0.1683 0.3232 1.3790 0.0636 0.4405
271456 JC5 0.1601 0.1860 0.3899 1.4794 0.0716 0.4069
271454 JC5 0.1492 0.1579 0.3466 1.5925 0.0916 0.4569
271617 JC5 0.1419 0.1687 0.3346 1.3600 0.0640 0.4317
271453 JC5 0.1557 0.1927 0.3625 1.6751 0.0662 0.4410
271618 JC5 0.1461 0.1035 0.3519 1.4906 0.0812 0.4329
271050 JC5a 0.1578 0.1669 0.3899 1.7389 0.0942 0.4441
271516 JC5a 0.1616 0.1476 0.3683 1.6224 0.0687 0.4556
271427 JC5a 0.1465 0.1442 0.3751 1.5172 0.0979 0.4715
271425 JC5a 0.1561 0.1622 0.3816 1.7115 0.0851 0.4573
271517 JC5a 0.1799 0.1553 0.4225 1.1559 0.1005 0.4567
271515 JC5a 0.1372 0.1624 0.3709 1.5754 0.1188 0.4322

273980 Neg Con5 | 0.1533 0.1913 0.3918 1.7230 0.0891 0.4668
274026 Neg Con5 | 0.1643 0.1901 0.4370 1.7759 0.0950 0.4432
274025 Neg Con5 | 0.1525 0.1809 0.3593 1.6854 0.0719 0.4559
273981 Neg Con5 | 0.1570 0.1778 0.4110 1.6700 0.0699 0.4489
273979 Neg Con5 | 0.1682 0.1880 0.4635 1.750 0.1046 0.4635
274753 Neg Con5 | 0.1871 0.1836 0.4110 1.9341 0.1023 0.4661
271624 Neg Con 5a | 0.1505 0.1611 0.3918 1.5858 0.0838 0.4810
271428 Neg Con 5a | 0.1642 0.1435 0.4029 1.3919 0.0957 0.4572
271625 Neg Con 5a | 0.1420 0.1464 0.3796 1.5911 0.0857 0.4385
271426 Neg Con 5a | 0.2146 0.1820 0.4732 1.1939 0.1430 0.4612
271623 Neg Con 5a | 0.1501 0.1455 0.3728 1.4395 0.0779 0.4377
271626 Neg Con 5a | 0.1641 0.1556 0.3871 1.5912 0.0800 0.4367
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