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viii Abstract

Ischaemic heart disease remains one of the leading causes of death worldwide,
responsible for over 8.9 million deaths in 2017 according to the Global Burden of
Disease Study. Restoring blood perfusion in the ischaemic border via a functional
vascular network may enhance myocardial perfusion, limit infarct expansion and
promote cardiac regeneration. However, the pathways driving endogenous vascular
regeneration following myocardial infarction (Ml) remain poorly understood. Theaim
of this thesis was twofold; First, to investigate the origin and clonal dynamics of
cardiac endothelial cells (EC) post-Ml. Secondly, to analyse the transcriptional profiles
of pro-angiogenic EC in Ml using single cell RNA sequencing in the post-ischaemic
adult mouse heart, and investigate potential therapeutic targets in human patient
samples. Ml was induced in an EC-specific multispectral lineage-tracing mouse,
“Pdgfb-iCreER™-Brainbow2.1”, by permanent ligation of the left anterior descending
coronary artery. Blood vessel formation via clonal proliferation by resident Pdgfb-
lineage EC was significantly upregulated in the ischaemic border at 7 days post-Ml,
compared to the healthy heart. Minimal contribution from the bone marrow was
observed. Bioinformatics analyses revealed 10 transcriptionally discrete
heterogeneous EC states in the 7 days post-MI heart and revealed molecular
pathways through which each cluster was likely to mediate neovasculogenesis
following MI. Plasmalemma Vesicle—Associated Protein (Plvap) gene expression was
upregulated in MI, specifically in clusters of cells from the MI group, indicating its
potential relevance to neovasculogenic pathways. | validated increased Plvap
expression at the protein level, which was EC-specific and was significantly higherin
the infarct border of the post-ischaemic mouse heart compared to the healthy heart.
PLVAP expression was also significantly increased in EC adjacent to regions of fibrosis
and scarring in the ischaemic human heart, compared to healthy human hearts.
Moreover, in vitro silencing using RNAi in human umbilical vein ECs showed that
PLVAP may play a direct functional role in regulating EC proliferation. The single cell
gene expression atlas of cardiac resident ECs presented in this thesis can be used to

unravel the neovasculogenesis pathways that are activated 7 days post-Ml. Cluster
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specific PLVAP was identified as a possible target for augmenting endogenous
myocardial perfusion following ischaemia and validated in human cardiac ischaemic
tissue. Future studies will involve further interrogation of the activated
neovasculogenesis pathways from cardiac ECs using the single cell gene expression
atlas as well as investigation of the molecular mechanisms of the role of PLVAP in EC

proliferation.
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ix Lay abstract

Ischaemic heart disease (IHD) is one of the leading causes of death worldwide
according to the World Health Organization. Discovering new ways to treat IHD is of
paramount importance to reduce death numbers and relieve the global burden from
the public health systems of the world. IHD arises when blood circulation that feeds
the heart is clogged with fatty substances called plaques, or atheroma. As a result,
cardiac muscle cells become starved, injured and can eventually die. An attractive
target to saveinjured cardiac muscle cellsin IHD is by regulating the formation of new
blood vessels, known as ‘angiogenesis’. Generation of new blood vessels can reduce
damage caused to the heartin the event of a heart attack. However, the mechanisms
under which angiogenesis can be beneficial in IHD are still poorly understood. Using
a genetically modified mouse model, | took on the task of investigating the molecular
mechanisms by which the cells that line the blood vessels of the heart contribute to
the formation of new blood vessels following injury. My results shed further light on
the mechanisms by which blood vessels form after heart attack as well as the
molecular mechanisms that drive these processes. | identified a gene, Plasmalemma
Vesicle Associated Protein or Plvap, that might play a role in the formation of new
blood vessels. This was studied in human diseased cardiac samples, demonstrating
its potential role in disease. These results bring closer the potential for new therapies

and improvement of IHD patient outcomes.
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Chapter 1 Introduction
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1.1 Ischaemic heart disease

Ischaemic heart disease (IHD) is one the leading causes of death worldwide,
responsible for 8.9 million deaths in 2017 according to the Global Burden of Disease
Study. ! Statistics show 126 million people currently live with IHD, with 10.6 million
new cases occurring in 2017 alone. ! This indicates that IHD remains a substantial
public health challenge in addition to the severe personal, social, and economic

burden that it causes.

IHD is the main form of cardiovascular disease (CVD) accounting for 45% of total CVD-
related deaths in the UK.? Currently, there are 2.29 million people in the UK living
with IHD and 650,000 living with heart failure (HF), the main sequela of IHD. There
are roughly 200,000 new diagnoses of HF every year in the UK.? In addition,
myocardial infarction (MI) events, the main complication of IHD, occur more than
100,000 times each year, which translates to someone in the UK having a heart attack

approximately every 5 minutes.?

Advances in prevention, diagnosis and clinical care have resulted in a dramatic
reduction in CVD deaths which have declined by two thirds in developed countries.?
Specifically, survival following an MI event has also been improved.* However,
improved survival from Ml has contributed to increasing heart failure incidence which

remains a significant public health issue.®
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1.2 Ischaemia and damage to the myocardium

1.2.1 Atherosclerosis

Coronary atherosclerosis can remain asymptomatic and, therefore, unnoticed for the
majority of an individual’s life. It is the main cause of ischaemic heart disease and
includes plaque formation via thickening and/or hardening of the inner lining of
coronary arteries, which supply the heart with oxygen and nutrients (Figure 1.1, A).®
This may result in the gradual occlusion of the coronary vessels, limiting blood flow
and leading to ischaemia (Figure 1.1, B-C).” Additionally, these plaques may rupture
or erode resulting in thrombosis that can lead to total occlusion of the coronary
vessels thus leading to MI® which is defined as myocardial cell death due to ischaemia
(Figure 1.1, D).° This can lead to massive cardiomyocyte loss. Subsequently, cardiac
ischaemia can develop into pathological cardiac remodelling, cardiac dysfunction,

and potentially heart failure (Figure 1.1, E-F).>

1.2.2 Pathophysiological changes after myocardial ischaemia

Following cessation of blood supply to the myocardium, cardiac cells become starved
of oxygen and nutrients, and become ischaemic. '° Cardiomyocytes have the ability
to maintain contraction in the presence of ischaemia due to high energy phosphate
reserves.'! If coronary occlusion is less than 15 minutes in duration, the injury has
been shown to be reversible in canine models of reperfusion.'? However, this has not
been confirmed in humans. Myocardial necrosis can be detected as early as 2 to 3
hoursin human patients with fatal M| via the use of tetrazolium salt solutions, which
form a coloured precipitate on fresh heart tissue in the presence of dehydrogenase-
mediated activity.!> Myocardial necrosis can also be seen at a macroscopic level via
visualisation of the pale colour of the myocardium.* In non-reperfused, fatal Ml, the
infarct area is visible in patients that die at 2 to 3 days post-MI with a central area of
yellow discoloration thatis surrounded by a rim of highly vascularised hyperaemia.
In patients that die 5 to 7 days post-MI the areas are more distinguishable with a

central soft area and a depressed hyperemic border region.'* In patients that die 1to

2 weeks post-Ml, the infarct is depressed, the borders have a white hue and scarring
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beginsto develop.'* The process for infarct scar resolution can vary greatly according
to the size of the infarct, with small infarcts taking 4-6 weeks and larger ones up to 2-
3 months.* Resolved infarcts have a white colour from scarring and the ventricular

wall is thinned.*

In homeostasis, the heart is primarily working under aerobic conditions and derives
its energy from fatty acids which supply 60 to 90% of the energy for adenosine
triphosphate (ATP) synthesis.'> The remaining energy originates from oxidation of
pyruvate formed from glycolysis and lactate oxidation. Ischaemia due to coronary
artery occlusion results in a shift from aerobic or mitochondrial metabolism to
anaerobic glycolysis.®> Reduced aerobic ATP formation activates glycolysis and leads
to higher myocardial glucose uptake and glycogen breakdown. > Moreover,
ischaemia leads to pyruvate not being oxidized in the mitochondria, leading to the
production of lactate, a fall in intracellular pH, a reduction in contractile function and
an increase in ATP requirement to maintain Ca?*homeostasis. 1> Decreased levels of
ATP inhibit Na+/K+ ATPase thus increasing intracellular Na+ and Cl-, leading to cell

swelling. 1°

Acidosis occurs from anaerobic metabolism and increased influx of Na* via the Na/H*
exchanger. Levels of intracellular Na* are increased as a result of reduced active
outward pumping. Moreover, the quick inhibition of the Na*/K* ATPase further
enhances the accumulation of Na*. 1® There is an increase in cytosolic Ca?* due to
disruption in transport systems in the sarcolemma and sarcoplasmic reticulum,
namely the Na*/Ca?* exchanger.'® Calcium overload occurs when Na* is exchanged
for Ca?* by reverse operation of the sarcolemmal Na*/Ca?* exchanger.!® Increased
cytosolic Ca?* leads to opening of the mitochondrial permeability transition pore

(mPTP) that further increases Ca2* overload and causes hypercontracture.

In addition, cytoplasmic Ca?* overload activates proteases and alters contractile
proteins. > When reperfusion occurs the quick reactivation of calcium overloaded

cells leads to fluctuations in Ca%* cytoplasmic concentration caused by cyclic release
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and reuptake of Ca?* into the sarcoplasmic reticulum, thereby causing myofibrillar

hypercontraction.

Moreover, acidosis disrupts ionic channels resulting in a decrease in resting potential,
increase in the duration of action potential, and early afterdepolarization events.’
Ischaemia leads to efflux of intracellular K* in the extracellular space. This in turn
resultsin a decrease in action potential. 18 Extracellular K* reaches a plateau after the
first minutes but increases further when cardiomyocytes die and more K* is released
into the interstitium.’® The increase of K* in the extracellular matrix results in

inexcitability and conduction block.

1.2.3 Left ventricular remodelling

Myocardial ischaemia can occur in both the atria and ventricles. 2° 2! However, atrial
infarction is a rare clinical event.?? Ventricular infarctions are the most common type
of MIL.20 Left ventricle infarction events are, in turn, the predominant form of
ventricular Ml as the right ventricle is less susceptible due to its thinner walls and
reduced energetic demands.?! Hence, left ventricular infarction will be the focus of

this thesis.

Following M, the left ventricular wall undergoes acute (within 72 hours) and chronic
(beyond 72 hours) remodelling.?? The earlier phase consists of structural changes
from cardiomyocyte loss and infarct expansion, and can result in ventricular rupture
and death.?® Late remodelling is associated with ventricular wall dilatation, shape
distortion and hypertrophy that can lead to reduction in contractile function and

heart failure. ®

Ventricularischaemia can resultin a transmural or non-transmural infarct, depending
the extent of damage in the myocardial wall (Figure 1.1, E-F). 2* A non-transmural
infarct will not reach the epicardium, thus sparing epicardial resident cells (Figure 1.1,

E).24
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Figure 1.1 Pathophysiology of left ventricular myocardial infarction

(A) Schematic of the coronary arteries of the human heart (B) Healthy coronary arteries (C)
Coronary artery with atherosclerosis and restriction in myocardial blood supply. (D) Total
occlusion of coronary artery blood supply occurs when the atherosclerotic plaques
ruptures/erodes, and a thrombus is formed. (E) Upon blockage of the coronary arteries that
supply the left ventricle, cardiomyocyte loss occurs due to ischaemia, and an infarct core is
formed. (F) Infarction results in left ventricular remodeling with wall dilatation and reduction
in contractility. (G) Schematic of the layers of the left ventricle under normal conditions. (H)
Example of a non-transmural infarct extending from the myocardium into the endocardium.
(I) Example of a transmural infarct extending from the endocardium all the way to the

epicardial layer.

1.2.4 Histopathology of myocardial infarction

Histopathological changesin the myocardium can be visible as earlyas 12 to 24 hours
after the onset of myocardial ischaemia.!* Neutrophils are visible by 24 hours at the
border regions of the infarct. 1* After 24 hours, necrosis is occurring with various
degrees of nuclear chromatin pyknosis, early karyorrhexis, and karyolysis.* There is
prominent infiltration of neutrophils by 48 hours. * At 3 to 5 days, there is significant
loss of myocyte nuclei and striations in the central part of the infarct. 4 Subsequently,
the inflammatory influx induces a cascade of chemokines that suppresses
inflammation and contributes to scar tissue formation.? At this point, around 5 days
post-MI, macrophages and fibroblasts appear in the infarct border regions, and by 1
week neutrophil levels fall and granulation tissue is formed next to neocapillaries,
lymphocytes and plasma cells. * Lymphocytes are not a predominant lineage at any
stage in the infarct, but can be present as early as 2 to 3 days. 14 Eosinophils can be
detected in the inflammatory infiltration but only in around 24% of infarcts.?® Finally,
after 1 week, necrotic myocytes are removed by macrophages via phagocytic
removal. * After 14 days, fibroblast numbers are significantly elevated but can be
seen as early as day 4 at the periphery of the infarct.» Fibroblasts produce collagen
as more necrotic myocytes are removed by macrophages, and angiogenesis takes

place in the region. 1* Depending on the size of the infarct, the scarring process can
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take up to 8 weeks or longer to complete and the central area of the infarct may

remain unhealed. 14

1.2.5 Mechanisms of cell death post-Ml
1.2.5.1 Apoptosis

Celldeath during myocardial ischaemia can occur via a number of different processes.
Myocyte oncosis occurs from cell swelling and isindependent of cell activity including
caspases and ATP consumption. * Apoptosis is a type of active cell death that results
in cell shrinkage and is energy dependent.?’ This is a complex process that involves
various molecular pathways, namely caspases. In the case of myocardial ischaemia,
apoptosis is not normally implicated with myocyte death, mostly due to its energy
dependent nature. However, apoptosis can be involved in the first hours of ischaemia
and possibly during reperfusion injury. 28 Cardiomyocytes can also undergo apoptosis
in viable remodeling in the weeks or months after MI1.?° It is worth mentioning that
the contribution of apoptosis versus necrosis in cardiomyocyte death remains poorly
defined, mainly due to limitations in experimental tools to identify apoptotic and

necrotic cells.

1.2.5.2 Necrosis

Necrosis is a faster process compared to apoptosis and is characterised by cell
swelling, cell membrane breaking and release of cellular debris that in turn activate
inflammation. 22 Necrosis is associated with the opening of the mPTP.3° In
homeostasis, this pore of the inner mitochondrial membrane is impermeable to
water, ions and protons. In the ischaemic myocardium, Ca%* entry into the
mitochondria can lead into the opening of the mPTP. When open, the influx of water
in the mitochondrial matrix results in mitochondrial swelling that leads to

cardiomyocyte death. 3°
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1.2.5.3 Autophagy

Autophagy is characterised at an ultrastructural level by autophagic vacuoles,
cellular degradation and nuclear disruption.3! Autophagic vacuoles form by ubiquitin
attachment to various proteins via post-translational modifications which in turn,
makes them susceptible to proteasomal degradation.!*Autophagy is a regulated
process with many key playersincluding cathepsin D, cathepsin B, heat shock cognate
Hsc73, beclin 1 and microtubule -associated protein 1 light 3.1 In the context of the
myocardium, autophagy has been described in hypertrophied and failing
myocardium (reviewed in ref3?). Autophagy can play an important role in the
degradation of damaged proteins or senescent cells for recycling purposes. It can be
seen in response to metabolic stress and nutrient starvation. In the context of the
heart, autophagy has been shown to occur in homeostasis to remove intracellular
protein aggregates as well as failing organelles via the autophagosome (double
membrane bound vesicle). The autophagosome delivers its contents to lysosomes for
degradation.3? In cardiac ischaemia, autophagy can be utilized to remove waste and

promote cell survival and can occur simultaneously with necrosis and apoptosis.3*3°

1.2.6 Non-cardiomyocyte cells in ischaemia

The mammalian heart is home to many non-cardiomyocyte cells, including
fibroblasts, endothelial cells (ECs), pericytes, vascular smooth muscle cells,
adipocytes, neuronal cells, myeloid cells, mesothelial cells and lymphoid cells.®
Recent studies investigating cellular composition have shown ECs are the most
common cardiac cell type, comprising 64% of non-cardiac cell populations.?” This
thesis focuses on the dynamics of proliferation of ECs in the healthy myocardium and

after MlI.

Following MI, there is a robust angiogenic response in the damaged area 3 but
angiogenic mechanisms do not occur rapidly enough to save the ischaemic
cardiomyocytes. These new vessels are still important as they can aid supply of

oxygen and nutrients to the active mesenchymal cells in the healing infarct thus
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promoting healthy scarring. 3 However, the exact mechanisms by which new vessels

promote tissue repair are incompletely understood.

Newly formed vessels are hyperpermeable, pro-inflammatory and lack perivascular
support by pericytes.*® Following scarring, the neo-vessels undergo maturation and
stabilise the wound as they become less permeable and inflammatory.4° ECs that do
not acquire perivascular support undergo apoptosis. *° However, the molecular
mechanisms underpinning the process of blood vessel formation post-Ml are largely

unknown and understanding these form the main goal of this thesis.

1.3 Reperfusion and no-reflow

The myocardium is vulnerable to a lack of, or reduction in, blood supply arising from
MI. Hence, reperfusion of the tissue is essential for preventing further cardiomyocyte
loss. There have been substantial recent developments in acute care leading to a
significant decrease in mortality due to the wide adoption of reperfusion therapy via
thrombolytic therapy, percutaneous coronary intervention (PCl) 4 and coronary

artery bypass grafting (CABG).*?

1.3.1 Clinical tools for re-establishing perfusion

Thrombolytic therapy has been instrumental at decreasing infarct size, incidence of
heart failure and long term-survival (reviewed in Ref*3). Thrombolytic therapy
involves the use of drugs (such as tissue plasminogen activator, streptokinase, and
urokinase) to dissolve thrombi arising from the rupture/erosion of atherosclerotic

plagues and establishing reperfusion.*?

PCI was introduced in the 1980s?” and made a big impact on patient survival
outcomes following Ml in many parts of the world. This procedure involves the
insertion of a catheter and injection of a contrast agent into the coronary arteries.
Upon reaching the occluded vessel, the catheter that is equipped with a balloon on
its tip, inflates the balloon in order to compress the plaque, thus restoring blood flow.
A mesh, or stent, is normally placed in the same area to keep the vessel open

following catheter removal.**
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CABG s a surgical procedure in which autologous arteries or veins are used to bypass

coronary vessels that have been partially or totally occluded (reviewed in Ref*?).

Despite improvements in clinical care, Ml patients can be left with substantial
ventricular damage®. Patients that present with MI have a high likelihood (14-
36%).* of going on to develop heart failure and be at an increased risk of premature

death.*

In summary, clinical interventions can improve survival rates but do not initiate
cardiac regeneration or prevent scar formation following MIl. Hence, developing
techniques to improve reperfusion in the post-ischaemic heart has the potential to

improve patient outcomes.

1.3.2 Reperfusion injury

There is a balance to be struck between establishing reperfusion to the ischaemic
myocardium and reperfusion injury. In early reperfusion (2-3 hours) after the onset
of ischaemia, the rescue of myocytes is far more beneficial than any adverse effect

(such as free radical damage and Ca?* loading) arising from reperfusion injury.*

Early reperfusion following MI remains the most effective way of limiting infarct size
and cardiac remodelling. ¢ The term “cardiac remodeling” was coined by Hockam
and Bulkley in 1982 after they observed regional dilatation and thinning of the
infarcted myocardium in rats.*’ Pfeffer et al. used the same term to describe the
volume increase of the left ventricle (LV) after MI.*® Nowadays, the term is used to
refer to any changes to the heart morphology that arise due to any pathology, not

just MI.

Unfortunately, reperfusion injury contributes to irreversible injury to the heart and
contributes to final infarct size.*>°° Final infarct size depends on a variety of factors
such as: 1) the size of the ischaemic area; 2) duration of non-perfusion; 3) the
magnitude of residual collateral blood flow and severity of microvascular
dysfunction.®® In humans, 30-50 % of the ischaemic area can be salvaged by

reperfusion within 4-6 hours from the onset of chest pain symptoms.* Viable
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myocardium that is salvageable by interventional reperfusion can be seen even after
12 hours post-occlusion®2. Following 24 hours of occlusion and a subsequent 6 hours
of reperfusion in a dog model, myocytes have been shown to be thin, hyper-
eosinophilic, devoid of nuclei and showing signs of karyorrhexis.!* They have ill-
defined borders with signs of interstitial haemorrhage.* Initially, a mild neutrophil
infiltration is visible and macrophages are prominentand are seen to remove necrotic
myocytes via phagocytosis.'* In humans, following reperfusion within 4-6 hours post-
onset of pain, myocardial cell salvage takes place and the infarct is restricted to the
subendocardial layer.'* Haemorrhage is present within the infarcted myocardium, as
evident by contraction band necrosis. ** Contraction necrosis bands consist of 3-10
hypercontracted sarcomeres that bring adjacent Z bands close together.!! Z bands
define the boundary of striated muscle between two neighboring sarcomeres. >3 In
the case of late reperfusion, contraction bands do not develop.!! Following a few
hours of reperfusion, sparse levels of neutrophils are present within the infarct.4
Macrophages appear by day 2 to 3and by day 5 fibroblasts are present and begin the
collagen synthesis and scarring process. * Interestingly, the scarring process in
reperfused infarctsis accelerated compared to non-reperfused infarcts. A reperfused
infarct can be fully healed by the 3" week post-injury but this can depend on the size
of the infarct. Early reperfusion has shown clear benefits to reducing infarct size. 4
Preserving viable myocardium has been associated with decreased remodeling and

infarct expansion and thus, increased survival. 14

1.3.3 The no-reflow phenomenon

The success story of PCl and CABG has shown how crucial early reperfusion is at
limiting infarct size. However, PCl sometimes fails to fully restore myocardial
perfusion, especially at the microvascular level in a phenomenon known as no re-
flow. The no-reflow phenomenon is defined as a state of myocardial hypoperfusion
in the presence of a patent epicardial coronary artery and has been attributed to

microvascular obstruction.>
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No-reflow is reported in up to 60% of ST-segment elevation myocardial infarction
(STEMI) cases.” There is still limited information on how the no-reflow phenomenon
affects patients with MI that undergo PCI. It is associated with left ventricular
remodelling and negatively affects the clinical outcome in patients with acute Ml .
No reflow is also an independent predictor of adverse clinical outcomes for patients
that present with acute MI. ¢ Moreover, restoration of coronary blood flow may
result in arrhythmias, myocardial stunning as well as microvascular impairment that

can lead to myocyte damage and death.»

No-reflow can be separated into two categories. Firstly, “reperfusion no reflow”
occurs following PCl in a patient presenting with an acute MI.>’ Debris from the
thrombus can lead to microvascular obstruction that leads into further ischaemic cell
injury. °” Secondly, “interventional no reflow” takes place in a non-infarct PCI. The
key here is that this has the potential to affect myocardium that was not heavily
ischaemic before the procedure. °” Atherosclerotic debris from the initial point of
occlusion can travel further down the vessel network and cause microvascular
mechanical obstruction and lead to EC inflammation and injury and ultimately
ischaemia and cell death. °>” Moreover, endothelial injury can be caused by an acute
inflammatory response, generation of reactive oxygen species and rise of
intracellular calcium. >” 8 This can further lead to EC swelling and vasospasm that can

prolong occlusions of the microvasculature. >7 58

There is clear evidence that reperfusion of the ischaemic myocardium is extremely
beneficial for patients’ outcomes which is the reason that it has become standard
clinical practice. ' 42 However, as discussed above, not all patients respond well to
interventional reperfusion, whetheritisaninfarct or non-infarct scenario. Moreover,
asdescribed in previous sections, the formation of new blood vessels in the damaged
myocardium post-Ml is essential in driving healthy scarring.*® There is a need for
therapies that drive reperfusion by promoting formation of new blood vessel
networks and, thus, increase blood supply to ischaemic tissues and prevent cell

death.
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1.4 Coronary artery ligation as a model of myocardial
infarction

As evident by earlier segments, cardiacinjury is a multicellular, dynamic process that
is difficult to investigate using traditional models of cell culture, whilst clinical
samples from patients are limited for investigative study. As a result, we need robust
and reproducible animal models of injury to shed light on the pathological

mechanisms involved.

The main model used to simulate acute cardiacinjury and progression to heart failure
in animals is ligation of the left anterior descending coronary artery (LAD) (reviewed
in Ref>3). This model can be applied to large (e.g. pigs) and small (e.g. mice, rats)
animals. Moreover, the LAD ligation model can be used in combination with
genetically engineered mouse models such as knock-out models or lineage tracing
models. The two predominant variations of this model are permanent LAD ligation

(PL) or a temporary ligation resulting in ischaemia-reperfusion (IR). >°

The procedure of PL involves a left-sided thoracotomy that is carried out on an
anaesthetised mouse with a subsequent ligation of the LAD coronary artery which
runs along the anterior side of the LV. Consequently, there is an occlusion of blood
supply to the LV resulting in ischaemia, cardiomyocyte death and scar formation. The
resulting infarct is large, with sizes varying between 30% and 40% of the myocardial
area.®® Survival rate is also variable and is dependent on infarct size, sex and mouse

strain.

IR is similar to PL but ligation of the LAD artery is temporary. Following the preferred
time of ischaemia (ranging from 15 minutes to 2 hours), blood flow is restored by
cutting the fine suture that was used for occlusion. Contrary to the PL model, infarct
sizes are more variable and smaller with infarct sizes as low as 4% and up to 30%.5!
Despite IR being more technically challenging and producing a smaller a more
variable infarct it is crucial at understanding the mechanisms behind pathology of

reperfusion injury.
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One of the main differences between the two variations of the LAD ligation model is
the infarct size that is generated following the surgical procedure. PL overall produces
more significant infarcts but is associated with poor survival compared to IR. When
compared to the clinical situation of Ml patients, it can be argued that IR is a more
representative model than PL as many of the Ml patients that present to the clinic
will undergo reperfusion therapy via PCl. However, despite the permanent nature of
the PL, around 30% of acute Ml patients do not receive reperfusion therapy and the

PL model is therefore applicable to this group.

Both variations of the cardiac injury ligation model are clinically relevant but
depending on the question of the researcher one may be more appropriate than the
other. PL is more suitable for studying acute tissue injury as well as the repair
responses and progression to heart failure in the absence of reperfusion whereas IR
is useful at investigating the secondary damage in the form of reperfusion injury.
However, it is worth considering that despite their clinical relevance, IR and PL still
have limitations (reviewed in Ref®?). Importantly they do not simulate the
pathogenesis of ischaemic heart disease (coronary atherosclerosis) and ratherrely on
an acute occlusion of coronary blood supply via ligation. Furthermore, the mice that
are involved in experiments modelling Ml are often bred from a single background.
This is helpful when trying to dissect a molecular mechanism but is in contrast with
the heterogeneityin the transcriptomic and epigenetic profile of patients in the clinic.
Moreover, these surgical models are used in healthy rodents which is often in
contrast to the patients that suffer from cardiac ischaemia. These patients are often
older and suffer from a multitude of other risk factors like atherosclerosis and

diabetes.!
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1.5 The circulatory system, endothelial cells, and blood vessel
architecture

The vascular system is a closed system that transports oxygen, nutrients, and salts,
as well as waste products, between blood and tissues. This is achieved through
ejection of blood by the cardiac muscle. Blood is circulated through the pulmonary
vasculature, where it becomes oxygenated, and is then delivered to the tissue

systems where blood-tissue oxygen transfer occurs.®3

The vascular network is an incredibly dynamic system that changes radically during
growth as well as in response to stimuli such as injury, healing and pathology. The
network comprises arteries, veins, capillaries, and lymphatic vessels.®* The lymphatic
system’s main role is to take up interstitial fluid, or lymph, that leaks out of the blood
vasculature into extracellular spaces and transfer it back to the blood circulation.®
In the context of this thesis, arteries, veins and capillaries will be discussed. Lymphatic

vessel architecture will not be described but is reviewed by Oliver et al.%°

1.5.1 Blood Vessel structure

1.5.1.1 Arteries

Healthy arteries have a tri-laminar structure of tunica intima, tunica media and tunica
adventitia (reviewed in Ref ®). The inner layer, the tunica intima, is in contact with
the blood circulation and comprises a layer of ECs that lies on a basement membrane
(Figure 1.2, A).%* ECs are the main component of the vasculature and possess
essential and highly regulated mechanisms that are critical in maintaining vascular
homeostasis and will be described in more detail in the next section.® ECs in the
tunica intima are connected by two different types of junctions. These are occluding
junctions (zonulae occludentes) and communicating junctions (gap junctions). % In
certain arteries, the tunica intima also contains other types, such as smooth muscle
cells, and collagen. % The tunica intima is also supported by an internal elastic lamina
which functions as a physical barrier between the intima and the subsequent vessel
layer, tunica media. ® Moreover, between the tunica intima and the tunica media

there is a network of collagenous bundles and elastic fibers.®® The tunica media
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harbours mainly smooth muscle cells that are responsible for vessel contraction and
relaxation. The tunica media can vary in diameter (Figure 1.2, A). This characteristic

can be used to differentiate between elastic and muscular arteries.

Large diameter arteries, such as the aorta, are rich in elastic lamellae and are referred
as elastic arteries. In contrast, in smaller diameter arteries, the tunica media is less
elastic and contains more smooth muscle cells. These are termed as muscular
arteries. Smaller arteries less than 100 um in diameter are termed arterioles or
resistance arteries. ®” The tunica media of these vessels contain 1-2 layers of smooth

muscle cells.

The tunica intima of elastic arteries is composed of a single layer of ECs that are lined
against a layer of fibrous tissue. ¢ These ECs are elongated and their long axis is found
parallel to the blood flow. % Between the tunica intima and the subsequent tunica
media there is a network of collagenous bundles and elastic fibers. 6 The tunica
media contains concentrically arranged fenestrated elastic laminae alongside smooth
muscle cells. ®® The smooth muscle cells are orientated longitudinally and circularly.®®
The adventitia of elastic arteries is thin and contains fibroblasts, inflammatory cells

and Schwann cells.%®

In muscular arteries, the tunica intima is thinner than in elastic arteries. ®* There is a
highly fenestrated internal elastic lamina that separates the intima and media. This
intermediate layer gradually decreases as the diameter of the muscular artery also
decreases. This occurs as the vascular network moves towards the capillary network.
The tunica media of muscular arteries is home to concentric layers of spindle-shaped
smooth muscle cells that are arranged in a low-pitched helix or spiral. ® The number
of layers of smooth muscle cells can vary according to artery diameter but can range
from 1-6 in small arteries and arterioles and 25 to 35 pum in bigger vessels.%®
Interspersed between the smooth muscles of muscular arteries, a distinct external
elastic lamina is found between the media and adventitia. However, this lamina may

be absent in muscular arteries of small diameter and be replaced by longitudinally
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arranged elastic fibrils. In contrast to elastic arteries, the adventitia of muscular

arteries is much wider and can take up half the diameter of the vessel wall.%®

The adventitia contains collagen, elastic fibres, connective tissue cells and some
neural cells (Figure 1.2, A). Its role is to connect the vessel to surrounding tissues as
well as limiting the extent of its expansion. Recently however, the adventitia has also
been shown to harbour cells with stem cell like properties, termed vascular wall-
resident stem and progenitor cells (VW-SC) or adventitial cells.®® In addition, it is
home to penetrating blood vessels, termed vasa vasorum, that supply nutrients and

oxygen to the adventitia and media.%° ©®

1.5.1.2 Veins

Similar to arteries, veins are classified by their diameter. ¢ ¢ Veins that range from
10 to 100 um in diameter are named venules, which are the smallest veins of the
circulation.  Larger veins can be categorized according to their diameter as small
(100 pm-1mm), medium (Imm-10mm) or large (>1cm) as they make their way back
towards the heart chambers.”® Importantly, arteries pulsate whereas veins do not.
Furthermore, veins are equipped with valves to prevent retrograde flow. 64 The tunica
intima of veins contains pocket-shaped folds that extend into the lumen and form the
valves.”® Moreover, they rely on contraction of surrounding muscle to help

movement of blood. &

In terms of structure, veins follow the same tri-laminar structure as arteries but with
key differences (Figure 1.2, B). ®*Veins have thinner walls than arteries of equivalent
position in the circulation but are also larger in size.®* Moreover, the number of
smooth muscle cells is larger in arteries than in veins.®* The tunica media of small
veins is home to only a small number of smooth muscle cells that are separated by
collagen. ®* In the media of larger veins, there are a few circularly and longitudinally
arranged smooth muscle cells. Furthermore, there are many collagen fibers in the
venous wall alongside a network of longitudinal elastic fibers. 8 This is characteristic

of venous structure with connective tissue to cell ratio being much different
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compared with arteries. The adventitia of veins is also different from that in arteries

as it comprises 60 to 70 % of the vessel wall (Figure 1.2, B).”?

1.5.1.3 Capillaries

Capillaries are the blood vessels with the smallest diameter that can range from 4-9
um. 6 66 Their role is crucial as they act as the final delivery system of nutrient and
blood exchange in most vascular beds. They consist of a single layer of ECs that rest
on a basement membrane. ® This endothelial layer is often surrounded by supporting
cells called pericytes. 8 The vascular system includes three types of capillary beds:
continuous, fenestrated, and sinusoidal.  Continuous capillaries are defined as an
EC layer that is connected by inter-EC junctions that greatly limit molecule exchange
between the circulation and extravascular space with only water and ions being able
to pass. Some lipid-soluble factors can permeate the EC layer through passive
diffusion. Fenestrated capillaries contain pores in their ECs that can range from 50-
80nm in diameter, termed fenestrae, that connect the lumen to the extravascular
space. Due to their porous nature, fenestrated capillaries are found in vascular beds
that undergo continuous fluid and solute exchange such as the kidney and the
intestine. Finally, sinusoidal capillaries contain wide gaps of 30-40 um between the
ECs and are characterised by a discontinuous basal lamina. This allows for red and
white blood cells as well as serum proteins to pass through and enter the interstitial
space. These specialised capillaries are found primarily in the liver, bone marrow, and

spleen. 72
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Figure 1.2 Schematic of the typical arterial and venous wall

(A) Schematic of an artery which comprises of an inner tunica intima layer (endothelial cell
monolayer), a medial layer (tunica media) comprising of smooth muscle cells and an outer
adventitia layer with collagen, elastic fibres, connective tissue cells, neural cells and some
progenitor-like cells. (B) Schematic of a vein. Veins are larger in diameter but have a thinner
wall. They also contain a tunica intima, a tunica media with smooth muscle cells and collagen

fibres and a collagenous adventitial layer.

1.5.2 Endothelial cells

The endothelial cells (collectively the endothelium) are the major regulator of
vascular homeostasis.”> Morphologically, ECs are flat and measure <3pum in thickness
along the central axis, which contains the nucleus and cellular organelles.”® The
surface that is in contact with the blood circulation is covered with a thin layer of
glycocalyx, a highly-hydrated fibrous mesh of carbohydrates that is critical for
modulating interactions between the blood and ECs and for regulating vascular
permeability’. Furthermore, ECs extend microvilli and filopodia into the vascular
lumen. These play a role in blood flow as well as inflammatory cell recruitment. 7>7¢
The basal side of an EC is characterised by an external lamina that is rich in collagen
types lll and IV. The endothelial cytoplasmic compartment includes common cellular
organelles such as transport vesicles, mitochondria, free ribosomes, rough
endoplasmic reticulum, Golgi complex, lysosomes, cytoskeletal filaments and
microtubules. A special feature of ECs is the presence of Weibel-Palade bodies

(WPBs). These structures are mainly responsible for storing the clotting factor Von
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Willebrand Factor (VWF). VWF is also found in a granules in platelets. Upon
activation, VWF is released-by a granules due to platelet activation and by WPBsin a
basal and regulated manner.”” However, most reports have shown that VWF is
mostly released constitutively from WPBs due to erratic movement inside the granule
that results in localization of contents in the periphery and subsequent fusion with
the membrane and release.”” Other functions of the endothelium include roles in
haemostasis and thrombosis through the production of procoagulant factors (Factor

VIII, plasminogen inhibitor) and anticoagulant factors (prostacyclin).

The roles of ECs include regulation of: vasodilation, vasoconstriction, smooth muscle
cell proliferation and migration, and thrombogenesis and fibrinolysis. The importance
of the endothelium in vasomotor regulation was first identified in the 1980s when it
became apparent that the endothelium is an active paracrine, endocrine and
autocrine cell system. 882 Nitric oxide was identified as one of the main vasodilatory
factors released by the endothelium, originally identified as endothelium-derived
relaxing factor (EDRF).8 Nitric oxide is key to maintaining vascular integrity by
preventing inflammation, smooth muscle cell proliferation and thrombosis.?
Additional vasodilatory factors released by the endothelium include prostacyclin and
bradykinin®. In addition to vasodilatory factors, the endothelium is capable of
releasing several vasoconstrictor factors, such as endothelin-1 and angiotensin IlI.
Angiotensin Il also functions as a pro-oxidant and stimulates the production of
endothelin-1.8> Both endothelin-1 and angiotensin Il have the ability to promote
proliferation of smooth muscle cells and contribute to plaque formation.®
Furthermore, another component that is critical in maintaining homeostasis in the
endothelium is flow mechanics. Specifically, laminar shear stress is essential in

maintaining endothelial phenotype.?’

As described in the previous section, the endothelial types that can be found in
capillaries can be either continuous, fenestrated and discontinuous/porous.”® This
can vary greatly across different vascular beds. Fenestrated or discontinuous
endothelium occurs across high permeability vascular beds such as the kidney

whereas continuous endothelial occurs in low permeability environments. Moreover,
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the EC layer can be covered extraluminally by pericytes which stabilize the capillaries

and play an important role in signaling via paracrine mechanisms.

EC types display great functional and phenotypic heterogeneity depending on both
the tissue system they reside in and their dynamic microenvironment.”? In addition,
the phenotype of ECs can vary greatly depending on their arterial or venous nature.
Arterial ECs markersinclude ephrinB2, delta-like 4 (DLL4), activin-receptor-like kinase
1(alk1), endothelial PAS domain protein 1 (EPAS1), Hey1, Hey2, neuropilin 1 (NRP1)
and decidual protein induced by progesterone (Depp).®’ Venous markers include
EphB4, neuropilin 2 (NRP2) and COUP-TFII. & The phenotype of arterial and venous
ECs has been suggested to be epigenetically programmed before blood flow
commences. However, studies suggest the phenotype maintains a degree of
plasticity and can be reversible.?® Another example that can provide insights into the
plasticity of arterial/venous ECs is coronary artery bypass where saphenousveins are
excised and grafted in the coronary vasculature. Venous ECs are, consequently,
exposed to arterial pressures and show upregulation of arterial markers.®! Regarding
universal markers, the most commonly used in EC research is platelet/EC adhesion
molecule PECAM-1 (also known as CD31). However, CD31 is also expressed in some
monocytes.®? This issue of cross-reactivity with other cell types is an ever-present
consideration for even the most robust of EC markers. This is especially the case when
pathology or transition is present where cells are in a dynamic state of fluctuating

phenotype.”

1.6 Mechanisms of blood vessel growth

As described previously in this chapter, the vasculature is fundamental to life. It has
evolved into a complex nutrient and oxygen delivery network that reaches every cell.
Smaller organisms have no need for this type of network as diffusion is sufficient for
nutrient and oxygen exchange between cells, as oxygen is able to travel a distance of
200um.>* However, as organisms became increasingly complex, a more sophisticated

delivery network was required. Understanding the regulation of the vascular network
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requires a deep comprehension of the mechanisms underlying development and

regeneration of the vasculature.

1.6.1 Vasculogenesis

Vasculogenesis is the collection of initial events in vascular growth.ss Blood vessels
arise from endothelial precursors called angioblasts that share the same lineage as
haematopoietic progenitors. When the mesoderm forms via gastrulation, a subset of
mesodermal cells differentiate into angioblasts and haemangioblasts (Figure 1.3).%
The mesoderm is one of three germ layers (mesoderm, endoderm, ectoderm) that is
derived from embryonic epiblast during gastrulation.®® Subsequent steps involve the
formation of early capillary networks from angioblasts. Angioblasts are defined as
cellular structures showing positivity for certain markers of ECs but that have not yet
formed a lumen.®® Blood islands are collections of cells that are derived from the
mesoderm. The cells in the periphery of blood islands are angioblasts whereas the
cells in the centre are haemangioblasts (Figure 1.3). °® As a result of this close
relationship, markers that have been characterised as endothelial have also shown

to be expressed by haemopoietic cells, such as CD34.%’

First signs of vascularisation appear outside the embryo, on the yolk sac, in the form
of blood islands. °> In the mouse, 7.5 days post coitum, a subset of angioblasts
migrates to the paraxial mesoderm and proliferates. They subsequently assemble
into an early form of an endocardial plexus that gives rise to the dorsal aorta, cardinal
veins and embryonic stems of yolk sac arteries and veins. %> Angioblasts can also
mobilise postnatally, circulate, and be recruited for in situ vessel growth.®® The origins
of the ability of angioblasts to migrate where needed and initiate vasculogenesis are
not well understood. The predominant theory is that, postnatally, a combination of
growth factors such as vascular endothelial growth factor (VEGF), granulocyte-
macrophage colony-stimulating factor (GM-CSF) and other cytokines are able to

recruit bone —marrow-derived angioblasts to sites of neovascularisation. *®
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Figure 1.3 Schematic of developmental vasculogenesis

A subset of mesodermal cells forms angioblasts (endothelial cell precursors) and

haemangioblasts (haemopoietic cell precursors). Angioblasts and haemangioblasts form

blood islands with angioblasts in the periphery and haemangioblasts are in the centre. Blood

islands then form the vascular plexus.
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1.6.2 Angiogenesis

Angiogenesis refers to vessel sprouting from existing vessels in order to form new
vasculature (reviewed in refs%,%). It wasn’t until the 1860s that Carl Thiersch
demonstrated the formation of new vessels in the tumour stroma from pre-existing
vessels.’® The process of angiogenesis is active throughout growth as per the
organism’s needs for nutrient supply and is essential for homeostasis. ECs maintain
their ability to respond dynamically to changes in their environment such as hypoxia

and inflammation.?®

Angiogenesis is a highly regulated process that follows a step-wise progression.® The
initial stimulus for angiogenesis is lack of oxygen (hypoxia). Oxygen sensors, such as
pronyl hydroxylase domain 2 (PHD2), hydroxylate hypoxia inducible factors (HIFs) and
target them for proteasomal degradation when sufficient oxygen is available. Under
hypoxic conditions, PHDs are deactivated thus leaving HIFs to freely upregulate pro-
angiogenic factors such as VEGF (Figure 1.5). 1°! The process of angiogenesis is a
complex balance between pro- and anti-angiogenic factors. One of the most
prominent pro angiogenic factors is Vascular Endothelial Growth Factor (VEGF). The
protagonist of the VEGF protein family is VEGF-A, one of the main regulators of
angiogenesis. VEGF-A signalling occurs via VEGF receptor-2 (VEGFR-2, also known as
FLK1)¥2 but is also aided by neuropilins, NRP1 and NRP2 which work as co-
receptors.’%® Other members of the VEGF ligand family include VEGF-C, a ligand to
VEGFR-2 and VEGFR-3, that is associated with angiogenesis and
lymphangiogenesis.'% VEGFR-3 is essential for developmental angiogenesis but in

the adult is mostly associated with lymphangiogenesis.1%4

Activated ECs migrate towards the angiogenic signal. Initially, ECs secrete matrix
metalloproteinases (MMPs) with the aim of degrading the basement membrane.%
The leading EC, termed the tip cell, minimally proliferates and guides the sprout by
filopodia and lamellipodia extensions towards the hypoxic environment (Figure 1.4).
Tip cells also have the capacity to aid in further degradation of extracellular matrix

(ECM). 1067109 The ECs that follow the polarized tip cell, termed stalk cells, proliferate
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to elongate the sprout and mediate lumen formation.'’® Tip and stalk cells
continuously compete for the leading position in the sprout. This process is mediated
by Notch, DLL4 and Jagged1 signalling (Figure 1.6).1% Following selection of the tip
cell, pericytes detach and junctions (VE-cadherin) between ECs become loose
through the action of MMPs. Tip cells sprout towards the angiogenic gradient and
supporting stalk cells follow the guiding tip cell and proliferate.'! When two sprouts
meet each other, the two tip cells connect via anastomosis to form a new vessel. The
new vessel then matures and stabilises by pericyte recruitment and basement
membrane deposition.1% This process is aided by perfusion of the new vessel. 1% The
new vessels that are not perfused gradually regress and ECs of those sprouts
apoptose.'®® When the ECs return to their quiescent state, they re-establish

interconnections through VE-cadherin, claudins and other tight junction proteins.®

Another method of angiogenesis is intussusception. This involves splitting of pre-
existing vessels that subsequently expand and form an immature capillary plexus.!?
ECs from opposite tunica intimae connect to form a transluminal bridge. Intracellular
junctions are reorganised and form an EC bilayer resulting in an interstitial pillar core.
Subsequently, myofibroblasts and pericytes invade the interstitial pillar core and

cover the interstitial wall. This results in fusion of the pillar with adjacent pillars and

a final split into 2 parallel capillaries. 113114
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Figure 1.4 Schematic of tip/stalk cell angiogenesis

Upon an angiogenic trigger, endothelial cells of capillaries break the basement membrane
then rest upon and arrange themselves as proliferative stalk cells and sprout-leading tip cells

in the direction of the stimulus.
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Endothelial Cell

Figure 1.5 Hypoxia activates HIF to initiate transcription of pro-angiogenic genes

Hypoxia inhibits the action of prolyl hydroxylases (PHDs) that, under normoxic conditions,
target hypoxia inducible factors (HIFs) by attachment of an -OH group. When attached to a -
OH group, HIFs will be targeted for ubiquitination by von Hippel—Lindau protein (pVHL) and
HIFs degraded by the proteosome. Upon deactivation of PHDs, HIFs enter the nucleus and

bind to hypoxia response elements (HRE) on the DNA and drive expression of pro-angiogenic

genes.
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Figure 1.6 VEGF-VEGFR2 mediated tip/stalk cell selection

Vascular growth endothelial factor (VEGF) activates vascular endothelial growth factor
receptor 2 (VEGFR2) which, in turn activates extracellular signal-regulated kinase % (ERK) via
a phosphoinositide 3-kinase (P13K) phosphorylation of protein kinase B (Akt). ERK % induces
cell proliferation. VEGFR2 also increases expression of Delta Like Canonical Notch Ligand 4
(DLL4) in the tip cells. DLL4 binds to Notch in the neighbouring endothelial cell and takes on
a stalk cell phenotype. DLL4/NOTCH crosstalk is a dynamic competitive process between tip
and stalk cells that ensures balance in tip selection. Notch in stalk cells downregulates tip cell
markers like VEGFR2 and DLL4 and increases expression of stalk cell markers like VEGFR1 and

Jagged-1 which inhibit Notch signalling in the adjacent tip cell.
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1.6.3 Arteriogenesis

Arteriogenesis is the process of remodelling of an existing artery to increase its
luminal diameter in response to increased blood flow. '*> The main trigger of this
processis altered shear flow that appearsin the collateral arteriole resulting in a large
pressure difference. This triggers vascular wall cell proliferation and migration,
resulting in structural enlargement of collateral arterioles to arteries (Figure 1.7).116
118 This phenomenon occurs in the heart often when main arteries are chronically
occluded. In response, collateral arteries form to maintain blood flow and can even

keep patients asymptomatic of angina. 1*°

Main artery
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Figure 1.7 Schematic of arteriogenesis
Occlusion of an artery can result in ischaemia in a downstream tissue area. To compensate,
collateral arteries increase in diameter via vascular wall cell proliferation and migration, thus

increasing blood supply into the ischaemic area.
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1.7 Development of the coronary vasculature

Coronary vessels are responsible for supplying oxygen and nutrients to cardiac tissue,
one of the most metabolically active systems, in which cardiomyocytes are

surrounded by a dense network of capillaries.??°

During mammalian development, once the vascular plexus has been formed,
coronary vessels connect to the aorta.'?! The origin of coronary endothelial cells
(CECs), a matter of major debate, has been hypothesised to be the proepicardial
organ, which contributes progenitor cells during embryonic heart development.'??
More specifically, the epicardium is formed via the protrusion of the coelomic
mesothelium located close to the septum transversum and the inflow tract. The
septum transversum separates the thoracic and abdominal cavities during embryonic
development and later gives rise to the diaphragm and ventral mesentery. %3 The
case for the proepicardial organ being the origin of CECs was strengthened when
experiments conducting ablation or obstruction of the proepicardial organ resulted
in failed coronary formation in quail and chick embryos.1?* Interestingly, subsequent
studies using lineage tracing in mice show that the proepicardial organ contribution

is actually quite low. 12>126

This debate heightened in 2010 when the sinus venosus, the venous inflow tract in
the embryonic heart, was found to be a source of CECs.'?’ Later in development, the
sinus venosus isincorporated into the right atrium and coronary sinus veins. ECs from
the sinus venosus surround and subsequently enter the ventricles. These ECs then
differentiate to form arterial and venous ECs.'?’ Interestingly, the endocardium, the
inner layer of the heart wall, was also found to contribute to CECs during embryonic
development'?® as well as postnatally.'?® The contribution from the endocardium to
the coronary vasculature begins with a modest effect but increases in the perinatal

period, surpassing the contribution of the sinus venosus.?8
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1.8 Neovascularisation in the heart after Ml

As discussed in previous sections, atherosclerotic plaque rupture or erosion in the
coronary arteries leads to thrombus formation and occlusion of the coronary artery.
Subsequentischaemia leads to progressive cell death.! Following tissue damage due
to MI, an inflammatory cascade leads to the damaged area being replaced with
granulation tissue and a collagen-rich scar. 13° Angiogenesis occurs in the ischaemic
border zone of the heart where vessels develop from the endocardium of the left

ventricle to perfuse the hypoxic area.'3!

Even though angiogenesis has been observed in post-mortem human samples'3? it
has been difficult to establish a reliable timeline of the formation of new cardiac
blood vessels following myocardial ischaemia. The most in depth and reproducible
results about mammalian heart neovascularisation have come instead from the use

of animal models of M.

In human patients newly formed capillaries are observed in the infarct zone on day 4
and neovascularisation reaches its peak in the second week following MI. 14 132
Following MI in animal models such as mouse, ECs form capillary-like structures in
the border regions.'33134 Between days 2 and 4 post-injury this capillary network
expands within the border zone and branches in the infarct core in an attempt to
revascularize the ischaemic tissue.®® Interestingly, Kobayashi et al. reported a subset
of cardiomyocytes that expressed apoptotic markers in the murine peri-infarct zone
located a distance from newly formed, perfused vessels. This study suggests the
importance of new vessels that form post-ischaemia in cardiomyocyte survival.*3!
After 7 days, subsets of capillaries 1) mature and obtain a smooth muscle layer 2)

continue proliferating or 3) undergo apoptosis in the absence of perfusion. 106 135

Cardiomyocytes within the non-perfused area of the infarct core are susceptible to
cell death. In mice, however, cardiomyocytes located within 150 um from the
endocardial surface may survive from passive diffusion of oxygen and nutrients from
the LV cavity.'3! A capillary network develops within 3 days in this gap between the

infarct area and the LV cavity. These vessels are perfused directly from the LV cavity
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and are independent of the rest of coronary circulation. 13! The endocardial surface
undergoes significant remodelling after Ml in mice with cavities and protrusions
developing by day 2 and leading to extensive trabeculation by day 7.1% Interestingly,
these trabeculae subsequently merge and become a site of blood vessel regeneration

with new arterial conduit vessels being found in the subendocardium. 13°

With regard to the epicardium, itis also susceptible to disruption following ischaemic
damage. In mice, following coronary artery ligation, epicardial cells in the infarct
border zone proliferate and form a covering layer within 7 days. 137137 At the same
time, a capillary network develops in this epicardium-derived layer. These new
vessels form a connection to the coronary vasculature of the underlying myocardium.
135 They initially develop as capillaries but later remodel to form arterioles, thus

obtaining a smooth muscle cell layer. 13°

1.8.1 Heterogeneity in endothelial cell contribution to post-MI neovascularisation

The formation of the coronary vasculature has various contributions from the
proepicardial organ, the epicardium, the ventricular endocardium, and the sinus
venosus. 138140 The contribution of EC to new vessels following a neovascularisation
response after Ml has also been a topic of debate. Hypotheses extend from expansion
of pre-existing ECs to lineage conversion of non-ECs.'?3 Regarding the latter, these
hypotheses include EC differentiation from bone marrow-derived cells, vascular
progenitor populations and cardiac fibroblasts. Understanding the origin of ECs
involved in cardiac neovascularisation post-MIl, and what are the mechanisms

involved is crucial for realising the prospect of therapeutic angiogenesis.

1.8.1.1 Endocardium contribution to post-MI neovascularisation

As mentioned previously, the endocardial surface undergoes significant remodelling
after MI1.23% Following MI, endocardial cells expressing EC markers have been found.*
Neovessels in the subendocardial region have been shown to share marker profiles
with endocardial cells. 3 Furthermore, experiments using Pdgfb-CreER™ mice, an EC

specific labelling model, showed that a significant percentage of infarct border zone
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ECs (26%) were not labelled by the Pdgfb lineage. 13> Combined with the lack of Pdgfb
expression from the endocardium?®®, It has, therefore, been hypothesised that the
endocardium is a source of ECs following neovascularisation post-MI. This is
consistent with reports of endocardial cell plasticity in myocardial injury.’3® The
Pdgfb-lineage negative vasculature has been suggested to form via injury-induced
remodelling of the endocardium, in a process that resembles embryonic

trabeculation and compaction. 1%

Miquerol et al. ! strengthened this claim by describing distinguishable vascular
structures resembling “flowers” in the endocardium alongside the infarct zone in the
adult mouse heart. The exact mechanism of this process is still unclear but the same
study suggested that formation occurred due to VEGFA-VEGFR2 signalling and
subsequent connection, via stalk-like structures, to the subendocardial coronary
vasculature. *' However, this has been challenged. Tang et al. utilized a natriuretic
peptide receptor 3 (Npr3)-CreER to label the endocardium but not the remaining
coronary ECs in the adult mouse heart. 134 Findings showed minimal contribution of
the endocardium to the infarct or border zone neovascularisation. 34 This aligns with
the study by He et al. that showed neovascularisation post-Ml was achieved solely by
pre-existing ECs. 33 Interestingly, when endocardial cells were injected and
“trapped”, as the Tang et al. put it, in the subendocardial regions this did indeed
result in endocardium-derived neovascularisation. This finding suggests that
endocardial cells retain the potential to contribute to neovascularisation, if

appropriately stimulated. 134

1.8.1.2 Epicardium contribution to post-MI neovascularisation

The epicardium has been explored for its regenerative potential in the adult
myocardium due to its pluripotency during embryonic development. '?? The
epicardium has also been explored for its potential to coronary EC contribution to
post-MI neovascularisation. Studies using epicardial Wilms Tumour 1 homolog Wt1-
CreER showed that epicardium-derived cells did not give rise to ECs or smooth muscle

cells forming neovessels post-Ml. Interestingly, they were shown to contribute to
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pericytes that provide extramural support to vessels in the infarct border zone. 134135
These epicardium-derived cells have been suggested to promote neovascularisation
in the infarct region by secreting paracrine factors such as VEGFA, FGF2, Wnt family
member 1 and thymosin beta 4. *2 Moreover, epicardial KIT proto-oncogene
receptor tyrosine kinase (KIT+) cells have been found to have proliferative capacity
as well as expressing EC markers post-MI. 3 Initially, these KIT+ cells were
hypothesised to be vascular precursor cells. 1** Lineage tracing studies, however,
showed that epicardial KIT+ cells are a subpopulation of ECs that retain their

endothelial identity following myocardial injury. 44

1.8.1.3 Cardiac fibroblasts contribution to post-M| neovascularisation

Cardiac fibroblasts have been considered for their contribution to neovascularisation
post-MI due to mesenchymal-to-endothelial transition (MendoT).1*> To address this
hypothesis, lineage tracing experiments following the dynamics of fibroblasts in the
heart post-MI were conducted. Lineage tracing using fibroblast-specific protein 1
(Fsp1)-Cre mice by Ubil and colleagues showed that fibroblasts do indeed transition
from a fibroblast to an endothelial phenotype, therefore undergoing MendoT and
support the vasculature post-MI. 1*¢ However, Fsp1 is also expressed in ECs, making
lineage tracing with this promoter inaccurate in the search of fibroblast-derived
ECs.133 147 The same study by Ubil and colleagues used collagen | a2 (Col1a2)-CreER
lineage tracing in mice and showed that a significant number of fibroblasts undergo
MendoT following myocardial injury. 14 However, these results were not reproduced
by He et al. using the same Col1a2-CreER transgenic lineage tracing model.'33 He et
al. also utilised a Colla2-2A-CreER knock-in mouse model and again found no
evidence of MendoT after MI. 33 Additional lineage tracing models were used to
address the MendoT hypothesis namely: i) platelet-derived growth factor receptor
alpha (Pdgfra)-DreER ii) SRY-box transcription factor 9 (Sox9)-CrekER iii) transcription
factor 21 (Tc¢f21)-MerCreMer, and iv) periostin (Postn)-MerCreMer.'32 These studies
all indicated that neither fibroblasts nor myofibroblasts contribute to new ECs post-
MI. 133 |Instead, all evidence points to only pre-existing cardiac ECs taking part in

neovascularisation post-Ml. 133 134 Specifically labelling coronary ECs with lineage
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tracing mouse models Apelin (Apln)-CreER, cadherin 5 (Cdh5)-CreER and fatty acid-
binding protein 4 (Fabp4)-CreER showed no dilution of vascular labelling post-Ml;

therefore, strengthening the claim that contribution of non-EC sources is minimal.133

134

1.9 Neovascularisation as a therapeutic strategy for Ml

Reperfusion of the myocardium is critical to cardiomyocyte survival and is associated
with improved LV function and long-term survival in MI patients as well as
experimental animal models.'# 14 |t is believed that the formation of new blood
vessels or remodeling of existing collateral vessels can help mitigate damage

originating from the occlusion of a coronary artery.*°

The necessity of a neovascularisation response in the injured heart is supported by
experiments using zebrafish, an animal model that retains its cardiac regenerative
capacity into adulthood.’® Poss and colleagues in 2002 demonstrated the
regenerative ability of zebrafish following ventricular amputation®®2, In contrast to
mammalian hearts, in zebrafish hearts the fibrotic tissue generated in response to
injury is degraded and replaced by a fully functional and vascularised myocardium.>3
Hindering the process of neovascularisation in zebrafish show that it is essential for
cardiomyocyte proliferation and subsequent heart regeneration (reviewed in Ref*°?).
More specifically, Marin-Juez et al. showed that zebrafish with mutant forms of
dominant negative Vegfaa showed minimal neovascularisation post-injury and that
subsequently attenuated replacement of damaged cardiac tissue by proliferating

cardiomyocytes.t>*

Compared to organisms such as zebrafish, the adult mammalian heart is unable to
regenerate the lost myocardium following Ml and is thus susceptible to cardiac
contractility issues arising. The same cannot be said for the mammalian neonatal
heart. Porrelo et al. used a model of neonatal mouse myocardial injury to show that
until 7 days post birth, murine hearts fully regenerate following partial apical surgical
resection.’> This response was characterised by cardiomyocyte proliferation and

minimal fibrosis.’>> Moreover, through a cardiomyocyte specific lineage tracing
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(aMHC-MerCreMer) mouse model, Porrelo et al. showed that the regenerated tissue
originated from pre-existing cardiomyocytes.’> Interestingly, this method of repair
is similar to adult zebrafish where pre-existing cardiomyocytes, and not a special cell
population, is responsible for cardiomyocyte replacement.>® Moreover, similar to
zebrafish®®3, ECs are also crucial in the transient regenerative ability of the
mammalian heart.’> Ingason et al. showed that cardiac angiogenesis precedes
cardiomyocyte migration in regenerating mammalian mouse hearts.’®” This may
suggest that there are some developmental mechanisms, in which ECs are important
players, that can be potentially manipulated and reactivated to restore this
regenerative ability.'3> Since the original findings by Porrelo et al. there has been a
considerable interest in mammalian neonatal regeneration with many independent

research groups validating these findings (Reviewed in Ref!°8).

With regard to human neonatal heart regeneration, to my knowledge, thereis only a
single published case study showing that the human neonate (under 18 months of
age) can recover LV function following myocardial injury.'>>¢0 However, this study
did not include serial histological analyses accompanied with functional analyses,
thus making it difficult to reach a conclusion regarding human neonatal heart

regenerative capacity.

Despite poor regenerative capacity in the adult mammalian heart, our view of the
heart being a terminally differentiated organ with minimal cell turnover has been
challenged in the last 10 years. Bergmann et al showed, via carbon dating, that ECs
have the highest turnover rate in the heart with the whole population being
exchanged every 6 years in human adulthood at a rate of 16.7% per year in adult life.
Cardiomyocytes were shown to have a 0.8% turnover per year at the age of 20 and

0.3% per year by the age of 75. 16!

There is extensive literature describing research aiming to stimulate heart
regeneration by different methods (reviewed in Cambria et al. '%2). Potential
therapies can be exogenous in nature, in which a biological product (such as cells or

tissue) is implanted in the damaged myocardium, or endogenous, where products
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like growth factors are introduced to the heart with the aim of stimulating
endogenous regenerative responses. Heart regeneration therapies vary with regard
to their attempted target of regeneration. The first and most studied approach has
been to replace, or to stimulate repair of, cardiomyocytesin the injured heart. Studies
using this approach have used a variety of different products, such as: skeletal
myoblasts (SM), embryonic stem cells (ESCs), induced pluripotent stem cells (iPSC),
cardiac stem cells (CMCs), cardiosphere-derived cells (CDCs), as well as tissue
engineering approachesin which cells can be grown on a scaffold thatis later planted
on the damaged myocardium. 163 Another approach that has been thoroughly studied
is the indirect 61timulateon of regeneration, or salvaging of injured cardiomyocytes,
via enhancement of the neovascularisation response post-MI. As mentioned in
previous sections, the revascularisation response is critical post-MI for stimulating
regeneration. > For the purposes of this introduction, the therapeutic approaches
that have aimed to indirectly stimulate regeneration via enhancing the

neovascularisation process post-MI will be discussed.

1.9.1 Cell-based therapies
1.9.1.1 Bone marrow mononuclear cells (BMMNCs)

Bone marrow mononuclear cells (BMMNC) are one of the most studied cell
populations for heart regeneration. Despite this, their mechanism of action is still
unclear. The capacity of BMMNCs to differentiate into other cell lineages has been
controversial thus far. BMMNCs have been shown to differentiate into
cardiomyocytes in rodents!®4'%> but this has been refuted in later studies.®®
BMMNCs are a heterogenous population that contains subpopulations including
haematopoietic stem cells (HSCs) and blood-circulating EPCs.'%? HSCs can be isolated
via the use of markers such as CD34 and CD133. 12 Few preclinical studies have
investigated HSCs in the context of myocardial injury. Existing studies, however,
showed no evidence of CD34+ HSC differentiation into cardiomyocytes but have
shown increased angiogenesis/vasculogenesis that was mostly attributed to

paracrine effects.'¢’

61



Endothelial progenitor cells

Initially, postnatal blood vessel growth was thought to take place via migration and
proliferation of mature ECs. In the 1970’s the seminal discovery was made that vessel
wall ECs retained the capacity to undergo self-replication, possibly through clonal
expansion. 16816 This property did not appear to be exhibited by all ECs, but by cells
in specific focal clusters in the aorticintima. 18 This challenged traditional dogma that
postnatal blood vessel growth occurs exclusively through angiogenesis via sprouting
of existing mature vasculature. Furthermore, recent evidence supports the vascular
wall as a site of origin for EPC 179, More specifically, studies have identified EC-like,
non-haematopoietic populations in the adventitial layer of vessels, with self-

replication potential. However, the precise phenotype of these cells is still unclear.”°

Asahara et al. purified CD34 positive haematopoietic progenitor cells, termed EPCs,
from adult circulation and showed that they can differentiate into an EC phenotype
exvivo. EPCs showed endothelial marker expression and migrated into newly formed
vessels in models of hindlimb ischaemia. ¥”* The precise phenotypic characterisation
of EPCs is difficult as they share many common markers with ECs as well as
haematopoietic stem cells. 2 EPCs are currently defined by expression of
haematopoietic stem cell markers (e.g. CD34, CD133) and an EC marker (e.g.
VEGFR2).173

EPCs have been plagued by unresolved questions such as their definitive origin and
identity. Much debate persists in this area, with other sources indicating that EPCs
are also found outside the vessel wall; for example, in the bone marrow or the
circulation. 7% However, this has been challenged by a recent study with male
patients receiving bone marrow from female donors suggesting that EPCs did not

originate from this source.!’

Data from cell culture studies indicate that highly clonogenic EPC may reside in a
niche in the intimal layer of the adult human vessel wall 176, However, whether the in
situ endothelium is composed of clonal units generated following expansion of a

single ancestral EPC, whose origin remains unknown, or whether it is a polyclonal
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tissue maintained by turnover of adjacent mature ECs is unresolved. Historically, in
animal injury studies, cell expansion has not been observed to be evenly distributed
throughout the endothelial monolayer but rather in a hierarchical fashion from

clusters of cells in the aortic intima. /7178

Clinical administration of BMMNCs for the stimulation of cardiac repair

In the clinic, BMMNCs (predominantly administered by intracoronary infusion7%:17%-

182) have been used extensively in the context of myocardial injury, with mostly
inconsistent results. Trials have reported significant improvement of cardiac function
183-185 hut also a number of studies did not find evidence of beneficial effects from

BMMNC cell therapy.186-189

A number of clinical trials (TOPCARE-AMI8, REPAIR-AMI%-192 BOOST®?31%4 and
FINCELL!83 showed functional improvement in the heart by measure of LV ejection
fraction, following administration of BMMNCs. In contrast, there are also several
trials (ASTAMI®>, BONAMI®®, Leuven-AMI*®7, HEBE 8 1%° and SWISS-AMI?%) that

showed no change between cell-treated groups and controls.

One critical issue in cell therapy is timing of cell administration. Randomised, double-
blind, placebo-control clinical trials TIME and LateTIME used autologous BMMNCs
and were conducted at 3/7 days and 2-3 weeks post-PCl, respectively.?%1292 Qverall,
no significant effect was detected in LV ejection fraction when comparing the placebo

treated group to the BMMNC treated group in both clinical trials.

The heterogenous results from these clinical trials emphasise the gap in our
knowledge about the mechanism of action of these cells. A large-scale meta-analysis
conducted in 2014 pooled data from 43 randomised trials of 2635 patients to
evaluate efficacy of BMMNCs for MI patients 23, This study revealed that, despite the
large number of trials conducted, results are inconsistent and modest at best. This
may be explained, in part, by in vivo studies showing that fewer than 1% of injected

cells are retained in the myocardium after 24 hours indicating very poor engraftment

204
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The BAMI clinical trial aimed to eliminate ongoing controversies relating to the
clinical value of BMMNC therapy.2% Since 2017, this study investigated the effects of
intracoronary infusion of BMMNCs on all-cause mortality in acute MI. 2% It has been
hypothesised that BMMNCs may act indirectly to stimulate the release of pro-
angiogenic paracrine factors such as VEGF and monocyte chemotactic protein-1
(MCP-1) from ECs 2% and prevent cardiac cell apoptosis .2 Disappointingly however,
despite being the largest trial of autologous BMMNC-based therapy in the treatment
of AMI, low recruitment prevented any meaningful group comparisons and

interpretations to be made by the authors.?%>

1.9.1.2 Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are multipotent stromal cells that have the capacity
to differentiate into different cell types, including adipocytes, chondrocytes, and
osteocytes.?? MSCs have been mostly isolated from the bone marrow but have also
been observed in adipose tissue, synovial tissue, umbilical tissue, peripheral blood,
and the heart. 2!0-212The main subtypes of MSC are bone marrow-derived MSCs
(BMMSCs), adipose-derived MSCs (AMSCs) and umbilical cord-derived MSCs
(UMMSCs).23 Differentiation into cardiomyocytes by BMMSCs has been reported
experimentally?'?, but is controversial as others studies have failed to show BMMSCs
adopt a cardiomyocyte phenotype.?’* Instead, BMMSCs have been shown to
differentiate into ECs, pericytes and smooth muscle cells when introduced in the

ischaemic myocardium.?1>-218

With regard to MSC differentiation into ECs, this has been debated. Some studies
have refuted the claim?'®, whereas others reported increased neovascularisation in
ischaemic heart models attributed to MSC differentiation into ECs.??° Preclinically,
MSCs have shown promising results.??7224 The POSEIDON trial compared the safety
and efficacy between transendocardial delivery of autologous versus allogeneic
BMMSCs using three different doses in patients with LV dysfunction due to ischaemic
cardiomyopathy. Interestingly, the lowest dose showed the greatest efficacy in the

LV ejection fraction endpoint. The authors suggested that this inverse dose response

64



may reflect the concentration of cells and not total cell number, as the injection
volume was constant for the different doses. Moreover, both therapies showed good
safety profiles.?>226 Due to the debatable differentiation ability of MSCs to an EC
phenotype in cell therapy it has been hypothesised that MSC therapy promotes
angiogenesis via paracrine mechanisms by secreting VEGF, basic fibroblast growth

factor (bFGF), and PDGF.?%7:228

1.9.1.3 Cardiopoietic MSCs (cpMSCs)

BMMSCs can be used to specifically target cardiogenic growth. This is achieved by
priming autologous BMMSCs using cardiogenic growth factors. Cardiogenic growth
factors are induced by activation of TGF-B, BMP-4, Activin-A, retinoic acid, IGF-1, IL-
6, and IL-6.22° When used in preclinical mouse models of MI, cpMSCs have been
shown to be beneficial.?%? In larger animal models of M, there have been reports of
beneficial effects including higher ejection fraction and reduced infarct size.
Mechanisms of action of this effect were not thoroughly investigated but authors

suggested involvement of paracrine mechanisms due to low cell retention.?3°

cpMSCs have been used in the C-CURE trial which investigated their benefit in
ameliorating LV ejection fraction via transendocardial injection.?3! Results showed no
significant differences between treatment and control groups. Despite that, the trial
did show safety of treatment. Other trials include the CHART-1 and CHART-2 trials.
CHART-1 is an ongoing study studying cpMSCs in ischaemic heart failure, which has
not managed to meet the primary efficacy endpoints (all-cause mortality, worsening
heart failure, 6-min walk distance, left ventricular end-systolic volume, and ejection
fraction) at 39 weeks.?32 The CHART-2 trial is investigating a subgroup of the CHART-
1 study that was identified as a potential responsive target group. Similar to other
cell types, cpMSCs have had a complicated history. Hints of efficacy are there but the
literature has not reached a definitive consensus on the mechanism of action or most

suitable clinical target group.
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1.9.1.4 Cardiac stem cells and cardiosphere-derived cells

Cardiac stem cell studies have a complicated and controversial past. The primary
issue is that the existence of cardiac stem cells (CSC) has not been established in a
convincing manner. The idea is that by stimulating endogenous CSCs, there is the
potential to generate new cardiomyocytes to restore the damaged myocardium.
However, studies in regenerative organisms have shown that pre-existing
cardiomyocytes, rather than a subpopulation of stem-cell-like cells, are responsible

for heart regeneration. 233

Work by Dr Piero Anversa’s team who initially described CSCs has sparked
controversy. Studies from the group have suggested that there is a resident stem cell
population in the adult heart termed ckit+ CSCs with differentiation ability into
cardiomyocytes, ECs, and smooth muscle cells.?3* Moreover, they showed that when
delivered to the coronary arteries of rats these cells can enhance functional recovery
via cardiomyocyte differentiation.?*> Controversy arose however, when independent
groups failed to replicate these results and showed no evidence of cardiomyocyte
differentiation.?3%237 Studies suggested these were in fact mast cells, generating even
more confusion on the topic. 236237 Further studies pursuing the existence of these
ckit+ CSCs used advanced Cre knock-in lineage tracing mouse models and showed
minimal, if any, contribution of CSCs to cardiomyocytes during homeostasis and after

238-

injury. 238240 Qverall, there is no evidence to suggest the existence of ckit+ CSCs.

A number of clinical trials have been conducted using CSCs. The SCIPIO trial was
conducted to prove safety and efficacy of intracoronary ckit+ CSCs in heart function.
Results showed a significant increase in LV ejection franction.?*! However, this trial
has been deemed controversial and the Lancet has raised concerns against the

integrity of the data generated. 24

Another population of cells thought to represent CSCs are Scal+ (stem cell antigen-
1) cells. Initial experiments found that Scal stem cells can differentiate into
cardiomyocytes in vitro.?*> However, further studies showed that Scal cells can

differentiate into cardiomyocytes, osteocytes and adipocytes.?*~2*8 With regard to
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cardiac function, transplantation of sheets (applied onto the surface of the infarcted
anterior-lateral region) of clonally-expanded Scal+ cells were shown to improve
cardiac function following myocardial injury.?*® The mechanism of action was
suggested to be via cardiomyocyte differentiation as well as paracrine activity.?*
Other studies have shown myogenic potential of Scal+ cardiac cells?°%?! but several
studies have since challenged these results by showing that Scal cells do not
generate new cardiomyocytes.>>272°¢ Sca-1 genetic lineage tracing showed that Sca-
1+ cells mainly adopt an endothelial, and not a cardiomyocyte, cell fate in
homeostasis and also in injury.?>® This suggests that any benefit from Sca-1+ cell

therapy may be due to indirect/direct angiogenic effects rather than cardiomyocyte

differentiation.

Another population that has generated a lot of interest in the heart regeneration
community is the ATP binding cassette sub- family G member 2+ (Abcg2+) cell. These
cells have been observed in the adult heart with potential to differentiate into
cardiomyocytes in vitro. 2>’ Moreover, when injected into the infarcted mouse heart,
these cells have been reported to give rise to cardiomyocytes, ECs, and smooth
muscle cells.?>® However, genetic lineage tracing of Abcg2+ cells showed that this
population can differentiate into other lineages only during the embryonic
stage.?>®20 and proposed that Abcg2+ cells may fuse with pre-existing

cardiomyocytes to stimulate cardiomyocyte cell cycle re-entry and proliferation.5?

Another population proposed as an endogenous cardiac progenitor is the Bmil+
cardiac stem cell population.?6%263 This relatively recent discovery has not been
verified independently but initial reports showed that Bmil+ cells can differentiate
into vascular ECs, smooth muscle cells, and cardiomyocytes when cocultured with
neonatal rat cardiomyocyte.?62263 Moreover, Bmil+ cells were shown to contribute
to new cardiomyocytes after Ml in mice.?’® The high level of cardiomyocyte
generation reported contradicts existing studies that show much lower
cardiomyocyte turnover of 1% a year in human adulthood 2%426¢ A contradictory
finding is that Bmil+ cells show Scal+ positivity.?®2 However, as mentioned

previously, cardiac Scal+ cells have been found to be endothelial and not
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cardiomyocyte in nature.?*® Clearly, more work needs to be conducted on Bmil+

cells to verify their identity and potential.

Another approach of cell therapy is cardiospheres which are defined as self-
assembling multicellular clusters from the cellular outgrowth from cardiac explants
cultured in non-adhesive substrates.?6” Cardiospheres can be dissociated from cells
derived from cardiac explants yielding cardiosphere-derived cells (CDCs). They were
first isolated from cells of cardiac explants growing as self-adherent clusters. These
clusters had originated from postnatal atrial or ventricular heart tissues.?®® When
injected in the infarcted myocardium of animal models of Ml they generated
cardiomyocytes and vascular ECs.?9273 However, it was postulated that the
mechanism of action of CDCs may be stimulation of endogenous cardiac cells via
paracrine means.?’#2’> The CADUCEUS trial, investigated the safety and efficacy of
intracoronary autologous CDC application in patients with MIl-induced LV
dysfunction.?’® Results showed no changed in LV ejection fraction but showed some
beneficial structural changes compared to controls such as reduced scar mass,
increased regional contractility, and systolic wall thickening. However, the
CADUCEUS trial has a small sample size (n=17) and any findings would need further

validation.

1.9.1.5 Embryonic stem cells and induced pluripotent stem cells

Embryonic stem cells (ESC) have the potential to differentiate into any cell type.
Studies have aimed to program ESCs into a cardiomyocyte phenotype in vitro using a
transcription factor cocktail.?’’ These cardiomyocyte-like cells expressed cardiac
transcription factors and showed beating activity. However, the use of ESCs has been
controversial due to ethical concerns and safety issues, namely the potential for

teratoma formation. 278

Embryonic stem cells (ESC) have the potential to differentiate into any cell type.
Studies have aimed to program ESCs into a cardiomyocyte phenotype in vitro using a
transcription factor cocktail.?’’ These cardiomyocyte-like cells expressed cardiac

transcription factors and showed beating activity. However, the use of ESCs has been
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controversial due to ethical concerns and safety issues, namely the potential for

teratoma formation.?’8

In contrast, induced pluripotent stems cells (iPSCs) can be obtained from adult
somatic cells via expression of reprogramming genes. 2’° iPSCs can differentiate in

multiple lineages and overcome some of the ethical limitations of ESCs. 27°

Preclinical results using ESCs/iPSCs have been mixed. The clinical study ESCORT
utilised ESC-derived CPCs embedded into a fibrin scaffold delivered via a patch on the
LV lateral wall (peri-infarct border) of a patient with advanced HF.?° Preliminary
results were promising but the full analysis has yet to be published. Interestingly,
iPSC-derived cells have improved outcomes in ischaemia via angiogenesis.?8! ESCs
and iPSCs can be terminally differentiated into an EC lineage prior to
transplantation.?82-28 This can be achieved by differentiation protocols that utilize
VEGF, bone morphogenetic protein-4, bFGF and Wnt signalling pathways.?82-28
Injection of syngenic VE-cadherin+ ESC ECs into the peri-infarct zone of mice
increased capillary density and improved LV functional recovery.?®® iPSC CD31+ ECs
derived from pigs were transplanted into a mouse model of MI. 287 This resulted in
improved LV ejection fraction by 3.5% compared to controls. Interestingly, several
proangiogenic and antiapoptotic factors were released from the transplanted cells
and were hypothesised to be responsible for the observed neovascularisation and

increased cardiomyocyte survival in the infarct region.?®’

In summary, cell therapy approaches for the treatment of MI appear safe and
feasible. However, there are still many questions regarding efficacy and mechanism
of action. Cell engraftment levels are extremely low, so any perceived beneficial
effect is normally attributed to paracrine effects, without concrete evidence. More
recently, a hypothesis has been developed to ascribe beneficial effects of cell
therapies to exosomes, a family member of extracellular vesicles.?®® Extracellular
vesicles are a variety of small-membrane-enclosed vesicles that include exosomes,
microvesicles, ectosomes, budding vesicles, shedding vesicles, and apoptotic

bodies.?® Exosomes are double-membraned nanovesicles that are 30 to 100 nm in
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diameter and have the capacity to transfer lipids, proteins, mRNA, and
microRNAs.2°%-2°2 Furthermore, most beneficial effects from cell therapies that are
shown from clinical or preclinical trials are modest at best. Moreover, the identity of
the cells chosen for therapy is often disputed and debated amongst the scientific
community with some populations being argued to not even exist. In an interesting
turn of events, a recent study by Vagnozzi et al. suggested that the beneficial effects
of cell therapy are in fact driven by an endogenous, acute, inflammatory-based
wound-healing response, spearheaded by macrophages. 2° This further reinforces
the idea that we are still lacking an in-depth understanding of the endogenous

mechanisms in the heart post-Ml.

1.9.2 Therapies using pro-angiogenic factors

The rationale of protein therapy is to deliver growth factors that promote
neovascularisation post-ischaemia. This can be delivered by intravenous, intra-
arterial, intramuscular, or intramyocardial injection.?® An important limitation of
using recombinant protein for therapy is the short half-life (e.g. 30 minutes for
VEGF?**) once introduced into the patient. A way to combat this issue is to introduce
sustained expression of the protein via gene therapy. Initial attempts of inducing
therapeutic angiogenesis in the 1990s were performed using intramyocardial
injections of naked plasmid DNA that coded for angiogenic factors. However, results
of this approach have been largely disappointing, mainly due to low efficiency of cell

uptake. 2%

The main target in this field has been VEGF-A 165. Initially, delivery strategies
involved intramyocardial injections of plasmids encoding VEGF-A 165.2%> However,
when done in a randomised, double-blinded, placebo-controlled manner this
approach failed to show an improvement in perfusion (studies; EUROINJECT?%,
NORTHERN?%7, KAT?%8). This was also the case when a plasmid coding for VEGF-A 165

was co-injected with FGF22%° and G-CSF. 3%

Inefficient delivery is one of the reasons behind current gene therapy limitations.

Improvements were made by using adenovirus as a vector for cDNA delivery for
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cardiac gene therapy. These have the benefit of transducing postmitotic cells
resulting in sustained protein expression. One of the first adenoviral vectors designed
for clinical application was Adey VEGF121.10N, also known as BIOBYPASS.3%! This
vector expressed VEGF-A 121 under the control of the CMV promoter.3°! BIOBYPASS
was delivered in patients with coronary artery disease during coronary bypass artery
grafting (REVASC trial3®?) as well as by transendocardial delivery (NOVA trial3?!). The
REVASC trial reported improvements in angina symptoms and exercise induced
ischaemia.3®2 However, these results need to be validated in a randomised, double-
blind, placebo-controlled trial. Unfortunately, the NOVA trial had to be terminated
before completion as no difference was observed between treatment groups.3°! This
was also the case for the AGENT clinical trial which involved intracoronary delivery of
an adenoviral vector that coded for FGF4.3% Following recruitment of over 500
patients, results showed no improvement in the primary endpoint (change in stress-
related reversible perfusion defect size) and further enrolment was stopped. Afollow
up to the AGENT trial was performed using the same FGF4 coding vector in patients
with myocardial ischaemia and stable angina (ASPIRE trial3%*). This study ran between
2012 and 2016 but results have not been reported yet. The same vector was used in
women with refractory angina who were not candidates for revascularisation
(AWARE trial) but enrolment has also been discontinued, most probably due to low
recruitment.3%> More positive results were reported by the KAT study?®® which
showed improvement in myocardial perfusion, assessed by SPECT imaging, when
using a catheter-based intracoronary-delivered adenovirus expressing VEGF-A 165.
However, no significant difference were observed in mortality or incidents of major
cardiovascular events. 2% A different adenoviral vector that was recently used
induced expression of VEGF-D which also possesses angiogenic activity.3% The vector
was delivered via transendocardial injections to ischaemic myocardium and after a
one year follow up myocardial perfusion was increased.3?” Recent clinical studies
include a Phase I/1l trial using adenoviral vectors that expressed 3 VEGF-A isoforms

308 hut the study has stopped recruitment due to lack of funding (trial NCT01757223).
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As demonstrated in the clinical trial reports discussed above, improvements in
cardiac function post-Ml using pro angiogenic factor therapies have been reported
but results are inconsistent. Moreover, the choice of the therapeutic gene is a matter
of debate. The vascularisation process is extremely complex and requires the
interplay of many different factors and cell types. An argument can be made that
many pro-angiogenic factors need to be combined in a single therapeutic strategy for
there to be a robust beneficial effect. On the other hand, the design of “gene
cocktails” raises questions about gene delivery and clinical safety despite being a

rational alternative to single gene strategies.

1.10 Lineage tracing technology

Lineage tracing analysis is a tool where a group of cells is labelled with a specific label
resulting in the progeny of the labelled cells maintaining the marker. This tool is
powerful when investigating tissue development and stem cell properties in adult
tissues.3% This is especially the case when investigating the behaviour of cells in the
context of disease states such as ischaemic heart disease, as opposed to studying
these cells in vitro. The key feature of a good lineage tracing label is the ability of the
label to be passed in all the progeny of the founder cell and that it shouldn’t change
the properties of the founder cell. Moreover, the label should be stable and be

retained over time.

Lineage tracing via genetic recombination is currently the preferred approach in
murine models (reviewed in ref3'?). This involves the expression of a recombinase
enzyme in specific manner (tissue or cell specific) to activate the expression of a
constitutive or conditional reporter gene. This leads to a permanent label of the
marked cells. The main recombinase enzyme that is used in this context is adapted
from bacteriophage P1 and is called Cre-loxP.3'! The Cre recombinase is expressed
under the control of a specific (cell or tissue) promoterin a mouse line. Subsequently,
a second line with a label that is flanked with a “floxed” STOP sequence (loxP-STOP-
loxP) is bred with the Cre mouse line. In the mice resulting from the breeding pair

and express both constructs, the Cre recombinase removes the STOP sequence
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flanked by loxP resulting in expression of the label. Initially, labels included pB-
galactosidase on the ROSA-26 locus which can be visualized using brightfield
microscopy. However, fluorescent reporters can also be used. The most commonly
used one is green fluorescent protein (GFP) 312 but markers such as tdTomato also

can be used. 313

Temporal control of activation of the Cre-recombinase can be induced with inducible
recombination. This can be achieved by fusing the Cre-recombinase with the human
oestrogen receptor (ER).3* When ER ligands such as 4-hydroxy-tamoxifen are not
present then the Cre-recombinase is kept in the cytoplasm and does not induce label
expression. When ER ligands are present, the Cre-recombinase is free to enter the

nucleus and recombine the loxP sites, resulting in the expression of the label .34

1.10.1 The Brainbow mouse model

One of the most exciting additions in lineage tracing technology via genetic
recombination of the last 20 years is the development of the Brainbow cassettes by
Livet et al. which were initially used to visualise and trace connectivity of neurons in
the brain (Figure 1.8.). 3% Previous lineage tracing labelling mouse models had
managed to combine two fluorophores in one animal.3'® However, these are not
appropriate to investigate diverse clonal populations due to the limited number of
labels. Challenges of this nature were circumvented by the Brainbow lineage tracing
models which allow for multicolour labelling of a cell population that can then be

traced in order to investigate clonality as labels are inherited. 3°

There hasa number of iterations of the Brainbow lineage tracing model (described in
more detail below). The basis of the model is the use of a Cre-mediated activation
gene by DNA excision, inversion or intrachromosomal re-arrangement of transgenic
elements3!’ resulting in stochastic expression of multiple fluorescent proteins from a

single transgene.3%®

The initial version of the model (Brainbow 1.0) used Cre-mediated excision of pairs of

incompatible /ox sites to result in mutually exclusive recombination events.3® The
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transgene cassete contains canonical prokaryotic loxP elements as well as lox variants
(lox2272) that are incompatible with canonical loxP. Due to the alternation in /ox sites
the Cre recombinase can choose between recombination only one of the two /ox
combinations (Figure 1.8, A). 38 The Brainbow 1.0 model produced two
recombination outcomes, switching fluorophore expression from the default red to
yellow or cyan (Figure 1.8.,A). 31> Importantly, following validation experiments in
HEK 293 cells that were transfected with the construct, neither recombination event
was strongly favoured over the other, suggesting the stochastic nature of the Cre-
recombinase activity.3® Importantly, no co-expression of yellow or cyan was
observed.3'® The next iteration of the Brainbow cassette, called Brainbow-1.1,
included an additional /ox variant (/oxN) that upon Cre mediated excision resulted in
a choice of three recombination events, yellow, red or cyan with orange being
expressed in the absence of recombination (Figure 1.8., B).3!> In Brainbow 2.0, the
ability of the Cre-recombinase to invert DNA segments flanked by /ox sites facing each
other was utilized. 31> Importantly, Cre can continuously invert DNA segments that
are flanked by /oxP sites that face each other. When Cre activity is stopped then the
transgene stabilises and the cell expresses the fluorophore in the final orientation
that took place, in a stochastic manner. 31> In the Brainbow 2.0 cassette there is a Cre-
invertible construct that contains RFP and CFP in head-to-head orientation. Upon
expression of the construct, HEK cells express red colour. Upon Cre activation,
inversion results in expression of either RFP or CFP (Figure 1.8., C). 31° Finally, the
Brainbow?2.1 cassette (Figure 1.8., D) consists of adjacent loxP flanked head-to-tail
tandem dimers: the first contains nuclear tagged Green Fluorescent Protein (nGFP)
in forward orientation and Yellow Fluorescent Protein (YFP) in reverse orientation.
The second contains Red Fluorescent Protein (RFP) in forward orientation and
membrane bound Cyan Fluorescent Protein (mCFP) in reverse orientation. In
Brainbow2.1, Cre activation can result in three different inversions of the
aforementioned transgene elements ((i), (ii) and (iii) in Figure 1.8, D). Moreover, Cre
mediated excision can result in either of two DNA excision events ((iv) and (v) in

Figure 1.8, D) that can shorten the construct to single elements (nGFP-YFP element
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vs RFP-mCFP) that can be inverted by the Cre. When crossed with mice that express
a cell promoter driven by tamoxifen-inducible Cre recombinase, selected lineages are
stochastically labelled with an inheritable green, yellow, red, or cyan fluorescent

protein tag. 3%°

This system has been used for progenitor cell tracing in several systems to date. In
2016, a study by Mondor et al. utilized the Brainbow multicoloured fluorescent fate-
mapping model to study clonal proliferation of high endothelial venule (HEV) cells in
lymph node expansion during an immune response. They showed that the expansion
of the lymph node vasculature relies on the sequential assembly of EC proliferative
units. 31° Other recent studies showed the power of this lineage system by

investigating clonality of blood progenitor cells 32° and tumour cell subpopulations in

colon cancer. 32!
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Figure 1.8 Cassettes of Brainbow transgenes versions 1 and 2
(A) The Brainbow 1.0 cassette used Cre-mediated excision of pairs of incompatible /ox sites

to produce two mutually exclusive recombination outcomes and switch fluorophore
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expression from the default red to yellow or cyan.(B) The Brainbow 1.1 cassette produces
three recombination events: yellow, red or cyan with orange being the default fluorophore
in the absence of recombination. (C) The Brainbow 2.0 cassette harbours a Cre-invertible
construct that contains regions coding for red fluorescent protein (RFP) and cyan fluorescent
protein (CFP) in head-to-head orientation. Upon recombination this results in expression of
either red or cyan. (D) The Brainbow 2.1 cassette contains adjacent loxP flanked head-to-tail
tandem dimers. The first dimer includes nuclear tagged Green Fluorescent Protein (nGFP) in
forward orientation and Yellow Fluorescent Protein (YFP) in reverse orientation. The second
dimer contains RFP in forward orientation and membrane bound CFP (mCFP) in reverse

orientation. Upon recombination this results in stochastic expression of either green, yellow,

red or cyan. Adapted from Livet et al., 2007.3%°

1.10.2 Chasing endothelial cells - The Pdgfb lineage inducible mouse model

The choice of a promoter for a cell lineage tracing experiment is crucial and ECs are
no different (reviewed in Ref3??). The promoter must be specific enough to the
population of interest to efficiently label the cells of interest and study their
dynamics. This is especially the case when investigating multicellular processes such
as in the case of myocardial injury. If a promoter is chosen that is not cell-specific,
then wrong conclusions can be drawn for origin and dynamics of the labelled

population.

In the case of EC lineage tracing, a variety of promoters have been used. The most
commonly used EC lineage mouse model is the Tie2-Cre.3?> Tie2 expresses an
angiopoietin receptor that is shared by all ECs both in development and
adulthood.3?*-32>, However, in the case of Tie-2, 85% of circulating adult blood cells
and 82% of embryonic yolk sac derived blood cells have been shown to exhibit Tie-2
driven Cre activity which suggests that Tie2 is expressed in progenitors that give rise
to blood cell and EC lineages.3?® Moreover, Tie-2 driven Cre-lox models have been
shown to exhibit non-specific Cre recombinase activity with reports of 13% of mice
in later generations showing non-EC specific Cre activity.3?’ In addition, in certain Tie-
2 drive Cre lineage tracing mouse lines, Cre activity has been shown to vary from

animal to animal, ranging from ubiquitous to EC specific.3%®
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The Cdh5 driven Cre-lox model is another very popular model of EC specific targeting.
Cdh5 (or VE-cadherin) is an EC junction protein that is essential for vascular
homeostasis.??° In the adult, Cdh5 driven lineage tracing labels all ECs. However,
Cdh5-Cre models label also haematopoietic cells.?3® More specifically, it has been
shown that up to 96% of CD45+ adult bone marrow derived cells were expressing

Cdh5 driven Cre.330

Another EC lineage tracing mouse model that is used to target ECs is the Kdr-Cre (or
VEGFR2-Cre) model. As described in section 1.6.2 VEGFR2 is essential for EC functions
such as angiogenesis but is also required for EC migration and proliferation. 33! The
Kdr-Cre is a pan-EC target model. 322 However, similar to Cdh5 and Tie2, Kdr is also

expressed by haematopoietic cells in the bone marrow.3%?

Finally, more EC lineage tracing mouse models have been developed to target EC
subtypes rather than a pan-EC targeting. These are reviewed by Payne et al. 3?2 For
instance, Sox17-Cre and Bmx-Cre/ERT2 mouse lines can be used to target arterial
specific ECs. 332333 However, the specificity of these subtype models makes them
difficult to use when the phenotype of the studied EC population is not well known,

such asin the case of ECs participating in neovascularisation post-Ml.

As discussed previously (1.8.1 Heterogeneity in endothelial cell contribution to post-
M1 neovascularisation), the sources of ECs contributing to neovascularisation post-
MI are greatly debated. One of the hypothesised sources is the bone marrow. 33
Lineage tracing studies of ECs in the heart have predominantly used Cdh5-driven
expression. However, this is problematic as Cdh5 is not only expressed by ECs but
also by cells of haematopoietic origin. 33336  Therefore, if the expression driver of
choiceisalso expressed in cells of haematopoietic origin, then the origin of ECs taking

part in neovascularisation post-MI remains inconclusive.

Another promoterthat has been used to label ECsis Pdgfb. Pdgfb is expressed by ECs
and is responsible for recruitment of pericytes and smooth muscle cells. 337 In 2007,

Claxton et al. developed a Cre-inducible Pdgfb-driven mouse model to efficiently and
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specifically label ECs.3¥” The inducible Cre, iCreER™, was created by fusing an
improved version of Cre recombinase 33® with a mutant form of the human oestrogen
receptor (ER™) thatisinsensitive to naturally occurring oestrogen but activated in the
presence of the artificial ligand 4-hydroxytamoxifen (OHT). 33 In the absence of OHT,
the iCreER™ protein remains in the cytoplasm, isolated by heat shock protein 90
(HSP90). When OHT is introduced, iCreER™ translocates to the nucleus to mediate
recombination.33” The construct contains an internal ribosomal entry site (IRES)
element downstream of iCreER™ as well as a sequence coding for enhanced green
fluorescent protein (EGFP). The construct was recombined into the mouse Pdgfb
gene in a phage artificial chromosome (PAC). The PAC was introduced to mice using

pronuclear injection. 3%’

Validation of the construct using a ROSA-lacZ reporter strain3*® in 3-day-old mouse
pups showed labelling of ECs in the vasculature of striated muscle, skin, kidney,
pancreas, lung, and central nervous system (CNS).33” In the same pups, non-
endothelial recombination was observed solely in some keratinocytes®?” which can
be explained by Pdgfb expression seen before in keratinocytes.3*! Recombination
was not observed in the liver or in large vessels, such as the dorsal aorta. In adult
animals, administration of tamoxifen showed labelling in vessels of skeletal muscle,
heart, skin, and gut with minimal labelling in brain and liver. Moreover, Pdgfb
labelling was found in the retinal vasculature. More specifically, in the adult, labelling
was found in ECs of capillaries and certain arterioles located in branches from arteries
of the retinal vasculature. Importantly, labelling was not found in pericytes or smooth
muscle cells, strengthening the claim that Pdgfb expression is EC specific. Pdgfb
labelling was also not found in macrophages even though there have been some
reports that macrophages may express Pdgfb.3*? As far as the expression of Pdgfb in
the heart is concerned, Cre-activation via tamoxifen administration has been shown
to drive recombination in 99% of adult coronary ECs (albeit absent from the
endocardium) which makes it an attractive lineage tracing model for coronary

vasculature studies.13®
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1.11 Single Cell RNA Sequencing

As described in earlier segments of this introduction, MI-induced neovascularisation
is a multicellular and dynamic process. Novel methodologies investigating the
transcriptome of the ECs involved are critical to effectively decipher the molecular
pathways involved, with aim of exploiting these to ameliorate Ml patient outcomes.
This section will discuss the development of methods characterising transcriptomics
and specifically the use of single cell RNA sequencing as a tool to investigate M-

induced neovascularisation.

The Human Genome Project (HGP)3** was an essential first step to commence
deciphering our genome. It revealed how little we understood about our genetic
identities, with only 25% of the predicted 100,000 coding genes receiving protein-
coding gene status. Moreover, new variants and isoforms of genes have been
discovered, whilst non-coding genes previously thought to be “junk” DNA have been
shown to be crucial in regulating key biological processes.3** The HGP was achieved
using the high fidelity but slow and costly Sanger Sequencing3®®. Initially, DNA
sequencing was only possible using Sanger sequencing and the Maxam-Gilbert
chemical cleavage method 3*¢, This was revolutionary at the time but laborious due
to manual gel type electrophoresis where DNA fragments that differed in a single
base pair could be read.3*> Due to its fidelity, Sanger sequencing is still used today for
short length sequencing where high throughout is not necessary, such asin the case

of validation of a PCR product.

Following development of sequencing strategies, next generation sequencing (NGS)
was the next step in revolutionising genomic research. With the use of NGS a human
genome can be sequenced within a single day whereas the HGP took over a decade.
NGS involves sequencing millions of small DNA fragments in parallel. This information
is later bioinformatically aligned to the corresponding genome. One of the more
popular NGS strategies is characterisation of the transcriptome via RNA sequencing.
This involves reverse transcription of total RNA to cDNA followed by cDNA

amplification, fragmentation, and parallel sequencing and finally bioinformatic
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analysis. Despite RNA sequencing being excellent at helping us increase our
understanding of the transcriptome of various species, it comes with some
disadvantages. When conducted, bulk RNA sequencing is averaging gene expression
of all cells in a sample. As a result, when looking for gene expression genes that arise
from a subset cell population this can lead to a dilution of results and
misinterpretation due to potential false negatives. A workaround of this issue is
selection of a certain cell population via Fluorescence-Activated Cell Sorting (FACS).
However, the prerequisite in this case is known cell markers that can be used to
isolate cell populations. Consequently, unknown or poorly studied cell populations
cannot be investigated. Moreover, FACS relies on good and reproducible antibody
batches for robust selection of cell populations, and these are not always available.
A different method of isolating cells for downstream molecular analyses is via laser
capture microdissection.3*” This technique involves microscopy-aided removal of a
cell or region of interest via a laser. However, similar to FACS, this relies on

visualisation of the target cell via a known marker.

Our idea of a cell signature has been challenged over the last 10 years as sequencing
studies give insights on the heterogeneity of cells within the same tissue system as
well as across organs. Moreover, the drawbacks of existing technologies have
stimulated the development technologies which gives us the ability tointerrogate the
transcriptome of each individual cell. One such technique is single cell RNA
sequencing. Single cell RNA sequencing provides an unbiased approach of
investigating the gene expression signature of thousands of cells of a cell-by-cell
basis. Initially, single cell RNA sequencing was carried out in tissues for which starting
material was limited. The first published study of single cell sequencing was in 2009348
only 2 years after the first applications of RNA sequencing to bulk samples. Tang et
al. implemented single cell RNA sequencing technology on a single mouse blastomere
and detected 5,270 more genes than established microarray strategies as well as
1,753 previously unknown splice junctions. Overall, single cell RNA sequencing
datasets have been critical at providing a high-resolution view of the identity of a cell

at a given time as well as the intermediary stages of cellular transition. Furthermore,
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it hasdocumented that cells are hardly static but exist in a dynamic environment with

the potential for varying degrees of plasticity.34%-3%

Single cell sequencing can provide powerful information when assessing differences
in cells that would otherwise go undetected in techniques that use pooled cells. As
an example, this can be applied in immune cell profiling. Shalek et al. utilized this
technique to characterise peripheral mononuclear cells from healthy patients as well
as COVID-19 and influenza patients.3>? This study revealed that distinct signaling
pathways are activated in COVID-19 patients (STAT1 and IRF3) versus influenza

patients (STAT3 and NFkB).3>2 Examples also include single cell RNA sequencing of

353 354

diverse T-cell populations>3, neuronsin the brain®>* as well as cells during embryonic
development.?>* In addition to defining transcriptomic signatures of cell populations,
single cell RNA sequencing provides useful formation on splicing patterns3°¢ and RNA

velocity dynamics.3%’

A popular strategy of single cell sequencing is droplet-based sequencing or Dropseq.
Following attaining viable cells in a single cell suspension, cells are encapsulated in a
barcoded nanoliter-scale droplet. Subsequently, polyadenylated RNA is transcribed
to cDNA via oligoT priming and then amplified by PCR. Naturally, the total cDNA
material of a single cell is small and thus requires further amplification and library
preparation. Libraries refer to DNA fragments of defined length with barcoded
oligomer adapters at the 5’ and 3’ end.3>® Following library preparation, libraries are
sequenced using next generation sequencing instruments such as lllumina
instruments (reviewed in Ref.3>?). The data are then aligned in the reference genome
using tools similar to those used for build RNA sequencing (reviewed in Ref3¢0),
Subsequently, the data undergoes quality control where single cells that produce
inadequate quality data are excluded. The most common quality control checks
include relative library size, number of detected genes, number of detected unique
molecular identifiers, and fraction of reads mapping to mitochondria-encoded
genes.?®? Following quality control, the data can be analysed using existing
bioinformatic tools (reviewed in Ref 362:363), The main approach involves the reduction

in the dimensionality (i.e. complexity) of the data to make visualisations and
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interpretations easier. This can be achieved through principal component analysis

(PCA) and subsequent machine learning, cluster building algorithms to reveal the

transcriptomic profile similarities between cells and cluster them into subpopulations

followed by data interpretation.

361

1.12 Hypothesis and aims

This thesis addressed the following hypotheses:

1)

2)

3)

4)

Clonal proliferation is a key cellular mechanism through which resident ECs
contribute to neovasculogenesis in the peri-infarct border region of the post-
ischaemic adult mouse heart.

Resident cardiac EC and not bone marrow cells are the primary contributors to
new blood vessel formation in the infarct border after MI.

Proliferative cardiac ECs in the post-ischaemic adult mouse heart express markers
that can be identified using single cell RNA-sequencing and bioinformatics
analyses.

Vascular regeneration can be promoted in adult ECs via manipulation of candidate

markers.

These hypotheses will be addressed, respectively, by the following aims:

1)

2)

3)

4)

Assessment of neovascularisation by clonal expansion of Pdgfb lineage cardiac
ECs in the adult mouse heart during homeostasis and at 7 days post-Ml in Pdgfb-
iCreER™-Brainbow2.1 mice.

Investigation of contribution of bone marrow derived Pdgfb lineage ECs in cardiac
neovascularisation at 7 days post-Ml in Pdgfb-iCreER™-Brainbow2.1 mice.
Investigation of the transcriptome of Pdgfb lineage cardiac ECs from healthy and
7-day post-ischaemic adult Pdgfb-iCreER™-Brainbow2.1 mice to identify key
markers specific to pro-angiogenic cardiac ECs.

Investigation of candidate markers, identified in Aim 3, in human patient samples
of ischaemic heart disease, in human primary ECs lines and mouse cardiac tissue

in vitro.
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Chapter 2 Materials & Methods
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2.1 Mouse models

2.1.1 Approval of animal work

Experiments with mice were performed in accordance with the Guide for the Care
and Use of Laboratory Animals by the Institute of Laboratory Animal Resources and
approved by the UK Home Office and the University of Edinburgh Animal Welfare and

Ethical Review Committee.

2.1.2 Mouse models for endothelial cell lineage tracing

EC-specific, tamoxifen-inducible Pdfdb-iCreER">-R26R-Brainbow2.1 mice were
generated by crossing C57BI/6) mice expressing tamoxifen-inducible CreER™
recombinase under the control of the Pdgfb promoter®3” (described in section 1.10.2.
Chasing Endothelial Cells) and R26R-Brainbow2.1 mice containing the Brainbow?2.1
cassette (Described in section 1.10.1 The Brainbow mouse model) (donated from
Professor Kairbaan Hodivala-Dilke, Bart’s Cancer Institute, London) (Figure 2.1). 3%
When tamoxifen is present, the resulting mouse line of Pdgfb-iCreERT2-R26R-
Brainbow2.1 will induce Cre-mediated excision inversion in loxP sites that are facing
each other in the transgene cassete in cells expressing Pdgfb, resulting in expression
of one of four fluorophores, green, yellow, red or cyan (explained in section 1.10.1
(Figure 2.1). In the case of the Pdgfb-iCreERT2-R26R-Brainbow2.1 the Brainbow2.1
transgene is inserted in the commonly used Rosa26 locus (exons 1 and 2).3%* The
benefit of the Rosa26 locusisthat its chromosomal location is known, and it has been
shown to not affect the function of other genes.3%> Moreover, it contains a STOP
element (Figure 2.1) that prevents expression of the Brainbow?2.1 in the absence of
Cre activity. Furthermore, it contains a CAG promoter (cytomegalovirus (CMV) major
immediate-early enhancer combined with the chicken beta-actin promoter (CAG) to

drive expression of the Brainbow2.1 transgene (Figure 2.1).
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Pdgfb-iCreER™

Brainbow2.1

Pdgfb
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Figure 2.1 The Pdgfb-iCreERT2-R26R-Brainbow2.1 mouse model
The Pdgfb-iCreER™-R26R-Brainbow2.1 mouse houses an endothelial cell (EC)-specific

Brainbow?2.1 cassette, driven by the Pdgfb gene. Exposure to tamoxifen induces

stochastic expression of a cytoplasmic red fluorescent protein (RFP), nuclear green

fluorescent protein (nGFP), cytoplasmic yellow fluorescent protein (YFP) or

membranous cyan fluorescent protein (mCFP), specifically in promoter-expressing

EC. Fluorophore expression is inherited by daughter progeny following cell division,

permitting visualisation of clones formed by EC proliferation, and lineage tracing of

EC fate.

2.1.3 Genotyping

Genotyping of Pdgfb-iCreER™-R26R-Brainbow2.1 was outsourced to TransnetYX

(USA) using the probes displayed in Table 2.1 .

Table 2.1 Probes designed for genotyping Pdgfb-iCreER™-R26R-Brainbow2.1 mice

Pdgfb-
iCreERT2-
R26R-
Brainbow2.1

Forward

TTCCCTCGTGATCTGCAACTC

CGAGGACATCAGCGACTTCTT

TTAATCCATATTGGCAGAACGAAAACG

Reverse

CTTTAAGCCTGCCCAGAAGACT

GGTGCGCTCGTACACGAA

CAGGCTAAGTGCCTTCTCTACA
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2.1.4 Tamoxifen injection for iCreER™ recombination

Pdgfb-iCreER™?-R26R-Brainbow2.1 mice were injected with tamoxifen (Sigma, UK)
intraperitoneally at a concentration of 150 mg/kg or the equivalent volume of peanut
oil (Sigma, UK) for Pdgfb-iCreER™-R26R-Brainbow2.1 littermate controls. Injections
were carried out 14 days prior to surgery in 8-12-week-old mice. For healthy control

mice, tamoxifen was administered 21 days or 42 days before collection of tissues.

2.1.5 EdU and isolectin B4 injections

Mice were administered 50 mg/ kg 5-ethynyl-2'-deoxyuridine (EdU) (Invitrogen™, UK)
via a single intraperitoneal injection 1 — 2 hours prior to cull to label newly
synthesised DNA. EdU-expressing cells were detected in mouse cardiac tissues
(ventricles) using the Click-iT™ EdU Alexa Fluor™ 647 Imaging Kit (Invitrogen™, UK) as
per manufacturers’ instructions. To label perfused vessels in the healthy and 7-day
post-MI murine hearts, biotin-labelled Lycopersicon esculentum lectin (isolectin B4)
was injected (2 mg/mL, 100 uL, Sigma-Aldrich, UK) via the tail vein 15 minutes prior

to cull.

2.1.6 Injections with recombinant human VEGFC

Mice aged 8-12 weeks were injected intraperitoneally with recombinant human
VEGF-C (Biotechne, UK) at a dose of 0.1 ug/g or phosphate buffer saline (PBS) for
controls (100 pL injection volume). Injections took place at days -1, -3, -5 and -7

before heart tissue collection.

2.1.7 Left anterior descending coronary artery ligation surgery.

Myocardial infarction (MI) was induced by permanent LAD coronary artery ligation,
as described previously.3%® Animals were anaesthetised with 2% isoflurane/98%
oxygen and ventilated via endotracheal intubation at 120 strokes per minute with a
200 pL stroke volume. Under a surgical microscope (Zeiss, Germany) an incision was
made at the left fifth intercostal space level and Ml was induced by permanent

ligation of the left anterior descending coronary artery by using a 7.0 Mersilene
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suture (Ethicon, UK). After closure of the thorax, mice were allowed to recover with
aseptic precautions and received post-operative Buprenorphine analgesic (0.05 mg/
kg subcutaneous, Ceva, UK). Mice were killed by cervical dislocation or by perfusion
fixation (described in 2.2.1) and hearts were collected 7/28 days post-surgery (21/42

days post-tamoxifen) (Figure 2.2)

TAM (IP)
150mg/kg Ml via coronary CULL
ligation
+7d/28d post-
8-12 weeks +14 days (d) MI

or +21d/+42d
post-tamoxifen
for controls

Figure 2.2 Timescale of Ml surgeries

Mice 8-12 weeks were administered tamoxifen as per section 2.1.4. Subsequently,
myocardial infarction (M) was induced by permanent ligation of the left anterior
descending coronary artery (LAD) in mice aged 8-12 weeks and hearts were collected
at 7- or 28-days post-surgery, along with healthy control hearts at the equivalent day

post-tamoxifen (21d or 42d post-tamoxifen).
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Figure 2.3 Cardiac injury induced via left anterior descending coronary artery
ligation

The model of cardiacischaemia by permanent ligation of the left anterior descending
coronary artery. The arrow points at the infarct (image adapted from Gray et al.,

2013365),

2.2 Animal Tissue handling and preparation

2.2.1 Tissue collection and storage

Mice were killed via cervical dislocation or perfusion fixation. Perfusion fixation
involved mice terminally anaesthetised with a 40 mg intraperitoneal injection of
sodium pentobarbital Euthatal© (Dopharma Research B.V, UK) in 200 plL excipient
(propylene Glycol, ethanol, patent Blue V E131, water) and perfused with 10 mL
sterile PBS and 10 mL 4% PFA. Tissues were collected and post-fixed overnight in 4%
paraformaldehyde (PFA) at 4°C. Tissues were stored in sterile PBS (short term, <2
months) orin 0.025 % sodium azide (long term > 2 months) at 4°C. For work relating
to gene expression analysis, hearts were fresh frozen using liquid nitrogen and stored

in -80 °C following dissection.

2.2.2 Tissue processing and sectioning

Forvibratome sectioning, fixed hearts were mounted in 4% low melting point agarose
and serial transverse sections (100-200 um) were cut with a Compresstome® VF-300
Vibrating Microtome (Precisionary Instruments, US). Free-floating sections were

stored in 0.025% sodium azide in PBS at 4°C.
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For cryosectioning at a thickness of 10 um, fixed hearts were incubated in 30%
sucrose in PBS overnight at 4°C and subsequently embedded in optimal cutting
temperature compound Tissue-Tek® (O.C.T. Compound, Sakura® Finetek, UK) on dry
ice for storage at -80°C. Cryopreserved hearts were sectioned (10 um) coronally along
the apex-base axis using a cryostat (Leica, Germany) and collected on VWR®

Superfrost® Plus Micro slides (UK) and stored at -80 °C.

2.3 Tissue staining

2.3.1 Haematoxylin and Eosin Staining (H&E)

Formalin fixed paraffin embedded (FFPE) sections were deparaffinized in two
changes of xylene solution (2 x 5 minutes). Rehydration of FFPE sections was
performed using decreasing concentrations of ethanol (100%, 90%, 80%, 70%, 20
seconds each). FFPE sections and cryosections were submerged in Mayer’s
haematoxylin (Dako, UK) for 5 minutes followed by acid ethanol (1% HCI in 70%
ethanol, 20 seconds), Scott’s tap water (30 seconds) and Eosin Y solution (Abcam, UK)
for 20 seconds. Slides were then dehydrated through increasing concentrations of
ethanol (70%, 80%, 90%, 100% ethanol, 20 seconds each). Slides were then cleared
in xylene (2 x 5 minutes). Coverslips were mounted on the slides using pertex

mounting medium (CellPath, UK).

2.3.2 Masson’s Trichrome Staining

FFPE sections from hearts of patients of acute and chronic ischaemic heart disease
(ventricles) and cryosections from 7day post-MI| mouse hearts (ventricles) were
stained using Masson’s trichrome (Abcam, ab150686, UK) as per manufacturer’s

instructions to detect levels of fibrosis.

2.3.3 Immunofluorescent staining

Mouse heart wholemounts and cryosections forimmunohistochemical analyses were
permeabilised in 0.5% Triton-X in PBS (PBS-T) for 1 hour (for wholemounts) or 30

minutes (for cryosections), adapted from abcam3®’, followed by blocking in 10%
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normal goat serum (NGS) (Thermo Fisher Scientific, UK), 1% bovine serum albumin
(BSA) (Sigma Aldrich, UK), 0.5% PBS-T for 1 hour at room temperature on a
mechanical SSL1 orbital shaker (VWR, UK). Primary antibodies (Table 2.2) were
diluted in 10% NGS, 1% BSA in PBS-T and sections were incubated at 4°C overnight.
After further washes in PBS-T (2 x 15 minutes), sections and wholemounts were
incubated with species-specific fluorescence-conjugated secondary antibodies (Table
2.2) diluted at 1:400 in 10% NGS in PBS-T for 2 hours (for wholemounts) or 1 hour
(for cryosections) at room temperature and washed in PBS. Cryosections were
mounted in Fluoromount-G with 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen,
UK). Wholemount sections were counterstained with DAPI (Sigma-Aldrich) and

mounted in RapiClear 1.47 (Sunlin Lab, China).

Human paraffin-embedded sections were requested from the MRC Edinburgh Brain
& Tissue Bank with ethical approval (Table 2.8). The sections were dewaxed,
rehydrated and antigen retrieval performed using 10 mM sodium citrate buffer (pH
6.0) followed by permeabilisation in PBS-T and blocking of non-specific binding in 1
% BSA/ 10 % NGS in PBS-T for 30 minutes. Primary antibodies (Table 2.2) were diluted
in 10% NGS, 1% BSA in PBS-T and sections were incubated at 4°C overnight. After
further washes in PBS-T (2 x 15 minutes), sections were incubated with appropriate
fluorescence-conjugated secondary antibodies (Table 2.2) diluted at 1:400 in 10%
NGS in PBS-T for 1 hour at room temperature and washed in PBS. Sections were
mounted in Fluoromount-G with DAPI (Invitrogen). All immunohistochemical

analyses were performed with appropriate isotype controls.
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Table 2.2 List of antibodies

Primary Antibodies

Source

Isolectin GS-IB4 From Griffonia

simplicifolia, biotin-XX Conjugate

Thermo Fisher 121414

Rabbit Anti-CD31 (1:50 dilution)

ab23864

Rat Anti-CD31 (1:50 dilution)

CD Pharmingen 550274

Anti-PLVAP (1:200 dilution)

ATLAS ANTIBODIES HPA002279

pan ECA (MECA-32) (1:400 dilution)

SANTA CRUZ sc-19603

Secondary antibodies (used in 1:400

dilutions)

Resource

Streptavidin, Alexa Fluor™ 647

conjugate

Thermo Fisher S21374

Goat Anti-Rat IgG H&L (Alexa Fluor 647)

abcam ab150159

Goat Anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa

Fluor 488

Thermo Fisher # A-11008

Goat Anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa

Fluor 546

Thermo Fisher # A-11010
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Goat Anti-Rabbit IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa Thermo Fisher # A-21244

Fluor 647

Isotype Controls Resource

Rabbit IgG [EPR25A] abcam ab172730
Rat IgG2a, kappa [RTK2758] abcam ab18450

2.3.4 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)

Cardiac cell apoptosis was detected in cultured murine myocardial slice sections
(prepared and cultured according to section 2.7.2) using the Click-iT TUNEL Alexa

Flour imaging assay (Invitrogen, UK) according to the manufacturer’s instructions.

2.4 Flow cytometry and FACS

2.4.1 Flow cytometry of bone marrow cells

Mouse femurs were isolated, surrounding muscle removed, and collected into sterile
PBS. Both ends of the bone were removed using a scalpel (Fisher Scientific, UK). Using
a 23g needle (Fisher Scientific, UK) and 15mL syringe (VWR, UK), 1 mL sterile PBS was
used to flush cells into a 15mL Falcon tube. The cells were resuspended in the same
solution to prevent formation of clumps and was then centrifuged at 500g for 5
minutes and the supernatant was discarded. The cells were subsequently
resuspended in 400 pL FACS lyse solution (BD Biosciences, UK) in FACS tubes (VWR,
UK) before proceeding to flow cytometry analysis to investigate Brainbow2.1

fluorophore expression.
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2.4.2 FACS of mouse cardiac endothelial cells and single cell sequencing sample
preparation

Mouse hearts were collected in tissue collection solution (Table 2.3). Atrias were
removed and the ventricles were minced using scalpels and transferred to a pre-
warmed (37°C) digestion buffer (Table 2.4). Tissues were incubated for 20 minutes at
37°C and vortexed every 5 minutes. The digest was transferred to GentleMACS tubes
(Miltenyi Biotec, UK) and homogenised using a gentleMACS tissue dissociator
(Miltenyi Biotec, UK). Immediately afterwards, 6 mL of ice-cold wash buffer (1x DPBS,
2% FBS, 0.5 M EDTA) was added to the digest. The digest was collected through a 40
um strainer and centrifuged (Eppendorf, UK) at 500 g for 5 minutes at 4°C. The
supernatant was removed and red blood cells were lysed using 1 mL Red Blood Cell
Lysing Buffer Hybri-Max™ (Sigma-Aldrich) for 1 minute. Subsequently, 30 mL of ice-
cold wash buffer was added to neutralise the reaction. The cells were centrifuged at
500 g for 5 minutes and then resuspended in 500 pL ice-cold wash buffer. Samples
were stained with conjugated antibodies AlexaFluor® 647 anti-mouse CD31 antibody
(5 pug/mL, BioLegend) and APC/Cy7 anti-mouse Podoplanin antibody (2 pg/mL,
BioLegend) for 30 minutes in the dark at 4 °C. Unstained and single stained controls
were included for analysis. Following this, a further 500 uL wash buffer was added
and samples were centrifuged at 500 g for 5 minutes. The cells were resuspended in
500 pL using FACS buffer (1x DPBS + 5% w/v BSA) and transferred into FACS sorting
tubes (BD Biosciences, UK) that had been coated previously with neat FBS for 30
minutes. Cells were sorted using a FACS Aria Il (BD Biosciences, UK) with a 100 um

nozzle.

Using BD FACSDiva software (BD Biosciences, UK), a gate was set to exclude debris
and doublets. Fluorescence minus one (FMO) controls were used to determine the
gates for CD31 and Podoplanin expression. Cardiac ECs from age-matched wild type
mice on the same genetic background as Pdgfb-iCreERT2-R26R-Brainbow2.1 mice
(C57BI6) were used as controls to determine the threshold for detection of Confetti
reporter fluorophore expression. Unstained cells and single antibody-stained cells

were used as controls to detect CD31 and podoplanin expression. DAPI solution (BD
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Biosciences, UK) was used as viability marker. 100,000 viable Confetti+ CD31+
Podoplanin- cells were collected per sample into ice-cold sterile PBS with 0.5 %
UltraPure BSA (Thermo Fisher Scientific, UK) and immediately processed for single

cell RNA sequencing as per section 2.8)

Table 2.3 Heart tissue collection buffer for flow cytometry

Abbreviations; RPMI (Roswell Park Memorial Institute Medium), FBS (Foetal Bovine Serum)

Reagent 1x HEART
RPMI1640 3.56mL
FBS (working concentration 10%) 0.4mL
Glutamax (100x dilute to 1x) 40uL
Total volume 4 mL

Table 2.4 Heart digestion solution buffer for flow cytometry

Abbreviations; RPMI (Roswell Park Memorial Institute Medium), FBS (Foetal Bovine Serum)

Reagent 1x HEART
Collagenase V 4.25 mg
Collagenase D 6.25 mg
Dispase 10 mg
DNAase 300 pg
FBS 500 pL
GlutaMAX 50 uL
RPMI1640 4450 pL
Total volume 5mL
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2.4.3 Flow data analysis

Flow cytometry data were analysed using Flowjo v10 (FlowJo LLC, USA).

2.5 Gene expression analysis

2.5.1 RNA extraction

RNA from mouse heart tissue (as per 2.2.1),FACS isolated ECs (as per 2.4.2) or
cultured HUVECs (as per 2.7.1) was extracted using a phenol-chloroform based

miRNeasy Mini RNA extraction kit (Qiagen, UK) as per manufacturer’s instructions.

2.5.2 RNA assessment

RNA quality and concentration from RNA samples as per section 2.5.1 were assessed
using the Qubit™ RNA HS Assay Kit (Thermofisher, UK) and a Qubit 4 Fluorometer
(Thermofisher, UK) or with a Nanodrop 1000 (Thermofisher, UK) as per

manufacturer’s instructions.

2.5.3 cDNA synthesis

cDNA was synthesized from 200 ng of total RNA (extracted as per 2.5.1) in 40 L
reactions using TagManTM Reverse Transcription Reagents (ThermoFisher Scientific,
UK) as per manufacturer’s instructions (Table 2.5). Cycling conditions consisted of

25°C (10 minutes), 48°C (30 minutes), 95°C (5 minutes).

95



Table 2.5 Reagents for cDNA synthesis

Reagent 40uL reaction
10x buffer 4 uL
25mM MgS04 8.8 uL
dNTPs 8 ulL
Random 2 uL
Hexamers
RNAse Inhibitor 0.8 uL
Multiscribe 1pul
Total volume 24.6 pL
RNA+H20 15.4 uL
(100ng)

2.5.4 Quantitative Polymerase Chain Reaction (qPCR)

Quantitative PCR was performed using Tagman chemistry using cDNA synthesised as
above. Individual 10 pl Tagman real-time PCR reactions consisted of 1.5 pl of cDNA,
5 ul of 2x Tagman mastermix and 0.5 ul of Fluorescein amidites (FAM) labelled probe
(ThermoFisher Scientific, UK) in 3 ul RNase-free water. All probes’ codes can be found
in Table 2.6. All probes were selected to be exon spanning using the Thermofisher
predesigned and pre-optimised “Tagman Assays” library with an amplicon length of
69-187bp size and a Fluorescein amidites-minor groove fluorescent dye. 3®¥The PCR
was carried out in triplicate on a QuantStudio 5 Real-Time PCR system using the
following cycling conditions: 10 minutes at 95 °C and 40 cycles of 15 seconds at 95 °C,
60 seconds at 60 °C. For normalisation purposes housekeeping genes UBC3¢° and
185379 were used. UBC and 18s were selected as a reference genes for qPCR analysis
of in vitro cultured ECs according to existing studies. 37%372 18s was selected as a
reference gene for qPCR analysis of in vivo derived adult mouse cardiac ECs according

to existing studies.373-376
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Table 2.6 Tagman probes for qPCR

Gene Species Probe code

PLVAP Human Hs00229941_m1l

Plvap Mouse MmO00453379_m1
18S Human Hs99999901_s1
18S Mouse MmO03928990 g1
UBC Human Hs00824723_m1

2.5.5 gPCR data analysis

For analysis, the ACt values were calculated as the differences between the Ct values
of the target gene and housekeeping genes UBC or 18S. The mean of the ACt values
from the ‘no treatment’ groups was subsequently used to calculate the AACt values
and RQ (27- AACt) values. Statistical analyses were conducted using ACt values. Gene

expression levels are presented using RQ values.

2.6 Protein analysis

2.6.1 Protein extraction

Protein was extracted from human umbilical vein endothelial cells (HUVECS) 48 hours
after  transfection by  trypsinising  them using 0.05%  Trypsin-
Ethylenediaminetetraacetic acid (EDTA) (Gibco, UK), centrifuging at 600 g at 4 °C
twice for 10 minutes and transferring to 100 pl lysis buffer containing 1.5x RIPA buffer
(Cell Signaling Technology, UK) and 1x protease inhibitor mixture (complete ULTRA
Mini EDTA-free Protease Inhibitor Cocktail, Sigma-Aldrich, UK). Cells were re-
suspended by vortexing and incubated on ice for 30 minutes. The crude cell extracts

were centrifuged at 600g at 4 °C for 10 minutes.
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2.6.2 Protein measurement

Protein concentrations of cultured HUVECs (prepared as per 2.7.1) were measured
using a Pierce™ BCA Protein Assay Kit (Thermo Scientific, UK) per manufacturer’s
instructions and the plates were read on a VICTOR X3 multimode plate reader
(PerkinElmer, UK). Protein standards were plated in triplicate and a 2"-order
polynomial curve was fitted through the standard points. The sample measurements
were interpolated on the fitted curve and the protein concentration for each sample

was then calculated.

2.6.3 Western blotting of PLVAP

Protein samples were denatured at 95 °C for 10 minutes in Bolt LDS Sample buffer
(ThermoFisher Scientific, UK) and separated using NUPAGE™ Novex 4-12% Bis-Tris
Gel (Invitrogen, UK) electrophoresis followed by transfer to Amersham™ Hybond™
0.2 um polyvinylidene difluoride (PVDF) membranes (GE Healthcare, UK). After
blocking in Sea block buffer (Thermo Fisher Scientific, UK) for 1 hour at room
temperature, the membrane was incubated in primary Anti-PLVAP antibody (Atlas
Antibodies HPA002279) diluted 1:200 or Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (14C10, Cell Signalling, UK) in blocking buffer on a
mechanical SSL1 orbital shaker at 4°C overnight (VWR, UK). After three washes with
Tris-buffered saline (TBS) containing 0.1% Tween-20, the membrane was incubated
with IRDye 800CW Donkey anti Rabbit 1gG (LI-COR, UK) diluted 1:10000 in blocking
buffer for 1 hour at room temperature. After a further 3 washes with TBS containing
0.1% Tween-20, the membrane was detected and imaged using the LI-COR Odyssey

ClLx imaging system (UK).

2.7 Tissue culture

2.7.1 Human umbilical vein endothelial cells (HUVECs)

Human umbilical vein endothelial cells (HUVECs; n=3 individual lines/biological
replicates, passage 3 to 5; Lonza, UK) were maintained in collagen-1-coated cell

culture flasks (Corning, UK). HUVECs were seeded in collagen-coated 6-well plates
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(Biocoat Collagen | Cell ware, Corning, UK) in triplicate at 3-5 x 10° cells per well in EC
basal medium-2 (CC-3156, Lonza) supplemented with 10% fetal bovine serum
(Hyclone SH30071.03) and Endothelial Growth Medium (EGM-2) SingleQuots
BulletKit (CC-4176, Lonza, UK). The transfection mix was dispensed at 500 uL/well
and cells were incubated for 6 hours before being transferred back to Endothelial

Basal Medium-2 (EBM-2) media for 48 hours before RNA extraction.

Transfection mix was made in Opti- Minimal Essential Medium (MEM) Reduced
Serum Media (Thermofisher, UK) at a 1:1 ratio of transfection reagent mix to OPTI-
MEM. Transfection reagent mix consisted of Lipofectamine RNAIMAX transfection
reagent (ThermoFisher Scientific, UK) in OPTI-MEM (3uL RNAIMAX per 500 pL OPTI-
MEM). The transfection mix was incubated for 20 minutes at RT. Transfection mix
consisted of 10 nM of control (Silencer Select Negative Control No.1 siRNA 4390843,
ThermoFisher Scientific, UK) or 10 nM PLVAP siRNA oligonucleotides (Silencer Select
PLVAP s37973, ThermoFisher Scientific, Sense GGUCAUCUACACGAACAAUTT and
Antisense AUUGUUCGUGUAGAUGACCCG) were used.

2.7.1.1 HUVEC proliferation assay

HUVECs were seeded onto collagen-coated coverslips in 48-well plates (Collagen,
Type | solution from rat tail, SIGMA C3867-1VL) and cultured as described in section
2.7.1. Cells were starved of FBS for 24 hours after transfection followed by treatment
with 10 puM EdU, reconstituted in Dimethyl sulfoxide (DMSO) (ThermoFisher
Scientific, UK) and 15% fetal bovine serum (HyClone, USA) for 24 hours. Coverslips
were collected and subsequently fixed in 4% PFA in PBS for 15 min at RT,
permeabilised using 0.5% Triton X-100 in PBS for 20 min at room temperature and
incubated in Click-iT™ reaction cocktail (prepared per manufacturer’s instructions,
Invitrogen™, UK) for 30 min at RT, protected from light. The coverslips were then
washed in 3% BSA (KPL 10% BSA Diluent/Blocking Solution Kit, Seracare, USA) in PBS
and mounted on slides with Fluoromount-G™ with DAPI (ThermoFisher Scientific,

UK).
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2.7.2  Myocardial slices

This protocol is an adapted version from Watson et al., 2017.3”7 Mice were killed by
cervical dislocation. Following dissection, the heart was collected in pre-warmed
(37°C) heparinized slicing solution (100 IU of heparin sodium (1,000 IU/mL) into 50
mL Tyrode’s solution, prepared as per Table 2.7). The heart was placed in a petri dish
with Tyrode’s solution. Lungs and other surrounding tissues were removed. The atria
were removed along with the right ventricle by making an incision along the right
ventricular-septal junction toward the apex. The septum was located, and an incision
was made towards the apex to allow the left ventricle to open. The left ventricle was
flattened by making small incisions in the papillary muscles of the surface of the left
ventricle. The tissue block was encased in 4% agarose (Sigma Aldrich) in the
compresstome specimen holder (Precisionary, USA) and placed in the compresstome
and the bath filled with cold Tyrode’s solution. Slice thickness was set at 200 um and
slicing speed was 1.4 mm/s at a frequency of 20 Hz. Slices were collected and washed
with PBS + 3% penicillin—streptomycin at room temperature. Myocardial slices were
cultured on an air-liquid interface using Transwell membrane cell culture inserts and
1 mL of medium (Medium-199 + 3% penicillin—streptomycin + 0.001% ITS liquid
media supplement). The slices were incubated in humidified air at 37 °C with 5% CO;
orat 37 °Cwith 1% O and cultured for 24 hours. Slices were then fixed using a 4 %PFA

solution for 15 minutes at RT and stored in PBS for further processing.
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Table 2.7 Tyrode’s solution
Abbreviations; BDM (2,3-Butanedione monoxime), HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid)

Reagents for a 500mL solution To Add
BDM 15¢
Glucose 093¢
HEPES 1.19g
KCl 0.225g
NacCl 4.09¢g
1M MgCl, 500 pL
1M CaCl, 900 pL

2.8 Single cell RNA sequencing and analysis

Pdgfb lineage cardiac ECs were isolated for single cell RNA sequencing as per section
2.4.2. Samples were then processed according to the 10X Chromium™ Single Cell 3’
Reagent Kit v2 user guide. Cells were partitioned into Gel Bead-In-Emulsions (GEMs)
and incubated with primers containing an lllumina R1 primer sequence, a 16 bp 10X
barcode, a 10 bp Unigue Molecular Identifier (UMI) and a poly-dT primer sequence
to generate full-length barcoded cDNAs from poly-adenylated mRNAs. cDNAs were
amplified by PCR followed by enzymatic fragmentation and size selection for
optimised amplicons, prior to library construction. P5, P7, i7 sample index and R2
primer sequence were added during library construction via end-repair, A-tailing,
adaptor ligation and PCR. Quality control and quantification were performed using a
DNA high sensitivity kit (PerkinElmer) on a LabChip GX Touch 24 Nuclei Acid Analyzer
(PerkinElmer). Sequencing was performed by Edinburgh Genomics using an Illlumina
HiSeq 4000 (75bp paired-end sequencing). This resulted in an average read depth of
71,000 reads/cell for the healthy group (N=4) and 83,000 reads/cell for the Ml group
(N=4).
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Raw reads were aligned to the mouse reference genome mm10 (Ensembl 84) using
the 10X Genomics Cell Ranger Single Cell 2.1.0 pipeline and the output gene
expression matrices were further analysed using the Seurat (v2.3) R package. Low
quality cells (<400 genes/ cell and >20 % mitochondrial transcript presence/ cell)
were excluded from downstream analyses. The average percentage of cells with high
mitochondrial transcript levels were 8.7% (range 3 % - 13 %) for healthy mice and
0.6% (range 0.1 % - 2.3 %) for mice post-MI. Gene expression data was log normalised
to a scale factor of 10,000 and then regressed on the number of molecules detected
per cell (nUMI). The mean nUMI was 2232 (range 2035 - 2398) for cells from healthy
mouse hearts and 5041 (range 4165 —5604) from mouse hearts post-Ml. Cell number
post filtering was 2637, 3423, 3535, 3176 cells in the healthy mouse heart sample
(N=4) and 4069, 4744, 3679, 3326 cells in the samples of post-MI| mouse hearts.
Highly variable genes were identified and used for principal component analysis
(PCA). Significant principal components (PCs) were determined using the JackStraw
analysis and 32 PCs were used for graph-based clustering at a resolution of 0.6 to
identify distinct clusters of cells. Cluster resolution was chosen according to Seurat
instructions which dictated satisfactory clustering with a clustering parameter of 0.4
to 1.2.33°The same PCs were used to project the clusters onto t-distributed stochastic
neighbour embedding (tSNE) plots for visualisation. Highly differentially-expressed
genes in each cluster compared to the remaining population were used for GO term
searching using PANTHER  (http://pantherdb.org), Gorilla  (http://cbl-
gorilla.cs.technion.ac.il) and GENEMANIA (https://genemania.org) to annotate the
functional identity of each cluster. Dot plots and violin plots showing gene expression

were generated using R packages Seurat and Plotly (Dr Cass Li).

2.9 Trajectory analysis

Pseudotime trajectory analysis of Pdgfb lineage ECs belonging to clusters 6, 7, 8 was
conducted using Monocle3’%37° (Dr Richard Taylor) to order cells along a calculated

trajectory. Trajectories were visualised in pseudotime with values scaled from 0 to 1.
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The value assigned to each cell was visualised by mapping on Monocle trajectory

plots. These plots were generated using the function plot_cell_trajectory.

2.10 Enzyme linked immunosorbent assay (ELISA) for PLVAP

Plasma was obtained from venous blood taken into EDTA from patients with or
without Type | myocardial infarction (MI) (n=15 per group). All subjects had normal
haemoglobin and renal function and provided written informed consent. Ethical
approval was obtained from the Lothian Research Ethics Committee (Edinburgh; UK),
and this study was conducted in accordance with the declaration of Helsinki and
institutional guidelines. Enzyme Linked Immunosorbent Assay (ELISA) was performed
using a human PLVAP ELISA kit (Assay Genie, Ireland) as per manufacturer’s
instructions (Range 0.156-10ng/mL, Sensitivity< 0.094ng/mL). Concentration of
standard human PLVAP stock solution was 10ng/mL. Standard concentrations that
were used were 5ng/mL, 2.5 ng/mL, 1.25 ng/mL, 0.625 ng/mL, 0.313 ng/mL, 0.156
ng/mL and 0.078 ng/mL. Volume of sample/standard used per well was 100 uL and
all measurements were taken in duplicate. Samples were used non-diluted. Optical
density (OD) absorbance values were measured at 450 nm in a microplate reader
(Tecan Sunrise) and PLVAP concentrations were calculated using a second order

polynomial (quadratic) equation.

2.11 Human cardiac tissue information

Formalin-fixed, paraffin-embedded sections of human cardiac tissue from patients
with acute Ml or ischaemic heart disease, and from healthy subjects, were obtained

from the Edinburgh Tissue and Brain Bank asin Table 2.8.
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Table 2.8 Human cardiac patient and controls information

BBN Age Sex Cause of death
Control BBN 3771 25 M Suspension by ligature
001.29731 53 M Suspension by ligature
001.34150 63 M Ruptured atherosclerotic
abdominal aortic aneurysm
BBN_4175 52 M 1la Chest injuries, 1b Road traffic
collision (cyclist)
001.34215 50 M Pulmonary thromboembolism
Diseased 001.26797 49 M 1la Ischaemic heart disease, 1b
coronary artery atherosclerosis
BBN_24479 46 F 1la complications of ischaemic
heart disease and hepatic
steatosis, 2 obesity
001.26308 69 M 1a Ischaemic and hypertensive
heart disease
BBN_22629 59 F 1a coronary artery atherosclerosis
and hypertensive heart disease
001.26313 44 M 1a Ischaemic heart disease, 1b

coronary artery atherosclerosis
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BBN_9508

76

1a myocardial infarction,1b
coronary artery atherosclerosis, 2

Hypertensive heart disease

BBN_14397

45

1la coronary artery atherosclerosis

001.26124

40

1a haemopericardium, 1b rupture
acute myocardial infarction, 1c
coronary artery thrombosis, 1d

coronary artery atherosclerosis

001.30178

72

1a haemopericardium, 1b rupture
acute myocardial infarction, 1c
coronary artery thrombosis, 1d

coronary artery atherosclerosis

001.30916

71

1la haemopericardium, 1b rupture
acute myocardial infarction, 1c
coronary artery thrombosis, 1d

coronary artery atherosclerosis

001.29525

52

1a haemopericardium, 1b rupture
acute myocardial infarction, 1c
coronary artery thrombosis, 1d

coronary artery atherosclerosis
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2.12 Confocal microscopy

Images were obtained using an LSM780 confocal microscope (Zeiss, Germany) using
a 20x air objective. Tiled (2 x 1) Z-stacks (5-60 um thickness with a slice interval of 3
pum) and an optical resolution of 1024 x 1024 pixels were collected, and images were
stitched using Zen (Zeiss, Germany) software. Fluorophores were detected using the
following excitation wavelengths (nm): DAPI 405 laser, 454/515), YFP 514 laser,
517/562), RFP (561 lasers, 563-649), membranous CFP (458 laser, 454-515), nuclear
GFP (488 laser, 490-535) and AlexaFluor 647 (633 nm, 650-700 nm).

Myocardial slice imaging was done using the Leica Confocal SP8 (5 Detectors) using a
25x water lens was used to capture an image of the total myocardial section and 3
region of interest stacks, with laser lines and detectors as follows: DAPI (405 nm, 417-
508 nm), CFP (458 nm, 454-502 nm), GFP (488 nm, 498-506 nm), YFP (514 nm, 525-
560 nm), RFP (561 nm, 565-650 nm) and AlexaFluor 647 (633 nm, 650-700 nm).

2.13 Image analysis

Images were processed and analysed using Fiji v2.0 (ImageJ, USA) and Imaris v9.0

(Bitplane, USA).

2.13.1 Image analysis of clonal data

To determine whether Pdgfb-lineage cardiac EC responded to ischaemic injury by
undergoing clonal expansion, Brainbow?2.1 lineage tracing was used to stochastically
mark ECs with one of 4 hereditary fluorescent labels. Clones were quantified in 3D
using IMARIS from thick (100-200 um) wholemount sections of the healthy and
injured left mouse ventricle. Two or more neighbouring cells labelled by the same
Brainbow2.1 fluorophore were considered to be part of the same clone as the
Brainbow?2.1 expression is inherited and would thus be expressed by a daughter cell.
However, The possibility of merger events where two independent, neighbouring ECs
are labelled by the same Brainbow2.1 fluorophore was likely. Hence, quantitative

clonal analysis was undertaken in control and Ml samples independently to consider
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such events (Benjamin Simons, Cambridge, UK).3%As far as control samples as
concerned, Brainbow2.1 recombination frequency ranged from 39.3 % - 57.1 % with
an average of 46.6%. The degree of mosaicism was assessed based on the proportion
of EC number: YFP: 45 % (n = 19 clones); RFP: 24% (n = 15); nGFP: 15% (n = 9); and
mCFP: 16% (n = 9) (raw data presented in section 3.4.1). A stochastic stimulation was
used to estimate the baseline (control) level of merger events. Labelled and
unlabelled ECs were randomly assigned to the sites of a cubic lattice in proportion to
the observed levels of mosaicism. Subsequently, the score of size distribution of cell
clusters was defined as groups of neighbouring cells that were labelled by the same
Brainbow2.1 fluorophore. Cluster distribution analysis from a randomly seeded 100
x 100 x 100 lattice, focusing on clusters of 2 or more cells, an average cluster size of
YFP: 4.8 cells; RFP: 2.9 cells; nGFP: 2.4 cells; and mCFP: 2.5 cells was found. This result
was in agreement with the average cluster sizes of YFP: 4.9 cells; RFP: 3.3 cells; nGFP:
3.4 cells; and mCFP: 3.8 cells obtained from the stochastic simulation (model
prediction without fitting parameters). Analysis of the cumulative cluster size
distribution showed the hallmark tail of large cluster sizes that characterise the

percolation problem (Figure 2.4).

Subsequently, the clonal results from the injured heart were analysed. Here, the
degree of mosaicism based on the proportion of cell numbers was found to be: YFP:
42 % (n =61 clones); RFP: 26 % (n = 40); nGFP: 21 % (n = 43); and mCFP: 11 % (n = 25)
(raw data presented in section 3.4.1).However, the average size of labelled cell
clusters, was larger than the control, with YFP: 12.6 cells; RFP: 12.1 cells; nGFP: 9 cells;
and mCFP: 7.9 cells, suggesting that clonal expansion is taking place. To assess this
interpretation the stochastic simulation was modified as follows. The cubic lattice
was seeded with ECs labelled in proportion to the degree of mosaicism observed in
theinjured tissue. Cell division was mimicked by allowing rounds of neighbouring cell
loss and replacement at randomly selected sites, thus maintaining the overall size of
tissue. Cells of these sites were replaced by a neighbouring cell labelled with the same
Brainbow2.1 fluorophore, evidence of symmetric cell division. The model was

resumed until individual cells would have gone through D rounds of

107



loss/replacement, where D was defined as an adjustable parameter. Statistical
analysis showed a best fit to the average cluster sizes for the Brainbow2.1
fluorophores with D=5.4, and averages YFP: 12.8 cells; RFP: 8.9 cells; nGFP: 8.4 cells;
and CFP: 7.5 cells. Assessment of the cumulative cluster size distribution also
displayed favourable agreement with the stochastic model (Figure 2.5). From these
results, a conclusion can be drawn that following myocardial injury, cardiac ECs

undergo cell division.
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Figure 2.4 Cumulative cluster size distributions of endothelial cells for Brainbow2.1
fluorophore obtained from control hearts

Graphic representation of clusters of 2 or more cells labelled with the same Brainbow2.1
fluorophore. The points data and the red lines show results from stochastic simulation based

on the observed levels of mosaicism (adapted from Li et al.?%).
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Figure 2.5 Cumulative cluster size distributions of endothelial cells for different
Brainbow2.1 fluorophores obtained from injured hearts

Graphic representation of clusters of 2 or more cells labelled with the same Brainbow2.1
fluorophore. The points data and the red lines show results from stochastic simulation based

on the observed levels of mosaicism (adapted from Li et al.?%).

2.13.2 Image analysis of myocardial slices

IMARIS (Bitplane, USA), a tool for 3D visualisation and rendering for microscopy, was
utilised to generate 3D rendering of nuclei and blood vessels in the myocardial slice
culture images. Nuclei were rendered from DAPI immunofluorescent signal (Figure
2.6). The expected diameter for the nuclei was set to 6 um. Total nuclei number for
each ROl was recorded. Blood vessels were rendered based on CD31
immunofluorescence signal. The area and volume of blood vessels for each region of
interest (ROI) was recorded. The average total nuclei number, area and volume were

determined across the 3 ROl per mouse (n=3 mice/ group).
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The IMARIS “spots close to surface” function was used to quantify ECs (Figure 2.6).
As the expected nucleus diameter was 6 um, the expected radius was therefore 3
pum. The distance from the centre of a nucleus to the surface to the nearest blood

vessel was set at 0-1um. This subset of nuclei were a proxy for ECs.
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Figure 2.6 Thresholding the distance from nuclei to the vessel surface

(A) Distance from centre of nuclei to vessel surface set at 0-1um (pink) as a proxy for EC nuclei. (B) Distance from centre of nuclei to vessel surface >1um
(blue). (C) Composite image of nuclei included in (pink) and outside (blue) the threshold set for the distance from the centre of nuclei to the vessel
surface. Scale bar for total view = 40 um. Scale bar for zoomed region = 10 um. Images are representative of a mouse injected with PBS, where
myocardial slices were cultured in normoxia and not treated with VEGF-C.
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2.14 Statistical analysis

Statistical analyses were conducted using GraphPad Prism 9. Results are expressed
as mean + SEM. Normality was assessed using D’Agostino-Pearson test, following
which data were analysed using a parametric unpaired t-test or non-parametric
Mann Whitney test, as appropriate. Comparison of multiple groups was achieved
using one-way analysis of variance (ANOVA). P < 0.05 was considered statistically

significant.
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Chapter 3 Clonal Expansion of Endothelial Cells in
the Adult Mouse Heart
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3.2 Introduction

Following myocardial infarction (Ml), the border region of the ischaemic area of the
adult heart has been shown to be an active site of blood vessel
regeneration.3%3%381382 Importantly, the endogenous neovascularisation response is
critical post-MI for stimulating regeneration of the myocardium.?* Consequently, a
substantial amount of work has been dedicated to investigating regenerative
therapies, with the aim of inducing vascular regeneration following Ml (reviewed in
Cambria et al.1%?). However, most results have been mixed with many of the studies
having inconclusive results, resulting in a lack of consensus in the efficacy and
mechanism of action of neovascularisation therapies post-MI (described in more

detail in 1.8 Neovascularisation as a therapeutic strategy).

The origin of ECs that participate in the neovascularisation response after Ml has
been a topic of debate. Suggested origins have been explored in-depth earlier in this
thesis (section 1.7.1 Heterogeneity in endothelial cell contribution in post-Ml
neovascularisation). In brief, hypotheses extend from expansion of pre-existing ECs
to lineage conversion of non-ECs.*23 The predominant view is that pre-existing cardiac
ECs form new vessels after cardiac ischaemia.'3® Moreover, our knowledge of the
turnover dynamics of the cardiac EC population has increased over the last 15 years
and recent reports show that the EC population of the heart is the population with
the highest turnover in the human heart in homeostasis (16.7% per year in
adulthood).'®! This high turnover rate signifies the dynamic nature of the cardiac
endothelium, even in homeostasis, and shows thatis capable of proliferation that can
be potentially augmented in post-MIl. However, the cellular and molecular
mechanisms underlying cardiac EC turnover are currently unknown. Additionally, the
proliferative dynamics and transcriptomic profile of cardiac ECs following Ml have not

been investigated. 133

In 1997 the seminal discovery of an EPC population in the adult circulation was made
by Asahara et al.'’* (described in more detail in section 1.9.1 Cell-based therapies).

However, EPCs have remained poorly defined and plagued by unresolved questions
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such as their definitive origin and identity. Despite this, evidence from in vitro studies
indicates that highly clonogenic EPC may reside in a niche in the intimal layer of the
adult human vessel wall. 17® However, whether in situ endothelium is composed of
clonal units generated following expansion of a single ancestral EPC, whose origin
remains unknown, or whether it is a polyclonal tissue maintained by turnover of
adjacent mature ECs, is unresolved. This is important as it would guide future

therapeutic directions.

| hypothesise that a transcriptionally unique EPC population resides within a niche in
the cardiac vessel wall and undergoes clonal expansion as a mechanism to maintain

endothelial integrity in homeostasis and after injury.

Transcriptomic heterogeneity between cells of the same population has been
documented in cells such as embryonic and immune cells and applying this to the EC
population post-MI has the potential of unravelling key heterogenic differences.
383384 Furthermore, the endothelium has been shown to be an extremely
heterogenous cell population.”?8 New technologies such as single cell RNA
sequencing can help expand knowledge of EC cell diversity and transcriptome profile.
It allows for the understanding of complex biological systems such as the heart via
unbiased identification of novel cell phenotypes as well as cellular plasticity in

dynamic processes.

The aim of this chapter was to investigate the spatiotemporal dynamics and
transcriptomic profile of ECs in the heart both in physiological conditions and
following MI. In this study, the iCreER™/lox-driven lineage-tracing Brainbow2.1

315 was used to drive expression of the EC-specific Pdgfb promoter

technology
(described in more depth in 1.10.2 Chasing endothelial cells - The Pdgfb lineage
inducible mouse model and 2.1.2 Mouse models for endothelial cell lineage tracing)
to map EC fate and investigate clonal proliferation by endogenous ECs in the healthy

adult mouse heart as well as in response to ischaemia, in a tamoxifen-inducible

manner (Pdgfb-iCreET?-R26R-Brainbow?2.1) (Figure 3.1, A-B).
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This study also aimed to investigate the origin of ECs that participate in
neovascularisation post-Ml. In the case of ECs, a variety of expression drivers for
lineage-tracing experiments have been used. As described in more detail in section
1.10.2 Chasing endothelial cells — The Pdgfb lineage tracing system, lineage tracing
studies have predominantly used Tie-2 or Cdh5 driven expression. This is
problematic, as these markers are not only expressed by ECs but also by cells of

haematopoietic origin.33>33¢

In summary, ECs are the main drivers of neovascularisation in the heart following
M1.39121 However, the cellular and molecular mechanisms that govern EC turnover in
homeostasis are unknown. Moreover, the cellular and molecular mechanisms of the
neovascularisation responses following Ml are still largely unknown. Identifying the
molecular mechanisms and cell signatures of the ECs that participate in
neovascularisation post-Ml is critical forincreasing our understanding on how we can

potentially manipulate these mechanisms for therapeutic angiogenesis post-Ml.
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3.3 Experimental plan, hypothesis and aims

The following hypotheses were formed:

1. Clonal proliferation is a key cellular mechanism through which resident ECs
contribute to neovasculogenesis in the peri-infarct border region of the post-
ischaemic adult mouse heart.

2. Resident cardiac EC and not bone marrow cells are the primary contributors
to new blood vessel formation in the infarct border after M.

3. Proliferative cardiac ECs in the post-ischaemic adult mouse heart express
markers that can be identified using single cell RNA-sequencing and

bioinformatics analyses.
The 1%t hypothesis will be addressed by the following aim:

e Assessment of clonal proliferation and neovascularisation by cardiac ECs in
the adult mouse heart during homeostasis and following induction of Ml in

Pdgfb-iCreER™-Brainbow2.1 mice (Figure 3.1, C-D).
The 2" hypothesis will be addressed by the following aim:

e Investigation of contribution of bone marrow cells in cardiac

neovascularisation post-Ml in Pdgfb-iCreER™?-Brainbow2. 1 mice (Figure 3.1,D)

The 3™ hypothesis will be addressed by the following aim

e Cardiac CD31+, but not lymphatic (Podoplanin-), ECs that expressed
Brainbow?2.1 fluorophores (Brainbow2.1+) will be isolated from healthy and
post-ischaemic adult Pdgfb-iCreER™-Brainbow2.1 mice for single cell RNA-
sequencing and bioinformatics to identify key markers specific to pro-

angiogenic cardiac ECs. (Figure 3.1, D)
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Figure 3.1 Experimental plan

(A) The Cre-inducible Pdgfb mouse model developed by Claxton et al.3¥ to efficiently and
specifically label endothelial cells. In the presence of hydroxytamoxifen OHT the iCreER™
translocates to the nucleus to mediate recombination. The construct contains an internal

ribosomal entry site (IRES) element downstream of iCreER™as well as a sequence coding for
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enhanced green fluorescent protein (EGFP). The Brainbow2.1 cassette consists of adjacent
loxP (blue arrow) flanked head-to-tail tandem dimers: the first contains nuclear tagged Green
Fluorescent Protein (nGFP) in forward orientation and Yellow Fluorescent Protein (YFP) in
reverse orientation. The second contains Red Fluorescent Protein (RFP) in forward
orientation and membrane bound Cyan Fluorescent Protein (mCFP) in reverse orientation.
When crossed with mice that express a cell promoter driven by tamoxifen-inducible Cre
recombinase, selected lineages are stochastically labelled with an inheritable green, yellow,
red, or cyan fluorescent protein tag. (B) The possible four recombination outcomes of
Brainbow?2.1 that result in expression of either GFP, YFP, RFP or mCFP. (C) Experimental

timeline of the study. (D) Plan of tissue analysis following tissue collection.
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3.4 Results

3.4.1 The adult mouse heart endothelium undergoes clonal expansion under
physiological conditions and the process is significantly upregulated post-Ml.

Initially, the recombination efficiency of the Pdgfb-iCreER™-R26R-Brainbow?2.1
mouse model with tamoxifen (single IP injection, 150mg/kg) was investigated. Due
to this project’s interest in clonal proliferation of cardiac Pdgfb lineage ECs, a high
recombination efficiency would not be optimal as it would result in an inability to
track formed clones due to Brainbow?2.1 reporter overexpression. The proportion of
Brainbow 2.1 reporter fluorophore expressing cells that co-localised with Pdgfb-
endogenous green fluorescent protein (EGFP) was quantified via confocal
microscopy. It was calculated that Cre recombination efficiency was 46.6 (+ 9.3) % of
total cardiac Pdgfb-EGFP+ cells (Figure 3.2, A, B). Finally, as seen in Figure 3.2 (C, D),
no reporter expression was observed in mice administered peanut oil as a vehicle
control for tamoxifen or in Cre-negative mice that were administered tamoxifen,
showing that Pdgfb-iCreER™ is not susceptible to activation in the absence of
tamoxifen and that the R26R-Brainbow2.1 cassette is not susceptible to spontaneous

recombination in the absence of Cre activity (issues described in Ref 38),

Subsequently, the Pdgfb-iCreER™>-R26R-Brainbow2.1 mouse model was utilised to
investigate the role of the adult endothelium in the neovascularisation process
following MI. The expression of the Brainbow?2.1 transgene was induced by tamoxifen
injection and, following a wash-out period of 14 days, the left anterior descending
coronary artery was permanently ligated (according to section 2.1.7 Left anterior
descending coronary artery ligation surgery. Tissues were collected 7 days post-
surgery for analysis. Ischaemic damage of the heart leading to an infarct was
validated using Masson’s trichrome staining (Figure 3.3 A, B). RFP, CFP, YFP and GFP
fluorophores were visible in ECs in the healthy and ischaemic heart vasculature
(Figure 3.3 C, F). The Pdgfb lineage adult ECs in the heart underwent clonal
proliferation under physiological conditions and the response was significantly

upregulatedin Ml (Figure 3.3, E). The size of clones was quantified where a clone was
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defined as 2 or more adjacent cells expressing an identical fluorophore. A significant
increase in cell number per clone in regions of neovascularisation was observed in
the peri-infarct region at 7 days post-Ml, compared to the healthy heart (mean +
SEMs cells per clone = 4.0 £+ 2.1 versus 10.3 £+ 10.6, P <0.0001, Figure 3.3, G).
Visualisation of the Brainbow2.1 fluorophores showed a bias in fluorophore
distribution in both healthy and MI. YFP, RFP, nGFP and mCFP expression in healthy
mouse heart Pdgfb-lineage EC was 51.9 £ 13.5,25.7+8.7,11.3 + 6.2 and 11.8 + 5.8
% of total reporter expressing cells, respectively (P < 0.001) (Figure 3.3, K). YFP, RFP,
NGFP and mCFP expression in infarcted mouse heart Pdgfb-lineage EC was 52.9 +
26.5, 18.8 + 15.0, 26.5 + 29.8 and 8.8 £ 7.8 % of total reporter expressing cells,
respectively (P < 0.001) (Figure 3.3, 1). However, mean clonal size did not differ
between each fluorophore in healthy samples (Cells/Clone; YFP: 7.91+1.5, RFP:
5.06+1.03, GFP: 3.44+0.5, CFP: 3.78+0.64, P=0.1, Figure 3.3, H) or MI samples
(Cells/clone: YFP 12.6 + 10.2, RFP 12.1 + 13.4, nGFP 7.0 £+ 10.4, mCFP 8.1+ 8.1, P =
0.07, Figure 3.3, J).

The possibility of merger events, where two independent, neighbouring ECs are
labelled by the same Brainbow?2.1 fluorophore was assessed using quantitative clonal

analysis in control and Ml samples (described in section 2.13.1)

Finally, perfusion of newly formed clonal vessels was tested using Isolectin-B4
staining (according to section 2.1.5). Co-localisation of the isolectin-B4 signal and

Brainbow?2.1 fluorophores confirmed perfusion (Figure 3.3, L).

Cre NEG plus TAM+ Cre POS plus OIL

Figure 3.2 Validation of the Pdgfb-iCreER™>-R26R-Brainbow2.1 mouse model
(A) A single IP injection of 150 mg/kg tamoxifen induced CreER™ and subsequent Pdgfb-
endogenous green fluorescent protein (EGFP) expression. (B) Recombination efficiency of the

Brainbow2.1 fluorophore expression was calculated by measuring cells expressing
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Brainbow?2.1 fluorophores as a percentage of cells expressing EGFP (calculated at 46.6 £ 9.3
% Brainbow?2.1+ cells of total EGFP+ Pdgfb-lineage endothelial cells in the adult heart left
ventricle (data from N = 3 mice in both healthy and Ml groups). (C) No fluorophore expression
was observed in Cre-negative mice administered tamoxifen (TAM) or (D) in Cre-positive mice

administered peanut oil vehicle control (N = 6 per group).
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Figure 3.3 The heart undergoes endothelial clonal expansion under physiological conditions
and the process is significantly upregulated 7 days post-Ml

Ischaemic damage of the heart leading to an infarct was validated using Masson’s trichrome
staining in (A) healthy and (B) post-ischaemic adult mouse heart tissue. (C) Brainbow2.1

fluorophore expression in healthy adult mouse heart tissue and (D) individual fluorophores
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YFP, nGFP, mCFP, RFP. (E) Brainbow?2.1 fluorophore expression was increased in 7day post-
ischaemic adult mouse heart tissue. (F) individual fluorophores YFP, nGFP, mCFP, RFP in
ischaemic tissue. (G) A significant increase was seen in cell number per clone in regions of
neovasculogenesis in the peri-infarct region at 7 days post-Ml, compared to the healthy heart
(mean + SEMs cells per clone = 4.0 + 2.1 versus 10.3 + 10.6, P <0.0001, Mann-Whitney test).
(1) & (K) A bias in fluorophore distribution in both healthy and Ml groups was observed. YFP,
RFP, nGFP and mCFP expression in healthy mouse heart Pdgfb-lineage EC was 51.9 + 13.5,
25.7 £8.7,11.3 £ 6.2 and 11.8 + 5.8 % of total reporter expressing cells, respectively. YFP,
RFP, nGFP and mCFP expression in infarcted mouse heart Pdgfb-lineage EC was 52.9 + 26.5,
18.8 + 15.0, 26.5 + 29.8 and 8.8 + 7.8 % of total reporter expressing cells, respectively (P <
0.001 for both, one-way ANOVA). (H) & (J) Clone size did not differ between each fluorophore
in the healthy (mean cells per clone: YFP 4.9+ 2.8, RFP 3.3+ 1.4, nGFP 3.4+ 1.5, mCFP 3.8 +
1.9, P=0.1, One-way ANOVA) or Ml group (mean cells per clone: YFP 12.6 + 10.2, RFP 12.1
13.4, nGFP 7.0 £ 10.4, mCFP 8.1 £ 8.1, P = 0.07, one way ANOVA). (L) Qualitative analysis of
co-localisation of the isolectin-B4 (IB4) signal and Brainbow2.1 fluorophores confirmed

showed that Brainbow?2.1+ vessel clones were perfused. N=7 for healthy. N=6 for MI.
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3.4.2 Brainbow2.1 reporter fluorophore expression is minimal in bone marrow cells
in Pdgfb-iCreER™-R26R-Brainbow2.1 mice

The contribution of bone marrow derived ECs following Ml was investigated. Flow
cytometry was performed and minimal Brainbow2.1 reporter expression was
observed in femoral bone marrow cells in both healthy and Ml groups (0.04 + 0.02 %

versus 0.03 +0.009 %, P =0.79).

Subsequently, the possibility of migration of Brainbow2.1+ ECs from other regions of
the heart or different vascular beds was explored via analysis of founding number of
recombined events, where a Brainbow?2.1+ cell or clone was counted as 1 event. The
founding number of recombined events did not differ between groups (72.3 + 9.0
versus 67.3 + 6.6 events persection, P = 0.46), thus supporting the fact that migration

of Pdgfb-lineage Brainbow?2.1 fluorophore expressing EC was unlikely (Figure 3.4).
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Figure 3.4. Contribution from bone marrow ECs in Ml is minimal
Flow cytometry plots showing very low reporter fluorophore expression in femoral bone
marrow cells from adult Pdgfb-iCreER™-R26R-Brainbow2.1 mice. Threshold gates were set

for each fluorophore using C57BI6 wild type mice bone marrow cells as a negative control.
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No difference in fluorophore expression by bone marrow cells was observed between
healthy and Ml groups (0.04 £ 0.02 % versus 0.03 + 0.009 %, P = 0.79, N=5 for healthy, N=6
for Ml). The founding number of recombined events (a Confetti* cell or clone was counted as
1 event) was unchanged between healthy and Ml groups (72.3 £ 9.0 versus 67.3 + 6.6 events

per section, P = 0.46, N=4/group). Mann-Whitney test.

3.4.3 Single cell RNA sequencing of cardiac ECs reveals 10 heterogeneous
transcriptional cell states

Following the observation that clonal proliferation of Pdgfb lineage cardiac ECs is a
cellular mechanism for neovascularisation 7days post-MI, the transcriptome of these
proliferative ECs was investigated using single cell RNA sequencing. Healthy and 7-
day post ischaemic cardiac ECs were isolated using flow cytometry using a
CD31+PODO-Brainbow2.1+ panel (Figure 3.5) and were subsequently processed for
single cell RNA sequencing (according to section 2.8 Single cell RNA sequencing and
analysis). The likelihood of a spectral overlap between the EGFP expression (from the
Pdgfb-iCre' cassete) and the nGFP (of the Brainbow2.1 cassete) was addressed due
to difference in brightness levels between the two fluorophores and is described in

Li et al.?%>

Initially, bioinformatics analyses confirmed the endothelial nature of the cells as
shown by widespread expression of EC markers such as Cd31/Pecam1 and Vegfr2/Kdr
(Figure 3.6, D). Furthermore, a lack of lymphatic (Pdpn) and haematopoietic (Ptprc)
marker expression were observed in the dataset (Figure 3.6, D). Following clustering
of ECs according to their similarities in transcriptomic profile, 10 unique clusters were

identified (Figure 3.6, A).

The ratio of cardiac ECs from the healthy and Ml groups was different according to
the cluster they belonged to. Some of the clusters, such as cluster 1, appeared to
have an equal distribution whereas others, such as cluster 6, 7 and 10, were
composed mostly or solely from cells from the Ml dataset. (cluster 1; healthy 13.10 +
0.01 % vs MI 11.90 + 0.25%, P=0.3429 — cluster 2; healthy 5.619 + 0.9766% vs Ml
19.38 +3.305%, P=0.0212 — cluster 3; healthy 3.921+ 0.5949% vs M| 9.340+ 0.3659%,
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P=0.0006, Cluster 4 healthy 18.54 + 3.091% vs M| 7.881 + 2.168%, P=0.0729 - Cluster
5; healthy 11.39 + 2.695% Vs M1 13.61+ 0.3567%, P=0.5057- cluster 6; healthy 1.66 *
0.33%vsMI123.34+1.71 %, P=0.0057 - cluster 7; healthy 0+ 0 % vs M1 25.00+ 14.03%,
cluster 8; healthy 2.68 + 0.60% vs M1 22.36 £ 7.11%, P=0.069 - Cluster 9; Healthy 13.61
+3.293% Vs M111.39+ 2.006%, P=0.6857- Cluster 10; Healthy 3.006 + 0.1251% Vs MI
21.99+ 3.945%,P=0.0170, Mann-Whitney test).

Gene Ontology (GO) enrichment analysis was conducted to show significant
biological terms associated with the top differentially expressed genes in each
cluster. The top differentially genes and associated GO terms per cluster are found in
Table 3.1. For instance, cluster 10 was associated with cell cycle and proliferation
markers (Hmgb2, Stmn1, Top2a, Cenpf, Cks2, Birc5, Cenpa, Ube2c, Cdc20, Prc138),
cluster 2 was associated with interferon signalling (Ifit3, Cxcl10, Ifitl, Rsad2, Ifit3b,
Isg15, Ifit2, Usp18, Cmpk2, Cxcl9387:388), cluster 5 showed EC regulation via Notch
signalling (FbIn5, Gja4, Stmn2, Clu, Glul, Nebl, Hey1, Vegfc, Alpl, Mgp 3%°), cluster 7
showed high expression of stalk cell markers (Lrg1, Plvap, Ackrl, Clu, Tmem176a,

Ehd4, Tmem176b, Tmem176b, Tmem252, Selp, Tagln3°%3°1),
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Figure 3.5 Selection of CD31+Brainbow2.1+Podoplanin- cardiac endothelial cells for single
cell RNA sequencing

Gating strategy for Fluorescence-Activated Cell Sorting (FACS) isolation of
CD31+Brainbow2.1+Podoplanin- endothelial cells from Pdgfb-iCreER™-R26R-Brainbow2.1
mice for single cell RNA-sequencing. Doublets and non-viable (DAPI*) cells were removed
before selection of cells expressing CD31. Lymphatic endothelial cells were then excluded by
negative selection for Podoplanin (PODO") and Pdgfb-lineage EC selected by Brainbow?2.1
fluorophore expression. Fluorescence minus one (FMO) controls were used to determine the
gates for CD31 and PODO expression. Cardiac endothelial cells from age-matched wild type
mice on the same genetic background as Pdgfb-iCreER™-R26R-Brainbow2.1 mice (C57BI6)
were used as controls to determine the threshold for detection of Confetti reporter

fluorophore expression. FSC=Forward scatter, SSC= side scatter.
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Figure 3.6 Single cell RNA sequencing of cardiac ECs reveals 10 heterogeneous
transcriptional cell states in the post ischaemic adult mouse heart

(A) t-distributed stochastic neighbour embedding (t-SNE) map showing clustering of cardiac
endothelial cells in 10 unique cell states according to their transcriptomic profile (B) t-SNE
map of cardiac endothelial cells according to condition (healthy vs Ml) (C) Percentage ratios
of cardiac ECs from the healthy and Ml groups was different according to each cluster (D) t-
SNE plot of endothelial Pecam1/Kdr, lymphatic Pdpn and haematopoietic Ptprc. Mann-
Whitney test. N=4/group.
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Table 3.1 Top differentially expressed genes per cluster and gene ontology analysis

Gene ontology analysis in the top differentially expressed genes was performed in each of
the clusters. Each cluster was composed from Pdgfb lineage endothelial cells from both Ml

and healthy datasets as per Figure 3.6.

Cluster Top 10 differentially expressed genes Gene Ontology term

Car4, Cyp4b1, Lpl, Gpihbp1, Rgcc, C1qtnf9,

1 Timp4, Sgk1, Aqp1, Gm12002 Cellular homeostasis

5 Ifit3, Cxcl10, Ifitl, Rsad2, Ifit3b, Isg15, Ifit2,
Usp18, Cmpk2, Cxcl9 Interferon signalling

3 Myl2, Mb, Myl3, Tnnt2, Tnni3, Actcl, Ventricular cardiac muscle
Cox6a2, Fabp3, Tnncl, Tpm1 remodelling
Klra9, Klra3, Klra10, Car4, Gm12002,

4 Gm11808, Gm10076, Rps27rt, Gm10073, Killer cell lectin-like receptor
Rpl10-ps3 signalling

5 FbIn5, Gja4, Stmn2, Clu, Glul, Nebl, Hey1, Endothelial cell
Vegfc, Alpl, Mgp regulation via Notch signalling

6 Plvap, Rbp1, Lrgl, Bgn, Vwf, Prss23, Ventricular remodelling [via
Col15a1l, Eln, Fam167b, Igfbp3 retinoic acid (RA) signalling]
Lrgl, Plvap, Ackrl, Clu, Tmem176a, Ehd4,

7 Tmem176b, Tmem176b, Tmem252, Selp, Stalk cell markers. Tip and stalk
Tagln cell-mediated neovasculogenesis

3 lgfbp5, Cth, Cpe, Cytll, Tmem108, Dcn, Vwf,  Endothelial ECM proteins, cardiac
Mgp, Mgp, Pil16, Bgn remodelling post-Ml

9 Serpinale, Serpinald, Serpinalb, Igfbp5, Serine protease inhibitor alpha-1
Ptgsl, Cd9, AU021092, Pi16, KIk8, Emp3 antitrypsin (AAT) signalling

10 Hmgb2, Stmn1, Top2a, Cenpf, Cks2, Birc5, Proliferation and cell cycle

Cenpa, Ube2c, Cdc20, Prcl

regulation
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3.4.4 EndMT does not contribute to cardiac neovascularisation at 7 days post-Ml

EndMT was recently hypothesized to play a role in neovascularisation in the
ischaemic mouse heart.3? Expression markers of EndMT were investigated in cardiac
ECs from healthy and 7day post-MI hearts but the overall EndMT signature was
unchanged in both groups (Figure 3.7, A) despite an increase in some EndMT markers
after Ml (lcam1, Vcam1, Vim, Fn1 and Smtn, Figure 3.7, B). Therefore, EndMT is

unlikely to participate in cardiac neovascularisation in the presented M| model.
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Figure 3.7 EndMT does not contribute to cardiac neovascularisation at 7 days post-Ml

(A) Violin plot showing that the overall endothelial-to-mesenchymal transition (EndMT)
marker signature in Log_FC (fold change) in cardiac Pdgfb lineage endothelial cells (ECs) from
healthy and 7-day post-myocardial infarction (MI) hearts (B) Dotplot of EndMT marker
expression from healthy and 7-day post MI Pdgfb lineage cardiac ECs showing percentage
expression of EndMT markers (pct.exp) in Pdgfb lineage endothelial cells (ECs) and
expression level (avg.exp.scale) (log2FC). Level of expression and percentage ECs expression
was increased in some EndMT markers (lcam1, Vcam1, Vim, Fnl and Smtn) but most

remained unchanged. N=4/group. Mann-Whitney test.
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3.5 Discussion

The aim of this chapter was to investigate the spatiotemporal dynamics and
transcriptomic profile of ECs in the healthy and post-ischaemic heart. ECs play an
essential role in the neovascularisation process that takes place in the border region
of the ischaemic area of the heart3®39381.382 and is critical at stimulating regeneration
post-MI.1>* Thus, therapies have aimed to enhance the neovascularisation process.
However, most studies on this topic have been plagued by questions regarding
efficacy and mechanism of action. 162 This could be explained, in part, by the lack of
a more in depth understanding of the resident mechanisms that drive

neovascularisation in the heart.

In the presented study, the hypothesis was that endogenous neovascularisation in
the post-ischaemic adult mouse heart occurs through clonal expansion of resident
adult ECs, i.e. the ability to produce clones of identical cells. This was tested using the
Pdgfb-iCreER™?-R26R-Brainbow2.1 mouse model which permits lineage tracing
specifically in Pdgfb lineage ECs. Firstly, it was shown that the heart undergoes clonal
turnover of endothelial cells under physiological conditions, showing that a group of
cardiac ECs produces identical ECs as a method of homeostatic cell turnover. This is
aligned with recent existing literature demonstrating that the adult cardiac
endothelium is not quiescent.'®%3% Bergmann et al. showed, through the use of
carbon dating, that ECs have the highest turnover rate amongst the cardiac cell
populations with the whole population being wholly exchanged every 6 years in
human adulthood and approximately 9 times between 20 and 75 years of age.®!
Mesenchymal cells were exhibited both less turnover than ECs and an age-
dependent decline in renewal. However, they still showed a 3.9% turnover rate per
year in adult life. 11 Cardiomyocytes were shown to have a 0.8% turnover per yearin
individuals aged 20 years and a 0.3% turnover per year in individuals aged 75 years.
161 This information reinforces the idea that the cardiac cell populations are more

dynamic than previously thought.
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The process of clonal expansion of cardiac ECs was found to be significantly
upregulated at 7 days following Ml with large monochromatic clones of ECs
contributing to the neovascularisation of the infarcted border area, suggesting that
itisa key cellular mechanismin the response of the tissue to hypoxia and subsequent

ischaemia.

Endothelial cell replication in the adult heart had been previously reported in the
1970s by Benditt et a/.1%® At the time, however, it was not possible to study the clonal
nature of the cardiac EC population at a single cell level. A conclusion could not be
drawn on the ability of the endothelium to be maintained by clonal proliferation or
whether it is a polyclonal tissue maintained by turnover of adjacent mature ECs.
Findings in this chapter support existing studies showing that pre-existing cardiac ECs
form new vessels after cardiacischaemia.'®3 Importantly, this chapter shows that the
contribution of ECs to neovascularisation via clonal proliferation from the bone
marrow is minimal, further increasing the claim that only locally-resident cardiac ECs
are responsible for post-MI neovascularisation. The lack of bone marrow contribution
could in part explain the disappointing results of clinical studies using autologous
bone marrow-derived cells for therapeutic neovascularization in patients with
ischaemic heart disease. 3%43° |t should be noted, however, that contribution from a

non-Pdgfb EC lineage to new vessels post-MI cannot be discounted.

The clonal characteristic of neovascularisation in heart ischaemia was recently
reported by Manavski et al. who utilized a Cdh5 driven Brainbow?2.1 lineage tracing
mouse model. 3°® They showed that Cdh5+ cells contribute to the generation of
perfused and mature microvessels at 7 and 14 days post-MlI, possibly driven by a

VEGFR2 signalling mechanism. 3%

Despite the similarity in showing clonal EC
expansion in cardiac ischaemia, Manavski et al. used a Cdh5 driven model which
includes cells of haematopoietic origin and thus doesn’t discount bone marrow cell
contribution from bone marrow derived cells. 33>33¢ Migration of cells from the bone
marrow and/or the circulation has been shown to occur during ischaemic injury 397,398

Consequently, the cardiac Pdfdb+ and Cdh5+ EC cell populations are different despite

having a potential overlap. It should be noted that the fact that clonal EC expansion
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is observed in both Cdh5+ and Pdgfb+ EC lineages is a testament to post-Ml

neovascularisation via clonal EC expansion being a robust process.

However, cell population differences are important to consider when drawing
conclusions about transcriptomic signatures. For instance, in Manavski et al., bulk
RNA sequencingin expanding Brainbow?2.1 cells isolated by laser capture microscopy
revealed an enrichmentin genes involved in EndMT, when compared to non-clonally
expanded cells of the same regions and ECs that were isolated from the remote zone
of the myocardium.3°® However, results from this chapter show that the EndMT
signature is unchanged in both healthy and post-MI Pdgfb lineage ECs. This
discrepancy may be due to the transient nature of EndMT, as Manavski et al. did not
clarify whether EndMT genes were enriched at 7 or 14-days post-MI. Moreover, this
inconsistency could be attributed to the difference in Cdh5 vs Pdgfb EC populations.
A different study using single cell RNA sequencing of Cdh5 lineage ECs supported the
idea of endothelial-to-mesenchymal activation (EndMA) rather than transition.3%
The authors of this study showed that ECs undergo transient mesenchymal activation
that is associated with metabolic changes.?*® Cdh5 lineage ECs were found to
transiently express transcripts that are typically linked to EndMT but levels of
expression returned to physiological levels 10 days post-MI. 3%° Moreover, the same
study utilised a Cdh5 driven lineage tracing system to detect potential cells that have
fully transitioned to a mesenchymal cell type and thus lost EC marker expression, and
showed that the number of traced cells expressing the endothelial marker Cdh5 and
mesenchymal markers, such as Collal, Col3al, or Serpinel, increased transiently,
with a maximum between days 3 and 7. It is thus likely, that the EndMA could not be

detected in the presented study due to the 7-day post-MI timepoint.

In the presented model, most vessels formed were monoclonal but not all
Brainbow?2.1+ ECs resulted in polyclonal vessels. It is unclear whether this is due to a
subset of adult cardiac ECs with progenitor-like characteristics or due to specific
micro-environmental changes close to the infarct border that stimulate resident ECs

to clonally proliferate. The possibility of a progenitor-like population is supported by

135



studies that show evidence of a highly clonogenic EPC population that may reside in
a niche in the intimal layer of the adult human vessel wall. ¢ The single cell RNA
sequencing results that are presented here cannot differentiate between ECs that are
part of large polychromatic clones due to lack of spatial information. More work will
need to be conducted on the transcriptomic differences between Brainbow?2.1+ cells
that form larger vs smaller vs no clones (described in more detail in section 6.2). An
interesting hypothesis is the existence of mature ECs (i.e. not progenitor-like) that
are pro-proliferative via somatic cell adaptation. This event has been documented in
chronic diseases such as cancer where environments such as hypoxia promote
carcinogenic mutations or epigenetic changes.*® However, this is less likely as the
heart is a low turnover organ (despite the presence of EC turnover!®!). Moreover, Ml
is an acute event and does not allow for a significant length of time for adaptation

which is required for the accumulation of mutations.4?

Using single cell RNA-sequencing, this study defined endothelial heterogeneity in the
healthy and injured mouse heart through characterisation of 10 EC states with
distinct gene expression signatures. Moreover, the transcriptional changes arising in
each subset following injury were mapped at the single cell level. Single cell RNA-
sequencing was also recently applied to map cell populations in the healthy and
injured mouse heart 3 days after ischaemia—reperfusion surgery.?? This study
identified two EC clusters, although detailed EC gene expression analysis was not
included as this study focused on alterations of cardiomyocyte subpopulations.%%? A
study by Tombor et al. 3° performed single cell RNA-sequencing of the non-
cardiomyocyte fraction of mouse hearts at days 0, 1, 3, 5, 7, 14, and 28 post MI.
Results revealed 4 clusters of ECs, characterized by Cdh5 and CD31 expression.3%°
However, a significant limitation of this study was that only one biological replicate
was included for each timepoint. 3%° Recently, a study by Litvifiukova et al. 4% utilized
single cell RNA sequencing to characterize the cellulome of six anatomical adult
human heart regions. Ten EC populations were characterised which included three
capillary ECs (57.4% of all ECs), one capillary-like immune EC group related to antigen

presentation and immune regulation, arterial ECs, venous ECs, atrial ECs, lymphatic
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ECs and finally one group of ECs with fibroblast-like and one with cardiomyocyte-like
features. These studies strengthen the claim that the human heart is home to
different EC populations with unique expression profiles and that any attempt to
manipulate their function to augment neovascularisation post-MI needs to be
specific to the target group. One interesting question that is worth pursuing in the
future is whether differences in EC profiles and function are solely due to the
microenvironment they reside in versus the idea of an inherent difference. This is
supported by in vitro studies that show that, following long-term culture of in-vivo-
derived ECs, gene expression patterns and structural characteristics are severely

altered.?%4

Attention should be drawn to limitations of this study. It was observed that in the
fluorophore expression analysis there was a significant bias towards YFP expression.
This did not affect subsequent results, however, since the Pdgfb EC clonal patch size
was similar across all fluorophores. Interestingly, it has been reported that when
using this model it is not uncommon to observe biases towards certain colours but
the reasons for this are still unclear.% The possibility that some putative clones may
derive from merger events where two independently marked cells or clones are
associated by chance, was addressed using quantitative clonal analysis. Moreover,
the single cell EC expression results presented here are generated from a single snap-
shot in time, i.e. 7 days post-injury. In addition, with the data generated in this thesis
itis not possible to comment whether the new blood vessels generated as a result of
clonal proliferation of Pdgfb lineage ECs, despite perfusion as shown by IB4 staining,
will go to develop more mature-like larger vessel (perivascular cell support) or will
regress. A later Ml timepoint such as 28 days post-MI can be used to assess this

possibility.

In summary, the presented study shows the clonal nature of EC proliferation turnover
under physiological conditions and the significant upregulation of this process in the
peri-infarct border following MI. Moreover, this study provides a high-resolution
single cell gene expression atlas of 10 transcriptionally distinct states of resident

cardiac EC in physiological conditions and at 7 days post-Ml. The heterogeneity

137



exhibited in the cardiac EC population signifies that when attempting to enhance the
neovascularisation response post-Ml in future studies, these differences have to be
considered to guide novel therapeutic strategies aimed at enhancing myocardial

repair and regeneration.
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Chapter 4 Plasmalemma Vesicle Associated
Protein (PLVAP) is a novel target with a potential
role in neovascularisation in ischaemia
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4.2 Introduction

Data presented in Chapter 3 of this thesis show that single cell RNA-sequencing
analysis of 7-day post-MI and healthy cardiac ECs revealed significant differences in
gene signatures and transcriptional heterogeneity. Interestingly, when comparing
the gene expression profile of healthy and injured ECs, clusters were identified that
were predominantly or fully composed of ECs from the Ml group. These potentially
represent ECs that have responded to ischaemic injury through the activation of

regenerative genes and pathways.

Plasmalemma Vesicle Associated Protein (Plvap) gene was selected for further study
based on its increased expression in mouse cardiac ECs 7-day post-MI compared to

healthy controls.

The gene coding for PLVAP is 25,893 bases located on chromosome 19 in humans.
PLVAP is a dimer-forming type Il integral membrane glycoprotein (60kDA)*%® that
consists of three domains: a 27 amino acid intracellular tail, a transmembrane
domain and a 358 amino acid extracellular C-terminal domain.?®’ PLVAP is an
endothelial specific marker and an antigen for two EC selective antibodies: mouse EC
antigen MECA-32, and Pathologische Anatomie Leiden-endothelium (PAL-E) 408410,
PLVAP is expressed in ECs in the lungs, kidneys, spleen, endocrine glands and the

endocardial lining of the heart chambers. 406411

PLVAP is one of the major molecular components of fenestrae and is essential for
fenestral diaphragms (FD) and stomatal diaphragms (SD) in ECs. %413 FDs and SDs
are critical to maintain homeostasis of vascular permeability which is one of the
fundamental roles of the endothelium. The main structures that govern EC
permeability are caveolae, transendothelial channels (TECs) and fenestrae.’”3®
Caveolae are membrane proteins that contain SD ##41> whereas fenestrae are

transcellular pores made by FDs (60-80nm in size) 4 and TECs consist of two SDs.41®

The essential role of Plvap in permeability has been demonstrated using PLVAP-null
C57BL/6N mouse embryos which die in utero due to severe oedema, haemorrhage

and weakness of the vascular wall; and more specifically, due to the absence of SDs
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and FDs. %7 Deleting Plvap in mixed BALB/c-C57BI/6J-129Sv/J background mice
attenuated the lethality of Plvap deletion and increased survival until 3-4 months of
age compared to a pure C57BL/6N background.*® However, these animals also
exhibited vascular defects, such as leaky capillaries due to disruption of FDs/SDs,
leading to oedema in the kidney, pancreas and intestine.*'® This signifies the

importance of Plvap in murine vascular development.

PLVAP also regulates leukocyte migration and angiogenesis.***=423 For example,
inhibition of PLVAP expression via siRNA in HUVECs resulted in a significant reduction
in transmigration of peripheral blood mononuclear cells (PBMCs).*?! Interestingly,
the rolling and adhesion functions were not altered, suggesting that PLVAP is not
implicated in these functions. 4> PLVAP was also found to be present and synthesized
in subcapsular sinus lymphatic ECs in the lymph nodes, regulating the entry of

antigens and lymphocytes in the parenchyma. 4%*

PLVAP has also been positively associated with angiogenesis, as PLVAP silencing
resulted in attenuation of tubulogenesis of Human Dermal Microvascular Endothelial
Cells (HMVECs), HUVECs and human primary brain EC lines. 423 In addition, PLVAP has
been associated previously with tumour endothelium. 419 In ECs that originate from
patients with glioblastoma, PLVAP was significantly upregulated when compared
with controls.*'® PLVAP expression was also detected in secondary metastatic
carcinomas. 2 Interestingly, downregulation of PLVAP using small hairpin RNA
inhibited the formation of pancreatic adenocarcinoma in xenografts.*?® This suggests

that PLVAP facilitates vascular growth in cancer.

In addition to its essential role in vascular development and homeostasis, PLVAP has
also been associated with pathologies such as: cancer, ischaemic brain disease, ocular
disease, spinal cord injury and glomerulopathy#12:419,422,425-425 However, its role in the
heart, and more specifically in cardiac ischaemia and angiogenesis, has not been

investigated.
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4.3 Hypothesis and aims

The following hypothesis was proposed:

e Plasmalemma Vesicle Associated Protein (PLVAP) is a novel target associated

with an increase in neovascularisation in response to ischaemia.
The hypothesis was addressed by the following aims:

e Plvap gene and protein expression will be investigated in mouse cardiac ECs
in healthy and 7-day post Ml adult hearts.

e The role of PLVAP in neovascularisation in human hearts tissues of patients
with acute and chronic MI, will be explored via PLVAP expression
guantification.

e The effects of siRNA induced gene knockdown of PLVAP in EC proliferation
will be investigated in vitro.

e The potential role of PLVAP as a circulating biomarker of myocardial damage

will be investigated in patients with type | MI.
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4.4 Results

4.4.1 Plvap expression is increased in mouse cardiac ECs at 7 days post-Mi

Single cell RNA-sequencing analysis of healthy and post-MI adult mouse cardiac ECs
revealed 10 transcriptionally-different clusters, as introduced in Chapter 3. Clusters
6, 7 and 8 were predominantly composed of cells from the Ml group, with cluster 7
being completely absent from the healthy dataset (Figure 4.1,A, B). Differential gene
expression analysis showed that Plvap expression was significantly increased in ECs
from the Ml group (average gene expression in healthy:0.08 £ 0.01 vs Ml: 3.22 £ 1.07
log2FC, P=0.029; Figure 4.1, C) and that the percentage of ECs that expressed Plvap
was also significantly increased (healthy:0.99+0.14 % vs MI: 33.76 + 7.23 %, P=0.029;
Figure 4.1, C). Plvap was also increased in a cluster-specific manner in cells from the
Ml group in clusters 6, 7 and 8 (cluster 6; healthy 1.66 + 0.33 % vs MI123.34 +1.71 %,
P=0.0057 - cluster 7; healthy 0+ 0 % vs Ml 25.00 + 14.03 %, cluster 8; healthy 2.68 +
0.60% vs M122.36 £ 7.11 %, P=0.0687; Figure 4.1). Inmunostaining of Plvap in mouse
heart tissues 7 days post-MI confirmed these results at the protein level and showed
a significant increase in the percentage of PLVAP-expressing cells in M| (Ml; 70.5 +
19.9 % vs healthy; 38.7 + 28.2 %, P = 0.02, Figure 4.2). In summary, due to Ml and
cluster specific elevation of expression of Plvap at 7 days post-Ml, Plvap was chosen

as a candidate for further analysis.
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Figure 4.1 Plvap expression is increased in mouse cardiac endothelial cells in the adult
mouse heart at 7 days post-MI compared to the healthy heart.

(A) Heat map showing the level of Plvap expression in the healthy and Ml datasets. The
expression of Plvap was increased in the MI group, in a cluster specific manner, in clusters 6,
7 and 8. (B) Clusters 6, 7 and 8 were predominantly composed from endothelial cells from
the MI group, with cluster 7 being completely absent from the healthy dataset (cluster 6;
healthy 1.66 £ 0.33 % vs M1 23.34 + 1.71 %, P=0.0057 - cluster 7; healthy 0 £ 0 % vs MI 25.00+
14.03%, cluster 8; healthy 2.68 + 0.60 vs Ml 22.36 + 7.11%, P=0.0-69). (C) Plvap expression

145



was significantly increased in endothelial cells from the Ml dataset (healthy 0.08 £ 0.01 vs Ml
3.22 +1.07 log2FC=Fold change). (D) The percentage of ECs expressing Plvap was significantly
increased in EC from the Ml dataset (Healthy % 0.99 + 0.14 vs Ml % 33.76 +7.23). Mann-

Whitney test. Data presented as Mean = SEM. N=4/group.
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Figure 4.2 PLVAP expression is increased in mouse coronary endothelial cells at 7 days post-
MI compared to the healthy heart.

(A) PLVAP immunostaining was performed in healthy and (B) 7 days post-myocardial
infarction (MI) mouse heart sections. (C) PLVAP-expressing cells were found to be
significantly increased at 7 days post-Ml when compared to healthy control hearts specifically
in the infarct border region of the left ventricle. (MI; 70.5 + 19.9 % cells versus healthy; 38.7
+ 28.2 % cells, as percentages of total DAPI+ cells, P = 0.02). The cluster of purple stain
assigned to PLVAP in the infarct region (arrow) was considered an artifact. N=11 for the

healthy group, N=9 for MI group. Mann Whitney test. Results presented as Mean + SEM.
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4.4.2 Plvap expression is increased in mouse cardiac ECs 4 weeks post-Ml

To address whether elevated Plvap expression was sustained in vascular ECs at later
stages post-MI, and thereby may play a role in neovasculogenic responses, Plvap
expression was studied in the Pdgfb-iCreER™-R26R-Brainbow2.1 mouse heart
vasculature at 4 weeks post MI. Cardiac CD31+ ECs were isolated using FACS from
healthy and 4 weeks post-MI mouse hearts and analysis of Plvap expression showed
a significantincrease in the 4 week MI EC group when compared to the healthy heart

EC (RQ; Healthy 1 vs 4W MI 2.5, P=0.0422, Figure 4.3).
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Figure 4.3 Plvap expression is increased is mouse cardiac ECs 4 weeks post-MI

Ischaemic damage was induced via permanent ligation of the LAD coronary artery in Pdgfb-
iCreER™-R26R-Brainbow2.1 mice. At 4 weeks post Ml cardiac ECs were isolated using FACS
based on CD31 expression. RNA was extracted and gPCR showed that Plvap expression levels
were significantly increased in ECs from 4W Ml group (RQ; Healthy 1 vs 4 weeks post-Ml 2.5,
P = 0.0422. Mann-Whitney test. N = 3 mice per group, with 3 technical replicates for qPCR.

LAD = left anterior descending. Ml = myocardial infarction.
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4.4.3 Cardiac endothelial cells from cluster 6 appear to be an origin point for

transition to clusters 7 and 8

As seen in previous sections, cardiac ECs from clusters 6, 7 and 8 contained a
significant majority of EC specifically from the Ml group and expressed Plvap. Using
Monocle37837° to perform a trajectory analysis (as per 2.9) individual cell fate
decisions were mapped in pseudotime as indicated by branching (Figure 4.4). ECs
from clusters 6, 7 and 8 were connected by many intermediate cells located along
these branching trajectories. The predicted pseudotime analysis indicated that cells
in cluster 6 appeared to be primed to respond to ischaemic injury and undergo

transcriptional differentiation towards clusters 7 and 8. (Figure 4.4).
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Figure 4.4 ECs from cluster 6 appear to be an origin point for transition to clusters 7 and 8.
Cells in clusters 6, 7 and 8 were arranged in pseudotime using Monocle3’3379 to perform a
trajectory analysis where individual cell fate decisions are indicated by branching. Direction
is indicated by the arrows. Cells from clusters 6, 7 and 8 are connected with many
intermediate cells located along branching trajectories. The predicted pseudotime analysis

showed that cells in cluster 6 appear primed to undergo transcriptional differentiation

towards clusters 7 and 8 in response to ischaemic injury.
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4.4.4 Endothelial cells from cluster 7 have a stalk cell gene expression signature

phenotype

Following the finding that cluster 7 is composed solely from cells from the Ml group

and that cluster 6 ECs transition to cluster 7 following ischaemic injury, the

transcriptomic profile of these ECs was interrogated further. Differential expression

analysis showed an endothelial ‘stalk cell’ signature in cluster 7 ECs with upregulation

of known stalk cell markers including Ackrl, Tmem176a, Ehd4, Tmem176b,

Tmem?252, Selp, Csrp2, Lrgl and Spint243° (Figure 4.5). Since these markers appeared

largely specific to cluster 7, | then analysed whether ECs in this cluster co-expressed

Plvap, as Plvap seemed to be dominantly expressed in cluster 7. This showed that a

significant proportion of ECs that expressed the tested stalk cell markers also

expressed Plvap (Figure 4.6).
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Figure 4.5 Endothelial cells from cluster 7 have a stalk cell signature phenotype

Violin plots showing known endothelial stalk cell markers in cardiac ECs in clusters 1 —10. ECs

from cluster 7 showed specific upregulation of known stalk cell markers such as Ackrl,

Tmem176a, Ehd4, Tmem176b, Tmem252, Selp, Csrp2, Lrgl and Spint2.43°
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Figure 4.6 Endothelial cells from cluster 7 have a stalk cell signature phenotype and express

Plvap.

T-distributed stochastic neighbour embedding (t-SNE) plots of stalk cell markers and Plvap.

ECs from cluster 7 show co-expression of Plvap with known stalk cell markers including Ackr1,

Tmem176a, Ehd4, Tmem176b, Tmem252, Selp, Csrp2, Lrgl and Spint2%,
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4.4.5 PLVAP expression is increased in microvessels in cardiac tissues from patients

with acute MI and chronic ischaemic heart disease.

Following the observation that Plvap expression was increased in mouse coronary
ECs at 7-days and 4-weeks post-MlI, the expression of PLVAP in cardiac tissues from

patients with chronic and acute ischaemic heart disease was investigated.

4.45.1 Chronicischaemic heart disease

PLVAP expressing (PLVAP+) vessels, as defined by CD31+ co-expression, were
significantly increased in regions of myocardium adjacent to areas of fibrosis/scarring
compared to vessels in control hearts from healthy subjects (% PLVAP expressing
vessels; 36.9+10.1 % vs. 11.1+ 8.8 %, P =0.0008, Figure 4.7). Subsequently, PLVAP
expression was quantified according to vessel diameter. Vessels less than 30 um in
diameter were termed “small capillary-like vessels” and vessels larger than 30 um in

diameter were termed “larger vessels”. 64 66

Most PLVAP-expressing vessels in diseased myocardium were small capillary-like
vessels (33.57 + 9.17 vs 1.55 + 0.25 vessels/ROI, P=0.006, Figure 4.8). Total vessel
number was also quantified in each group, which revealed that both small capillary-
like and larger vessels were significantly increased in tissues from patients with
ischaemic heart disease (small capillaries; Control 40.63 + 10.80 vs Disease 128.8 +
21.65 vessels/region of interest (ROI), P=0.04; larger vessels; Control 0.5 + 0.29 vs
Disease 3.944 + 1.46 vessels/ROI, P=0.01, Figure 4.8).

152



4.45.2 Acute ischaemic heart disease

PLVAP-expressing vessels were also increased in regions adjacent to areas of fibrosis
in patients with acute Ml (Control 10.09 * 2.38 vessels/ROI vs Acute M| 46.77 + 2.23
vessels/ROI, P=0.0238) (Figure 4.9, A). Further phenotyping of these vessels in
disease according to size, showed that they were predominantly small capillaries
(Small capillaries 11.83 + 0.93 vessels/ROI vs larger vessels 1.17 + 0.44 vessels/ROl,
P=0.05) (Figure 4.9, B).
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Figure 4.7 The number of PLVAP-expressing vessels was increased in the hearts of patients
with chronic ischaemic heart disease.

(A), (B) Representative Masson’s trichrome histology images of ischaemic and healthy human
heart. Red stain indicates the healthy myocardium whereas the blue indicates collagen
formation, indicative of fibrosis (C) PLVAP and CD31 immunostaining of ischaemic human
myocardium specifically in regions of fibrosis and (D) healthy human myocardium (E) high
power (dashed line red box) of vessels showing CD31 positivity and PLVAP+CD31 positivity in
fibrotic areas (F) PLVAP-expressing vessels were increased in areas of fibrosis in hearts of

human patients (11.1 + 8.8 %, vs n=8 Acute MI 36.9 + 10.1 %, P=0.0008, two-tailed Student’s
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t-test). N=5 for controls. N=8 for diseased. Mann Whitney test. Results presented as Mean +

SEM.
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Figure 4.8 PLVAP-expressing vessels in the hearts of patients with chronic ischaemic heart
disease are predominantly microvascular

An increase both in small capillaries and in larger vessels was observed in regions of fibrosis
in hearts of chronic ischaemic heart disease patients compared to controls (Small Capillaries
<30um diameter; Control 40.63 + 10.80 vessels/ROI vs Disease 128.8 * 21.65 vessels/ROI,
P=0.0381 — Larger Capillaries >30um diameter; Control 0.50 + 0.29 vs Disease 3.94 + 1.46
vessels/ROI, P=0.0136). Phenotyping of PLVAP-expressing vessels according to diameter
revealed that the majority of PLVAP-expressing vessels in diseased myocardium were
capillary-like vessels of less than 30 um diameter (Small capillaries, <30 um diameter 33.57
9.167 vessels/ROI vs larger vessels, >30um diameter 1.55 + 0.25 vessels/ROI, P=0.006). N=4

for controls. N=5 for patients. Mann Whitney test. Results presented as Mean + SEM.
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Figure 4.9 PLVAP expressing vessels were increased in hearts of patients with acute Ml, and
were predominantly microvascular

(A) The number of PLVAP+ vessels were increased in cardiac sections from human patients
(Control 10.09 + 2.38 vs Acute M1 46.77 + 2.23, P=0.0238). (B) Further phenotyping of PLVAP-
expressing vessels specifically in disease showed that they were predominantly
microvasculature (<30um vessel diameter) (Small capillaries 11.83 + 0.93 vessels/ROI vs
larger capillaries 1.17 + 0.44, P=0.05 vessels/ROI). (C) Immunostaining of PLVAP and CD31 in
human heart tissue. Orange arrows show PLVAP and CD31 co-expressed in the same vessel
and green arrows show CD31 only expressing vessels. N=6 for controls. N=3 for acute Ml.

Mann Whitney test. Results presented as Mean + SEM.
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4.4.6 PLVAP s expressed and can be silenced in HUVECS

Gene silencing of PLVAP via siRNA technology was undertaken in HUVECs to study
the role of PLVAP in EC proliferation (as per 2.7.1.1 HUVEC proliferation assay).
Successful knockdown was validated at the mRNA level (control siRNARQ=3.0+0.9
vs PLVAP siRNA 0.2 +0.2, P=0.003, Figure 4.10) as well as at the protein level via
Western blotting (Figure 4.10)
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Figure 4.10 PLVAP is expressed and can be silenced in HUVECS

(A) PLVAP was silenced in human umbilical vein endothelial cells (HUVECs) via siRNA at the
MRNA level (control siRNA RQ = 3.0+0.9 vs PLVAP siRNA 0.2+0.2, P=0.003, relative to
housekeeper 18S expression, one way ANOVA) (B) and was confirmed at the protein level by
Western blot. Controls included no treatment control, vehicle RNAIMAX control and
scramble control siRNA. N=3. Each N number was an independent HUVEC line pooled from

multiple unknown donors. 3 technical replicates were performed for each line and group.
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4.4.7 PLVAP silencing inhibits proliferation of HUVECS

EC proliferation is a fundamental function in angiogenesis.®® An EdU incorporation
assay was used to label actively proliferating HUVECS in vitro. Inhibition of PLVAP
expression resulted in a significant reduction in EC proliferation (EdU+ ECs =

60.7+3.9%vs.21.1+11.0%, P=0.0038, Figure 4.11).
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Figure 4.11 PLVAP silencing inhibits cell proliferation in HUVECS

Percentage of EdU+ cells (%)

The role of PLVAP in endothelial proliferation was investigated via an EdU incorporation
assay. PLVAP inhibition significantly reduced EC proliferation compared to controls (EdU+ ECs
=60.7+3.9%vs. 21.1+£11.0 %, P =0.0038). N=3/group. Mann-Whitney test. Each N number
was an independent HUVECS line pooled from multiple unknown donors. 3 technical

replicates were performed for each line and group.
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4.4.8 PLVAP concentration in plasma-EDTA samples is not increased in patients

with type | MI

Following the findings that i) Plvap is increased in mouse ECs following Ml ii) PLVAP
is increased in heart vasculature of patients with both chronic and acute M, |
postulated that PLVAP could be detected in the circulation of patients with acute Ml,
and thus may represent a potential clinical biomarker. An ELISA to detect PLVAP was
performed on EDTA-plasma samples from 15 type | Ml patients and controls. Type 1
Ml is defined as myocardial ischaemia as the cause of myocardial injury due to acute
atherothrombosis.*3* The concentration of PLVAP did not change between groups
(Control 0.80 + 0.18 ng/mL vs type | Ml 0.48 + 0.08 ng/mL, P= 0.17) (Figure 4.12).
Moreover, the levels of troponin, a commonly used biomarker for myocardial injury,
432 were found to not be correlated with the levels of PLVAP in the same patient and

control cohorts (Control; PLVAP concentration vs troponin, R?=0.066, P=0.77) (Ml;

PLVAP concentration vs troponin, R2=0.067, P=0.78) (Figure 4.13).
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Figure 4.12 PLVAP concentration in EDTA-plasma is not increased in patients with type 1
mi

EDTA-plasma samples from patients with type 1 MI and controls (n=15/group) were
processed without dilution for a PLVAP ELISA. The concentration of PLVAP was not different

between the groups (Control 0.7967 + 0.1754 ng/mL vs type 1 Ml 0.4827 + 0.0761 ng/mL, P=
0.1710>0.05, Mann Whitney test. Results presented as Mean + SEM.
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Figure 4.13 PLVAP concentration in EDTA-plasma is not correlated with troponin levels in
patients with type 1 Ml

Undiluted EDTA-plasma samples from patients of type 1 Ml and controls (n=15/group) were
processed for a PLVAP ELISA. Troponin levels in patients and controls were not correlated
with levels of PLVAP in EDTA-plasma of the same patients (Control; PLVAP concentration vs
troponin, R?=0.06627, P=0.7730, Pearson correlation) (MI; PLVAP concentration vs troponin,
R?=0.06602, P=0.7825).
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4.5 Discussion

In this chapter, PLVAP was shown to be a novel target with a potential role in
neovascularisation in myocardial ischaemia. In the previous chapter, the
transcriptional landscape of cardiac ECs 7 days post Ml was explored using an
established coronary artery ligation model in mice. Analysis of single cell RNA-
sequencing data included investigation of heterogeneity of cardiac ECs post-Ml,
which clustered in 10 different ‘states’. Clusters 6, 7, and 8 were of particularinterest
asthey were predominantly composed of cells from the Ml group. The transcriptional
profile of the ECs that formed these clusters was now further investigated to
potentially unravel genes that were significantly upregulated based on the
postulation that they might underpin activated regenerative pathways. This
identified Plvap, which was taken forward for further exploratory analysis in relation

to endothelial cell function in the post-ischaemic heart.

The expression and function of PLVAP in response to cardiacinjury has not been well
characterised. In homeostasis, PLVAP has been shown to be expressed modestly in
the heart including the endocardial lining of the heart chambers. 41> When Ml injury
was introduced in the present study, Plvap gene expression levels were significantly
increased at 7 days post-MIl and expression was localised specifically in ECs in the
peri-infarct border zone. Moreover, the percentage of ECs expressing Plvap increased
significantly. The expression of Plvap in mouse cardiac ECs was also increased 4 weeks

post-MI which suggests that elevated Plvap expression is sustained following injury.

Previous studies have observed PLVAP expression in the capillaries of the heart 415433
whereas other have not. ! However, the latter studies*'! did not include a model of
injury and could have failed to detect the low levels of expression of PLVAP in
homeostasis. The expression pattern of PLVAP in injury was investigated in patients
with chronic or acute ischaemic heart disease. Following analysis of the vasculature
in areas of fibrosis in heart sections from these patients, the percentage of PLVAP
expressing vessels was significantly increased both in acute and chronic MI.

Moreover, the majority of these vessels were small capillaries which is aligned with
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existing studies that claim that PLVAP is not expressed in ECs of large vessels, 406411
The presence of PLVAP in many capillary-like vessels both in a mouse model of Ml as
well as in human patients of acute and chronic ischaemia, suggests that PLVAP is
activated in injury and may, therefore, be associated with endogenous

neovascularisation responses in areas of ischaemia and fibrosis.

The cellular mechanisms by which PLVAP might have animpact on neovascularisation
in post ischaemic injury were investigated. Following silencing of PLVAP in HUVECS
an inhibition in proliferative capacity was observed without affecting cell viability, a
novel function for PLVAP. The importance of PLVAP in formation of vascular networks
is further reinforced by existing studies that investigate the role of PLVAP in tubule
formation.*?® When PLVAP was silenced in Human Dermal Microvascular Endothelial
Cells (HMVEC) this significantly impaired the ability of those ECs to form cellular
networks.*?® This was also the case in HUVECs as well as in other primary ECs.*?3
Similar to results presented in this chapter, inhibition of PLVAP did not affect cell
viability in those studies.*?® Other studies have also shown that PLVAP enhances
angiogenesis; however, these studies have been mostly focused on tumorigenesis.
More specifically, PLVAP has been shown to facilitate vascular growth in cancer as
inhibition of PLVAP expression via small hairpin RNA prevented formation of

pancreatic adenocarcinoma in xenografts.4?

Regarding regulation of PLVAP, existing data have placed VEGF as the prime regulator
of PLVAP.*3* VEGF has shown to regulate EC permeability.*® It is therefore plausible
that VEGF regulates PLVAP as PLVAP is an essential component of FDs and SDs which
control EC permeability.*'! In fact, studies have demonstrated that treatment of
HUVECs with VEGF increased the level of expression of PLVAP via a VEGFR2
mechanism.*** This effect was reversed when using an anti-VEGF monoclonal
antibody.*** Moreover, addition of VEGF to ECs in vitro results in increased formation
of caveolae and fenestrae. 43¢ This strengthens the idea that VEGF regulated the

expression of PLVAP.
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The mechanism of action of PLVAP activation via VEGF has been reported to be
phosphatidylinositol 3-kinase (PI3K) and p38 mitogen-activated protein
kinase(p38MAPK) pathways.*** Use of the PI3K inhibitor LY294002 and the p38MAPK

inhibitor SB203580 resulted in a reduction in the expression levels of PLVAP.434

In other studies, VEGF and PLVAP were both found to be upregulated in the retina
of diabetic patients with retinal vascular leakage. However, this study did not provide
a direct link between the two proteins.**” Not all studies report a positive relationship
between PLVAP and VEGF. Interestingly, the opposite effect was seen in an
experiment, using caveolin-1 null mice, that reported that PLVAP in the lung was
inversely correlated to higher VEGF.*3® However, this was not the case when using
caveolin-2 null mice or wild type mice.**® These results suggest that caveolin-1 might
also have a role in the VEGF-mediated regulation of PLVAP. Moreover, due to the
heterogeneity of the endothelium3®” it could be the case that the regulation of PLVAP

in ECs varies in different vascular beds.

A different pathway that has been associated with PLVAP is the Wnt/B-catenin
pathway. 4397442 This relationship appears to be inverse as downregulation of the
Wnt/B-catenin pathway results in upregulation of PLVAP. 43°-442 For example, low
wnt/B-catenin signaling is associated with blood brain barrier disruption and higher

PLVAP expression, a marker of blood brain barrier dysfunction.*4!

Furthermore, an upregulation in key stalk cell markers was observed in a cluster
specific manner in cardiac ECs 7 days post-MIl. Moreover, using pseudotime analysis,
cardiac ECs of cluster 6 were shown to be primed to respond to injury and
differentiate into a stalk cell phenotype (cluster 7). This suggests that at day 7 post
cardiac injury, evidence of sprouting angiogenesis is present. During sprouting
angiogenesis, ECs arrange into stalk and tip cells.®® Tip cells lead the sprout following
an angiogenic factor (such as VEGF) gradient and proliferate minimally.®® In contrast,
stalk cells form the main bulk of the sprout and have a substantially higher rate of
proliferation.® Stalk cells form branches and form the main vascular lumen.

Moreover, they establish junctions with adjacent cells and form the new basement
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membrane.?® The main in vivo tools that have helped us elucidate the mechanisms of
sprouting angiogenesis focus primarily on the rabbit cornea, the developing mouse
retina, and intersegmental vessel growth. 443 However, the level of information in the
current literature on sprouting angiogenesis in the heartis limited. Sprouting ECs can
be detected in the heart, as shown by Apelin-driven lineage tracing mouse models.#4
Apelin expression is normally low in the adult vasculature butisincreased in response
to hypoxia and is associated with sprouting angiogenesis.**> However, the sprouting
response is not enough to meet the regenerative demand, even when enhanced by
VEGF gene therapy. *** Moreover, the dynamics of sprouting angiogenesis in the
heart are still poorly understood. Furthermore, in the majority, the ECs that adopt
the stalk cell phenotype 7 days post MI, also express the gene of interest of this
chapter, PLVAP.. PLVAP may be upregulated in stalk cells as they are in a more
“immature” and leaky state. This is supported by the fact that PLVAP is found to be a
marker of blood brain barrier damage??® and tumour endothelium.*?®> However,

PLVAP itself was found to beimportant in proliferation of ECs in our study, as silencing

of PLVAP in HUVECs resulted in attenuation of proliferation in vitro.

Following findings that PLVAP expression is increased in hearts of patients with
cardiac ischaemia, the question was raised as to whether PLVAP can be detected in
the circulation of patients with type | Ml as a potential biomarker of ischaemic
damage. To date, the concentration levels of PLVAP in the circulation of healthy
donorsand type | Ml patients had not been characterised. In this chapter, PLVAP was
reported to be detectable in plasma-EDTA samples at an average level of 0.7967
ng/mL. PLVAP levels however do not increase in patients with type 1 MI. Moreover,
the levels of troponin, a marker commonly correlated with myocardial damage?3?,
were not found to be correlated with PLVAP in healthy controls and type 1 Ml
patients. This could be explained by the 1h early timepoint that these patient
samples were taken post admission. As discussed previously, our data show elevated
PLVAP expression in Ml in mouse (7 days + 4 weeks post injury) as well as in human

patients (acute and chronic Ml). The case may be that increases in PLVAP expression

isinduced at a later timepoint.
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Certain limitations of this chapter have to be addressed. Firstly, with regard to the Ml
specific signature of ECs from clusters 6,7 and 8 it is difficult to assess the area that
these cells come from due to the lack of spatial information from tissue dissociation
(e.g. area of injury vs a remote region). Future studies will assess the spatial
characteristics of these cells in more detail (described in section 6.2 future
directions). Moreover, the effect of PLVAP should be studied in other functions such
as EC migration and in vitro angiogenesis (aortic ring model of angiogenesis**). As
far as the pattern of Plvap protein expression in the heart post-Ml, it was observed
that the majority of Plvap+ cells were in the border region of the infarct. However, it
is currently unclear what is the EC phenotype of these cells (e.g. venous vs arterial).
This can be addressed via immunostaining of 7day post-MI mouse hearts to target
Plvap and canonical vessel phenotype markers (e.g. EphrinB2 for arterial ECs,
EphrinB4 for venous ECs). Moreover, mRNA expression results showed that elevated
Plvap expression in cardiac ECs is sustained up to 4 weeks post-MI. However, due to
the “snapshot” nature of the 4-week timepoint it is difficult to assess whether Plvap
expression remains high following injury or undergoes more dynamic changes. In
addition, immunostaining will need to be performed in future studies to ensure
consistency in the transcriptomic vs proteomic signature of elevated Plvap expression
at 28 days post-Ml. Finally, as far as the levels of Plvap in the circulation of type |
patients are concerned, it was observed that Plvap levels did not change in patients
vs controls. These samples were collected 30 minutes post-admission for a Ml event.
As higher Plvap expression might be induced at a later timepoint, future studies using
later timepoint samples may provide more information on the use of PLVAP as a

clinical biomarker.

In summary, the results presented in this chapter show that PLVAP is a novel target
potentially associated with neovascularisation in cardiac ischaemia both in acute and
chronic mouse model of Ml as well as in patients with acute and chronic ischaemic
heart disease. Moreover, a novel functional role in regulating EC proliferation for
PLVAP was established. Finally, ECs that express PLVAP in injury exhibit an EC stalk

cell phenotype. These results provide insight into the potential mechanisms through
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which PLVAP exerts its effects on ECs. However, further work is required to decipher
the molecular and cellular mechanisms of PLVAP in cardiac ischaemia (described in

6.2 Future directions).
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Chapter 5 Ex vivo mouse myocardial slice culture
to study the role of VEGF-C in cardiac
neovascularisation
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5.2 Introduction

The development of high-throughput sequencing technologies has generated a
wealth of information regarding changes in the transcriptome of cardiac cells in IHD
and, more specific to this thesis, during MI. As discussed in previous chapters, such
studies have revealed many molecular targets that deserve follow-up to elucidate
their biological mechanisms and uncover their potential as therapeutic targets in

ischaemic heart disease.

At present, development of new transgenic mouse models with associated disease
models are the “gold standard” way to understand the underlying biological
mechanisms of targets identified in RNA sequencing studies.**’ However, the
development of these models is costly both in terms of funding and time, with
transgenic mouse models taking up to a yearto construct. As a result, it is not feasible

to study all these novel targets in depth.

In vitro techniques in the form of 2D or 3D cultures have been used for decades as a
method to study cellular functions.*® These provide an effective and less costly
avenue of investigating cell structure and function in narrowly defined conditions.
Moreover, they are easy to genetically manipulate through methods such as RNA
interference*® as well as pharmacological methods such as use of small molecules.**°
These assays provide a high-throughput method for investigating different cellular
functions. However, they lack the complexity of in vivo models; e.g. the absence of
essential components such as extracellular matrix and a multicellular environment.
In the realm of drug discovery, many promising pharmaceutical agents have failed to
provide a beneficial effect when brought to a more complex in vivo model system.*?
Studies of a potentially interesting gene target shown to play an essential role in a
biological function in vitro may lose these effects when progressed to an in vivo
model. Such discrepancies can be attributed, in part, to the lack of physiological

representation in existing in vitro models.

In the context of EC biology and angiogenesis, current in vitro methods can aid in the

investigation of cellular functions such as migration, proliferation or network/tubule
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formation of ECs.**> However, when looking at the molecular processes of
angiogenesis it is clear that these are multicellular in nature and occur in a complex
3-dimensional tissue environment.% Therefore, there is an increasing need for a
higher complexity model while still maintaining the high throughput of previous
models. This canin turn be used to investigate the biology of targets identified in RNA

sequencing studies with the aim of guiding future translational studies.

One such model is the myocardial slice culture model.**3 These thin (100 - 400um)
sections of myocardium can be prepared from human or animal cardiac tissues.*>3"
45 They maintain contractility and electrophysiological function as well as a
multicellular structure with extracellular matrix. 345> This allows for an in vitro
model that more closely resembles in vivo myocardial properties and has
pathophysiological relevance, compared to existing in vitro models. Importantly,
myocardial slices can be prepared from human biopsies.3”7%% |t is known that
anatomic and genetic differences between animal models and humans result often
in failure in translating findings into the clinic. Myocardial slices prepared from
human biopsies can provide a clinically relevant in vitro model that is high throughput
and offers mechanistic insight. Other human cardiac models that offer similar
multicellular characteristics are whole heart preparation in the form of cardiac tissue
wedges, trabeculae and Langendorff perfused hearts.** However, these cardiac
models are very limited in throughput and come with many technical challenges in
their maintenance. Thus, myocardial slices are the only human multicellular model
that is high throughput, complex and has the capacity for chronic culture and in vitro
manipulation. There have been a number of studies that have used the myocardial
slice model for acute pharmacological testing and in vitro toxicology experiments*>®-
458 as it has a more representative electrophysiological signature compared with

other cardiac models.*>°

Additionally, the use of myocardial slices serves the 3Rs: Replacement, Reduction and
Refinement which aim to improve animal welfare in research, as multiple myocardial
slices can be generated peranimal.**® Furthermore, in many cases, transgenic mouse

models are generated for novel gene targets that originated from unreliable existing
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in vitro methods. Due to their increased relevance to myocardial physiology, the use
of myocardial slices can benefit the 3Rs by reducing the generation of new transgenic

mouse models that do not produce expected results.

Mouse myocardial slice preparation and culture in this thesis was adapted from
Watson et al., 20173”7 and the detailed method has been described in section 2.7.2
Myocardial slices. In brief, the whole mouse heart was dissected followed by removal
of the right atrium.3”” Subsequently, the left ventricle was flattened by cutting across
the interventricular septum and then sectioned into slices using a high precision

vibratome.3””

Myocardial slices were initially described in 1946 to study metabolism of rat hearts
in response to haemorrhagic shock.*®® In 1995, Parrish et al*®' showed that heart
slices are not able to retain the contractility of cultured cardiomyocytes. However,
this has seen substantial improved lately with labs reporting maintenance of a

462 in heart slices prepared from human

contractile phenotype for up to 3 months
biopsies. The culturing of myocardial slices has been used primarily for studying
cardiomyocyte physiology, specifically to recreate a cardiac phenotype in vitro
including sarcomeres, Ca*? handling and t-tubule structures with the aim of
introducing a new assay to test novel therapeutic agents in the context of

electrophysiology of cardiac failure.*63

In this chapter, | explored the use of the myocardial slice culture model to investigate
EC biology and more specifically vascular network formation as a response to external
stimuli of hypoxia and VEGF-C. The development of the coronary vasculature and the
lymphatic system during embryogenesis are mediated by VEGF-C signalling through
VEGFR3, which is expressed by blood and lymphatic ECs.*446> VEGF-C is typically
associated with lymphangiogenesis in postnatal tissues. 4667468 This is due to VEGFR3
expression being thought to be specific to the lymphatic vasculature during the final
stages of development 466468 ‘making VEGF-C a lymphatic EC-specific growth factor,
with vascular angiogenesis occurring via independent mechanisms.*¢%470 However,

multiple studies have now shown that VEGFR3 expression is in fact present on adult
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vascular ECs, suggesting that VEGF-C signalling may take part in postnatal vascular
angiogenesis.*’**74 Furthermore, VEGF-C has been found to be a ligand that binds to
several receptors (VEGFR-2, VEGFR-3, NRP-1, and NRP-2) all which have been shown
to take part in angiogenesis.*’”>4’® Moreover, recent studies have shown enhanced
lymphangiogenesis and improved cardiac function following injuryin the adult mouse
heart following treatment with VEGF-Cis6 which is a mutant form of VEGF-C that
selectively targets VEGFR3.47-47° However, the role of VEGF-C in the cardiac
vasculature following Ml has not been deduced. Interestingly, studies using a rat
mesentery model have suggested that lymphangiogenesis is dependent on a
preceding angiogenic response driven by VEGF-C.%%481 Hence, the gap in knowledge
of the angiogenic potential of VEGF-C specifically in the heart was the main rationale

for the choice of follow up studies in this chapter.
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5.3 Experimental design, hypothesis and aims

The following hypothesis was formed:

e Exogenous VEGF-C and hypoxia can enhance the cardiac neovascularisation
response via cardiac endothelial cell proliferation in the mouse myocardial

slice culture model.
The hypothesis will be addressed by the following aims:

1. The increase of VEGF-C expression in mouse cardiac ECs post-MI will be
investigated via single cell RNA sequencing.

2. The mouse myocardial slice model will be developed using Pdfdb-iCreER?-
R26R-Brainbow2.1 mice to investigate the effect of hypoxia and VEGF-C in
cardiac EC proliferation and angiogenesis (Figure 5.1)

3. Viability of myocardial slices will be assessed via TUNEL staining as a measure
of cell apoptosis.*®?

4. Changesinvasculature will be assessed via CD31 immunostaining and analysis
with IMARIS software.

5. Cell proliferation will be assessed via ki67 staining®®3 and IMARIS analysis.
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PART 1: MOUSE STUDY: VEGF-C TREATMENT

Pdgfb-iCreERT2-
R26R-Brainbow?2.1

0DAYS 2 4 6 8 | MYOCARDIAL sLICE
. ) (FOR PART 2)
Y
(8-12 WEEKS, TOTAL n = ) 1.PBS (n=3)

2 VEGF-C (n=3)

PART 2: TISSUE SLICE STUDY

MOUSE STUDY TISSUE SLICE STUDY
VEGF-C / PBS Hypoxia [1.0/0]/ VEGF-C IC
P Normoxia [100 ng/ply/
no VEGF-C IC

VEGF-C
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Hypoxia

n=6 slices No VEGE-C

VEGF-C n=3 slices
n=3 mice
n=12 slices/ mouse VEGF-C
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Normoxia
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No VEGF-C
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PBS n=3 slices

n=3
n=12 slices/ mouse VEGF-C
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Normoxia

n=6 slices No VEGF-C

n=3 slices

Figure 5.1 Experimental workflow for myocardial slice culture

Partl; Pdgfb-iCreERT2-R26R-Brainbow2.1 mice (8-12 weeks) were injected

intraperitoneally with PBS (PBS IP, n=3) or human recombinant VEGF-C (0.1 ug/g,
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n=3) (VEGF-C IP) at days -1, -3, -5 and -7 before culling and heart tissue collection.
Hearts were dissected and myocardial slices prepared. An average of 12 myocardial
slices were obtained per mouse. Part 2; Myocardial slices were cultured in 1% hypoxia
or normoxia with or without 100 ng/uL human recombinant VEGF-C (VEGF-C IC) for
24 hours. Tissues were fixed in 4% PFA for imaging. IP= intraperitoneal injection, IC=

in culture.
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5.4 Results

5.4.1 Expression of members of the VEGF-C signalling pathway is increased in

mouse cardiac Pdgfb lineage ECs at 7 days post-Ml

Single cell RNA-sequencing analysis of adult mouse coronary vascular Pdgfb lineage

ECs revealed differential expression of genes associated with VEGF-C signalling

(Vegfc, Vegfr3/FiIt4, Nrpl, Nrp2) in the healthy and injured heart at 7 days post-Ml

(Figure 5.2) i.e. during peak neovascularisation 448>
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Figure 5.2 VEGF-C signalling related genes are differentially expressed in Pdgfb
lineage cardiac endothelial cells at 7days post-MI

Dot plots displaying differential average and percentage expression of VEGF-C signalling
genes (Vegfc, Vegfr3/Fit4, Nrpl, Nrp2) in healthy and 7days post-myocardial infarction (Ml).
N=4/ group. Mann-Whitney test.
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5.4.2 Presence of VEGF-C in culture and hypoxia increases blood vessel network
area in myocardial slices

Initially, vascular networks in the myocardial slices were identified by CD31
immunofluorescence staining (Figure 5.3). Subsequently, immunofluorescence was
rendered using IMARIS to generate a 3D vascular network. The area of EC blood
vessel networks in myocardial slices was determined using IMARIS 3D imaging

software (according to section 2.13.2).

Exposure to hypoxia increased blood vessel area when compared to normoxic
conditions (P=0.0405) (Figure 5.5). Exposure to VEGF-C in culture increased blood
vessel area when compared to slices without VEGF-C in culture (P=0.0277) (Figure
5.5). Furthermore, assessment of blood vessel area via a 3-way ANOVA revealed a
significant interaction between the effects of hypoxia and VEGF-C presence in culture

(P=0.0385).
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PBSIP VEGF-C IP

Normoxia
VEGF-C IC Normoxia

Hypoxia

Hypoxia
VEGF-C IC

Rat igG2A

Figure 5.3 CD31 expression in myocardial slices

Mice were injected intraperitoneally (IP) with PBS or VEGF-C (n=3/group), myocardial slices
were cultured in hypoxia/normoxia, with/without VEGF-C treatment in culture (IC).
Representative images show immunofluorescence staining of CD31 (green) as a marker of
ECs”® with DAPI nuclear stain (blue) in myocardial slices. White boxes highlight magnified area
(displayed adjacent to respective image). A ratigG2A isotype was used as a control. Scale bar

sizes are =100um and in magnified regions they are 50um. IP= intraperitoneal injection, IC=

in culture.
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Figure 5.4 The area of blood vessel networks in myocardial slices was increased following
culture in hypoxia and with exposure to VEGF-C

(A) Blood vessel area in myocardial slices from PBS or VEGF-C injected mice, cultured in
hypoxia/normoxia and VEGF-C/no VEGF-C. Individual data points represent the average of 3
technical replicates (i.e. regions of interest where areas contained CD31
Immunofluorescence and were spaced evenly across the tissue) from each mouse. Each slice

per group originated from independent biological replicates (B) Vessel area means and SEMs
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for all groups (C) Three-way ANOVA analysing the effect VEGF-C IP, VEGF-C IC and hypoxia
on blood vessel area. There were significant main level effects between Normoxia vs Hypoxia
(P=0.0405, increase in blood vessel area in hypoxia) and VEGF-C vs no VEGF-C in culture
(P=0.0277, increase in blood vessel area with VEGF-C in culture). There was a significant
interaction effect between Normoxia vs Hypoxia x VEGF-C vs no VEGF-C in culture (P=0.0385).

Data expressed as mean = SEM. All groups, n=3 mice/group. IP= intraperitoneal injection, IC=

in culture.
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5.4.3 Presence of VEGF-C in culture and hypoxia increases blood vessel network
volume in myocardial slices

The volume of vessel networks in myocardial slices was determined using IMARIS 3D
imaging software, based on CD31 expression. Exposure to hypoxia increased blood
vessel volume when compared to normoxic conditions (P=0.0234) (Figure 5.5). VEGF-
C treatment in culture resulted in an increase in blood vessel volume (P=0.0325).
Furthermore, the interaction between the effects of decreased oxygen concentration
and VEGF-CIC on blood vessel volume was shown to be significant (P=0.0454) (Figure
5.5).
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Figure 5.5 Volume of blood vessel networks in myocardial slices was increased following
hypoxic culture and exposure to VEGF-C

(A) Blood vessel volume in myocardial slices from PBS or VEGF-C in vivo injected mice,
cultured in hypoxia/normoxia and with media supplemented with/without VEGF-C.
Individual data points represent the average of 3 technical replicates (i.e. regions of interest
where areas contained CD31 Immunofluorescence and were spaced evenly across the tissue)
from each mouse. Each slice per group originated from independent biological replicates. (B)
Vessel volume means and SEMs for all groups. (C) Three-way ANOVA analysing the effect of
VEGF-C IP, VEGF-C IC and hypoxia on blood vessel volume. There was a significant

independent effect in normoxia vs hypoxia (P=0.2334, increase in hypoxia) and a significant
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independent effect in VEGF-C vs no VEGF-C in culture (P=0.0325, increase in presence of
VEGF-Cin culture). There was a significant interaction effect in blood vessel volume between
Normoxia vs Hypoxia x VEGF-C vs no VEGF-C in culture (P=0.0454). Data expressed as mean

+ SEM. All groups, n=3 mice. IP= intraperitoneal injection, IC=in culture.
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5.4.4 VEGF-C treatment in vitro interacts with hypoxia/normoxia to alter the
number of blood vessel embedded nuclei in myocardial slices under normoxic
conditions

The next aim was to clarify whether the observed increase in vessel area and volume
in response to hypoxia and VEGF-C treatment in vitro was due to increased EC
number. Total EC number within vessel networks was quantified for each group using

IMARIS (according to section 2.13.2)

There were no changes in the percentage of ECs observed due to normoxia or hypoxia
(P=0.1162), IP injection of VEGF-C prior to sacrifice (P=0.9875), or addition of VEGF-C
in culture (P=0.3526), in an independent fashion. (Figure 5.6). However, a significant
interaction was detected between the effects of normoxia/hypoxia and VEGF-C
presence in culture on the percentage of ECs following analysis using a three-way

ANOVA (P=0.0472) (Figure 5.6).
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Figure 5.6 Endothelial cells are increased in number in myocardial slices following
treatment with VEGF-C and culture in normoxic conditions

(A) IMARIS 3D rendering of CD31 and DAPI immunofluorescence. The distance from the
centre of the nucleus (pink sphere) and vessel surface (green) was set to 1um. Nuclei 0-1um
from a vessel surface were classed as ECs. (B) The percentage of ECs (from total DAPI+ nuclei)
in myocardial slices was calculated in each group; PBS IP or VEGF-C IP, hypoxia/normoxia,
and VEGF-C IC/ no VEGF-C IC. Individual data points represent the percentage of ECs from
each slice. Each slice per group originated from independent biological replicate. (C) Means
and SEMs of percentage ECs per group (D) Three-way ANOVA analysing the effect of VEGF-C
IP, VEGF-C IC and hypoxia on the percentaeg of ECs. There were no significant independent
effects observed. There was a significant interaction effect in the percentage of ECs observed
between Normoxia vs Hypoxia x VEGF-C vs no VEGF-C in culture (P=0.0232). Data expressed

as mean * SEM. All groups, n=3 mice. IP= intraperitoneal injection, IC=in culture.
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5.4.5 Cell proliferation in cultured mouse myocardial slices is not affected by
hypoxia, exposure to VEGF-C in vitro, or IP administration of VEGF-C

Having shown that VEGF-C IC and hypoxia increased blood vessel area and volume,
and that the percentage of blood vessel embedded nuclei increased when exposed
to VEGF-C IC under normoxic conditions; the next aim was to evaluate the overall
levels of cell proliferation. The total level of cell proliferation in myocardial slices in
each group was assessed by performing Ki67 immunostaining. However, Ki67

expression was not significantly affected by hypoxia, VEGF-C ICand VEGF-CIP (Figure
5.8).
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Figure 5.7 In vivo VEGF-C injection, hypoxia and VEGF-C treatment in vitro does not affect
cell proliferation

(A) Representative images of DAPI and ki67 immunofluorescence in cryosections of
myocardial slices. ki67 positive cells indicated with white arrows. Isotype control was
rat igG2A. Scale bar = 50um. Isotype expression did not colocalize with nuclear DAPI
signal in the nucleus. (B) Percentage of ki67 positive cells in myocardial slices from
PBS or VEGF-C injected mice, cultured in hypoxia/normoxia and VEGF-C/no VEGF-C
(n=3 slices per group, n=2 slices VEGF-C IP/ Normoxia/ VEGFC-IC & VEGF-C IP/
Hypoxia/ VEGF-C IC. Individual data points represent the average of 3 technical
replicates (i.e. regions of interest where areas contained CD31 Immunofluorescence
and were spaced evenly across the tissue) from each mouse. Each slice per group
originated from independent biological replicate. (C) Means and SEMs of % ki67
positive cells detected in myocardial slices (D) Three-way ANOVA of the effect of in
vivo VEGF-C injection, hypoxia and VEGF-C treatment in vitro on the percentage of
ki67 positive cells. There was no overall difference observed. Results are expressed

as mean = SEM. IP=intraperitoneal injection, IC=in culture.

190



5.4.6 The rate of cardiac cell apoptosis in cultured myocardial slices is not
influenced by hypoxia, presence of VEGF-C in culture or VEGF-C injections

ATUNEL assay*®? was used to determine whether the myocardial slice culture process
and conditions had an influence on cell integrity (Figure 5.8). 46.23 + 3.16% of cells
were apoptotic in the myocardial slices following 24 hours in culture (n=22, from all
groups) (A, Figure 5.9). When comparing between the groups, intraperitoneal
injection of VEGF-C, oxygen concentration (normoxia/hypoxia) or in vitro culture in
VEGF-C did not significantly affect the percentage of apoptotic cells. (B, C, D Figure
5.9).
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Figure 5.8 In vivo VEGF-C injection, hypoxia and VEGF-C treatment in vitro does not
influence apoptosis in cultured myocardial slices.
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TUNEL assay was performed on sections of myocardial slices (5um) as a measure of
apoptosis. Effect of VEGF-C injection, oxygen concentration and VEGF-C in culture on

apoptosis assessed by TUNEL staining. Control = TUNEL positive control. Scale bar =
100um.
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Figure 5.9 In vivo VEGF-C injection, hypoxia and VEGF-C treatment in vitro does not affect
apoptosis in cultured myocardial slices (cont.)

TUNEL assay was performed on sections of myocardial slices (5um) as a measure of
apoptosis. (A) Overall apoptosis levels across all slices, 46.23 £ 3.16, n=22 slices. (B)
TUNEL-positive cells (%) across the different groups (n=3 slices per group, n=2 for
VEGF-C IP/ Normoxia/ VEGFC-IC & VEGF-C IP Hypoxia VEGF-C IC. Individual data
points represent the average of 3 regions of interest (technical replicates) selected
randomly within each slice, avoiding the edge of the tissue. (C) TUNEL-positive
percentage means and SEMs for all groups. Each slice per group originated from
independent biological replicates. (D) Three-way ANOVA analysing the effect of
VEGF-C IP, VEGF-C IC and hypoxia on the percentage of TUNEL-positive cells. There
was no overall difference in apoptosis. Data expressed as mean * SEM. [P=

intraperitoneal injection, IC=in culture.
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5.5 Discussion

The aim of this chapter was to develop a model of ex vivo myocardial slice culture to
study neovascularisation in the heart in an in vitro manner while still maintaining the
complexity of the heart’s cellular architecture. Existing cell culture methods studying
EC contribution in neovascularisation have limitations as they do not provide the
complexity of in vivo models. This is especially the case when investigating
multicellular processes such as angiogenesis.*®® Hence, a model with more
complexity that has increased translational potential is required. Furthermore, this
model would need to be amenable to external stimulation and manipulation in the
form of application of small drug molecules or genetically via gene therapy in order
to study mechanisms in depth. Here, exogenous VEGF-C was successfully used to
initiate a change in cardiac vasculature. Existing published studies that have used the
myocardial slice culture model have focused primarily on cardiac electrophysiology*®’
and in vitro drug safety screening.*®® No studies to date that have used this model to

investigate  cardiac EC  dynamics in the context of cardiac

angiogenesis/neovascularisation.

A point that is worthy of discussion is the rate of cell apoptosis that was observed in
this study and its potential effects on the rest of the results. The proportion of
apoptotic cells in the myocardial slice model could be considered high (46.23 +
3.16%). Watson and colleagues®’” reported that 59.94 + 4.35% of cells were alive on
the surface of rat myocardial slices and 47.42 + 4.59% of cells were alive on the
surface of human HF slices. However, they reported that below the slide surface
almost all cardiomyocytes were alive. A more recent study by the same group
reported that the proportion of viable cells on the slide surface after 1 day in culture
was 75% on average but ranged from 40% to 85%.4%° The rate of apoptosis in the
presented study due to slicing damage or the culturing process cannot be excluded.
However, there is one explanation thatis worth considering. The rate of apoptosisin
this study was investigated via TUNEL staining of thin (5um) cryosections sections
that were prepared from 200um thick sectioned myocardial slices. As seen from the

studies referenced above there is a discrepancy between the levels of cell death in
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the surfaces of the myocardial slices and the inner layers of the tissue.3”” For this
reason, the inner layer of slices were chosen for TUNEL staining to identify the rate
of apoptosis. Following sectioning with the vibratome, these slices were embedded
and frozen in Optimal Cutting Temperature (OCT) media for 5 um sectioning and
TUNEL staining. The perfect horizontal orientation of the 200um in embedded OCT is
technically challenging. As a result, upon sectioning, the sections obtained could
contain cells that were part of the surface thus increasing the percentage of apoptotic
cells detected. In the future, TUNEL staining of whole myocardial slices can be
performed to address this issue. Moreover, in this study the identity of the cardiac
apoptotic cells was not investigated. In the future, co-staining of TUNEL with cell
specific markers (TNNT2 for cardiomyocytes, CD31 for ECs, RGS5 for pericytes, DCN
for fibroblasts) can be used to identify if there is a particular cardiac cell type

susceptible to apoptosis during culture oris in fact a mixture.

Another explanation for the high rate of apoptosis that was observed is the encasing
of the heartinto agarose prior to slicing, resulting in damage due to hypoxia. Agarose

embedding for organotypic tissue slice culture has been used successfully before 4%°

but more recent studies advocate against it due to potential hypoxic damage.377:4>3-
455 n this study, the agarose casing was chosen out of necessity, due to the available
equipment. The vibratome that was available for this project requires lateral
mounting of the specimen. If used without agarose, then the tissue would only be
held via tissue glue on the specimen holder, thus making it unstable and prone to
falling. In the published studies where agarose is not used, the vibratome that is used
requires horizontal mounting of the sample which is glued to the specimen holder via
tissue glue.3”” However, although the use of agarose in myocardial slice preparation
is not ideal, sample apoptosis due to agarose-induced hypoxia is unlikely as the
addition of a 4°C Tyrode’s solution supplemented with 30mM 2,3-Butanedione
Monoxime during slicing, reduces the energetic demands of the myocardium and

minimizes the possibility for ischaemia.*3

Another consideration is the choice of media for culture. The media chosen for this

study were also used in the original myocardial slice preparation protocol.?”” That
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study only showed substantial cell death on the surface of the myocardial slices. Thus,
there is no reason to suggest that the choice of media contributed to apoptosis.
Interestingly, more recent studies suggest that the culture medium used (Medium
199) is not sufficient to support the high energy demands of the cardiac tissue; and
thus opted for 10% FBS, VEGF and FGF supplementation and made the case that they
are essential.*®! The same study suggested that the liquid-air interface culture that is
used in this study but also many others 489492493 contributes to cell death. Hence,
they developed a submerged culture methodology that showed good myocardial
slice viability for up to 6 days.**? It is worth mentioning that different studies claim
that nutrient demands in myocardial slice culture are fulfilled by serum free media.*¢?
Evidently, more work needs to be conducted to deduce the optimal culture media
conditions for maximum myocardial slice viability but also similarity to the in vivo

environment.

The mouse myocardial slice model is not used frequently, even by the most
experienced groups in using the model. Recent reviews state that using mouse tissue
for myocardial slice preparation comes with many technical hurdles as the heart is
too small resulting in pronounced curved geometry and difficultly in handling,
potentially resulting in reduced viability. % For this reason, myocardial slice
preparation has shifted more to using slices prepared from rats, rabbits and human

biopsies.**

A limitation that needs to be acknowledged is the lack of electro-mechanical
stimulationin our model of myocardial slice culture. Recently, studies have suggested
that, for the adult cardiomyocyte phenotype to be maintained in culture, there needs
to be a physiological mechanical force applied as well as electrical stimulation.4°?
When this is not the case, the transcriptomic profile of cardiomyocytes as well as
their structure and function is prone to de-differentiation. Hence, results generated
in this chapter should be validated using a myocardial slice model that includes

mechanical force and electrical stimulation.
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The gold standard method of culturing myocardial slices was initially described by
Brandenburger and colleagues**and involved culturingin a liquid-air interface using
a semi-porous tissue culture insert. This allows for cell survival up to 28 days.
However, cardiomyocytes can undergo substantial dedifferentiation due to lack of

48 Moreover, there is

flow, electrical stimulation and mechanical loading.
proliferation of stromal cells and loss of usual ultrastructure myocyte phenotype.*®?
Experiments using myocardial slices by Brandenburger and colleagues** showed
good viability, B-adrenergic response and maintenance of electrophysiological
properties for 28 days. However, loss of structural and functional integrity after 24
hours in culture as evident by loss in contractility and reduction in mRNA levels of a-
actin. %% Interestingly, static mechanical loading using A-frame stretches greatly
reduced the rate of proliferation of cardiac fibroblasts on cultured myocardial slices
at 3 and 7 days.*® In general, slices have been shown to remain viable in culture for
up to 3 months but this comes at a severe de-differentiation cost and change in

transcriptomic and proteomic profile.**

In 2019, efforts were made to improve the similarities of myocardial slices to the in
vivo environment. This includes electrical stimulation, mechanical loading (preload
and afterload) as well as improved oxygenation and nutrient support. 46249349549
More specifically, Qiao and colleagues**® developed an automated heart-on-a-chip
culture system using myocardial slices and enhanced culture conditions with
continuous 0,/CO; control, an orbital shaker, media circulation , static mechanical
loading and electrical stimulation.**® Moreover, Watson and colleagues*? aimed to
improve the myocardial slice culture model via application of simultaneous electrical
stimulation and preload on rat, rabbit and failing human heart slices.*>®* Myocardial
slices were progressively loaded to different sarcomeric lengths and achieved sub-
micrometer resolution. Their results suggest that electromechanical stimulation
while in culture is critical at preventing dedifferentiation. This was the case up to 5
days when using rabbit myocardial slices. Interestingly, hypertrophic genes and
calcium transient amplitude were found to be upregulated after 24 hours in culture

in comparison to fresh heart slices. However, cardiomyocyte size did not vary even
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with these changes. This suggests that even though these improvements bring the
myocardial slice model closer to the in vivo environment, they are still not totally
representative. A different study that aimed to investigate the effect of mechanical
stimulation to resident cells in the myocardial slices showed that mechanical loading
attenuated cardiac fibroblast proliferation. “8° Moreover, cardiac fibroblasts in slices
kept their structure longer than those singly cultured. In culture, cardiac fibroblasts
started expressing aSMA within a few days whereas in slices that was not the case

until day 7. 4%

Furthermore, Ou and colleagues*'4% showed that despite proprietary culture
media, frequent oxygenation, and electrical stimulation, myocardial slices showed
dedifferentiation by day 10 in the form of loss of contractility and disruption of
expression of more than 500 genes. This suggests that myocardial slices can be used
over the span of a few days for testing, but techniques for long-term culture need
improvement. In the future, new developments of the myocardial slice model,
namely electromechanical stimulation, will be added to increase viability and
similarity to the in vivo cardiac environment to study EC dynamics in the context of

cardiac angiogenesis/neovascularisation.

Another limitation of the myocardial slice modelis the lack of capillary flow dynamics,
asall nutrient exchange is achieved through passive diffusion. Despite the myocardial
slice model being improved constantly, the introduction of capillary flow will be
something that will be difficult to achieve, considering the most recent iterations of
the model.*** Moreover, in order to accurately simulate the in vivo heart
environment in culture there would be a need for hormonal and adrenergic
stimulation, which is absent from most myocardial slice model iterations.*>* In
addition, in spite of the myocardial slice model being shown to be beneficial in drug
testing and discovery, especially in the realms of toxicology,*% a limitation of the
system is the lack of accurate in vivo pharmacokinetics as the majority of drug

metabolism occurs in the liver.?%’
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Sampling awareness in myocardial slice preparation is crucial. From the latest single
cell RNA sequencing studies, it is clear there are anatomical differences between
similar cell types in the heart.**® Current studies utilizing myocardial slices tend to use
tissue prepared from the left ventricle, as described in this thesis chapter. However,
depending on pathology, different regions might be more appropriate; for example
using the right ventricle to investigate right ventricular hypertrophy. Moreover, an
important point is the acknowledgement of the difference in properties across the
layers of the cardiac wall i.e. endocardium, myocardium, epicardium. For instance,
the epicardium is known to harbour cell populations that are currently being

investigated for their regenerative properties.*®

In this study, the target of choice was VEGF-C, a member of the VEGF ligand family
and a critical regulator of angiogenesis and lymphangiogenesis. 14 VEGF-C has been
previously shown to also play an essential role in the lymphangiogenic responses in
the heart post-MI.>% Moreover, treatment with VEGF-C in mouse models of Ml
resulted in improved cardiac function.>® However, its role in blood vessel
angiogenesis in the heart is not well understood. The in vivo administration of VEGF-
C prior to myocardial slice culture was found to not affect vascular network area,
volume or EC proliferation. However, this could be due to the lack of sufficient
stimulation like in vivo ischaemia. Ischaemia may prime the vascular environment and

01 and endogenous vascular activation by

could perhaps be a pre-requisite for repair
VEGF-C. On the other hand, exogenous VEGF-C added in culture was found to
contribute to changes in vasculature in an independent manner but also in
conjunction with hypoxia. An explanation for this may be that the myocardial slice
culture process is a form of stress following slicing and culture which activates the
VEGF-Cinduced changes in vasculature. Regarding the mechanism involved, VEGF-C
primarily binds to VEGFR3 but also VEGFR2, albeit at a reduced affinity.>°2 VEGF-C has
been found to regulate angiogenesis when binding with VEGFR2. °%2 Moreover,
intramyocardial injection of VEGF-C can induce the establishment of collateral

circulation in ischaemic myocardium, thus strengthening the claim of the potency of

VEGF-C in the cardiac vasculature. °° In the context of the myocardial slice model,
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future work investigating the expression of members of the VEGF-C signalling
pathway will be useful at elucidating similarities and differences with the

aforementioned mechanistic studies about VEGF-C.

Hypoxia in culture also stimulated a pro-angiogenic response. Angiogenesis was
indicated by an increase in the area and volume of the vascular network. An increased
number of ECs confirmed that EC proliferation was the likely mechanism of vascular
network activation following VEGF-C administration in vitro. Hypoxia inducible
factors (HIFs) are a family of transcription factors that respond to hypoxia and
regulate several processes required for angiogenesis. VEGF-C is a specific target for
hypoxia inducible factor 2a (HIF2a).°®* This indicates the potential for hypoxia
priming for EC repair at the transcriptional level. Mice that were pre-conditioned
with VEGF-C prior to myocardial slice preparation, with further exposure to a hypoxic
environment in culture, did not demonstrate enhanced vasculature activation. This
indicates that there may be a physiological limit to the level of angiogenic stimulation
achievable in myocardial slice culture. Similarly, it could indicate that they may be
acting on the same pathway. Furthermore, hypoxia may have induced HIF2a and

enhanced endogenous VEGF-C expression.

As far as proliferation levels are concerned, while there was no overall difference in
total cell proliferation based on ki67 immunostaining, EC proliferation was increased
following VEGF-C treatment, based on data showing increased blood vessel
embedded nuclei in myocardial slices cultured in normoxia and VEGF-C. Ki67 is
expressed during G1, S, G2 and mitotic phases of the cell cycle, but not G0.*# Ki-67 is
a late marker of cell-cycle entry and Ki-67 mRNA levels are highest in G2 while protein
levelsincrease throughout the cell cycle, peaking in mitosis.>® Cells may have already
entered the cell cycle in response to VEGF-C and hypoxia, and then quiesced in GO.
Thus, staining for ki67 may not be an informative method of assessing proliferation.
It would be beneficial to examine EC proliferation specifically, and to introduce a
timecourse of analysis. Ki67+/CD31+ cells could be quantified to specifically
determine the effect of VEGF-C injection, oxygen concentration or culture in VEGF-C

on EC proliferation.
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A complex model such as the myocardial slice culture model is closer to the in vivo
tissue environment and is thus better suited for translational research. However, it is
worth mentioning that the complex nature of the model can hamper the
identification of cause-effect relationships due to the multicellular and complex
structural nature of the myocardial slice model. At the same time, less complex and
reductionist models can aid in understanding cause-effect relationship in an easier
way but at cost of harder translation ability. This fine balance is core to experimental
model choice and should be always hypothesis-dependent in order to choose the
best model depending on experiment question and design. In the context of this
study, the enhancing effect of exogenous VEGF-C to the cardiac vasculature in the
myocardial slice model is described and opens many opportunities forimprovements
in the culture model itself but also in the manner of specific target manipulation with
the aim of enhancing the endogenous cardiac neovascularisation response. However,
the level of cardiac cell apoptosis will need to be addressed in a more accurate way

in the future to assess impact on results.
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Chapter 6 Discussion & future work
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6.1 Key findings

6.1.1 The healthy adult mouse heart undergoes endothelial cell turnover via clonal

proliferation

The adult endothelium was originally thought to be in a state of quiescence, which
was defined as a state in which ECs are not stimulated but are instead waiting to be
activated by incoming signals.”® The paradigm has now shifted to the idea that the
endothelium is instead in a state of “active quiescence” that retains its incredibly
dynamic functions. This involves a multitude of simultaneous dynamic molecular
mechanisms, including signalling by FGF, VEGF, Wnt, Angiopoietin, BMP and TGFp,
that maintain the homeostatic functions of the endothelium according to the needs

of each vascular bed.>%

Using the Pdgfb-iCreER™>-R26R-Brainbow?2.1 lineage tracing mouse model, this thesis
showed that ECs with a Pdgfb lineage undergo turnover via clonal proliferation in the
healthy adult mouse heart. This information adds to recent evidence that the EC
population of the heart is dynamic under physiological conditions and is in fact the
population with the highest turnover in the human heart in homeostasis.'®* More
specifically, the whole EC population is fully exchanged every 6 years in human
adulthood at a rate of 16.7% per year in adult life.'! Importantly, results from this
thesis show that the cellular mechanism behind this turnover is local clonal expansion
of cardiac resident ECs. However, it is not currently clear if there are other turnover
cellular mechanisms at play in the adult mammalian heart. Possible scenarios include
differentiation from vascular wall-resident stem and progenitor cells (VW-SC) that
reside in the adventitia of the vessel wall.®® Older studies in the 1970s have shown
that vessel wall ECs retained the capacity to undergo self-replication, possibly
through clonal expansion. %8169 However, this thesis investigated Pdgfb lineage ECs
only. Different EC lineages in the heart could exhibit different homeostatic cellular
mechanisms of turnover. In summary, this thesis increases current evidence of the
dynamic nature of EC turnover in the adult mammalian heart and shows that the

cellular mechanism is that of clonal proliferation.
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6.1.2 Clonal proliferation of cardiac endothelial cells is a key mechanism of
neovascularisation following myocardial infarction, with minimal contribution from

the bone marrow

A key finding from this thesis is that clonal expansion of resident cardiac ECs is a
cellular mechanism that underpins neovascularisation in the post-Ml heart. Tracing
cardiac ECs using a Pdgfb-iCreER">-R26R-Brainbow2.1 adult mouse model showed
large monochromatic clones of ECs contributing to the neovascularisation of the
infarcted area at 7 days post-Ml. These results expand on existing studies showing
that pre-existing cardiac ECs form new vessels after cardiac ischaemia.'3* Moreover,
this finding is consistent with recent findings by Manavski et al. that showed Cdh5+
cells contributing to the generation of perfused and mature microvessels at 7 and 14
days post-MI via clonal proliferation.3?® The phenotype of the ECs that form these
clones is still unclear. Ideas range from the existence of a subset of adult cardiac ECs
with progenitor-like characteristics to micro-environmental changes that stimulate

ECs to clonally proliferate but further work is required to decipher this.

The additional piece of evidence of clonal expansion of cardiac ECs post-MI that this
study provides adds to the complicated literature of EC contribution to new vessels
that are formed following myocardial injury. #¢ Other studies have suggested that
contributions from non-EC lineages, such as cardiac fibroblasts, is likely.}*¢ However,
the most up to date lineage tracing mouse model has shown that the contribution of
non-EC sources to the newly formed vasculature is minimal.'3® 3% Studies

investigating the EC contribution to the post-Ml vasculature have shown that ECs can

134 144

also be derived from the endocardium™*, epicardium*** and from migration of cells
from the bone marrow and/or the circulation during ischaemic injury .3%7:3% This topic
gets more complicated when pro-angiogenic paracrine mechanisms from different
cell populations are considered. For instance, epicardium-derived cells have been
suggested to promote neovascularisation in the infarct region by secreting paracrine
factors such as VEGFA, FGF2, Wnt family member 1 and thymosin beta 4 that

stimulate EC proliferation and angiogenesis.'#?
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Importantly, this thesis demonstrated that the Pdgfb lineage ECs that participate in
neovascularisation in the peri-infarct border in the post-MI adult mouse heart via
clonal proliferation do not derive from the bone marrow. This could explain in part
the disappointing results of clinical studies using autologous bone marrow-derived

cells for therapeutic angiogenesis in patients with ischaemic heart disease. 3%43%

As far as the molecular mechanisms behind clonal expansion of ECs in the post-Ml
heart are concerned, single cell RNA sequencing conducted in this thesis showed an
upregulation of stalk cell markers indicating that tip/stalk cell angiogenesis is taking
place. Thisisin line with existing literature that has implemented genetic targeting of
sprouting angiogenesis using an Apln-CreER lineage tracing mouse model.**> Apelin
expression is low in the adult vasculature but increases in response to hypoxia and is
associated with sprouting angiogenesis.** >°” Moreover, Ap/n-CreER labels vascular
ECs specifically, but not endocardial or lymphatic ECs, nor smooth muscle cells, thus
aiding in the deduction of EC origin in cardiac neovascularisation. 4% Interestingly,
Pdgfb expression has also been shown to be absent from the endocardium,
suggesting an overlap between the two EC populations.'3 Liu et al. showed, through
the use ApIn-CreER, that apelin specifically labels angiogenic vessels after ischaemic
heart injury.**> However, other studies have suggested arteriogenesis as the main
mechanism for collateral growth in the mouse heart post-MI where large and small
coronary arteries in the infarcted myocardium and border region are derived not
from capillaries, but from pre-existing arteries.>®® In summary, it is likely that the
mammalian heart employs many different mechanismsin an attempt to revascularize
the ischaemic heart regions, including the aforementioned mechanisms. However, a
hierarchy of importance as far as perfusion establishment from each of the
mechanisms has not been reached to date. This will be an important step forward as
it would provide us with a guide of the most promising candidate of therapeutic
neovascularisation to ameliorate ischaemic heartinjury. This thesis shows that clonal
proliferation by resident cardiac ECs is a key cellular mechanism of neovascularisation
post-MI and can be potentially augmented to promote new vessel growth in IHD

patients.
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6.1.3 The cardiac endothelial cell population is heterogenous in homeostasis and the

EC transcriptome significantly changes following myocardial injury

The endothelium is characterized by an extraordinary level of heterogeneity.”># This
characteristic is influenced by physiological function, environmental conditions and
of course, pathological alterations. Homeostatic EC functions can range from
oxygen/nutrient delivery, vasomotor regulation, haemostasis, angiogenesis, barrier
role, and immune cell trafficking.”® EC heterogeneity is problematic when considering
therapeutic interventions as targeting different EC subtypes is challenging. However,
through the increments of technical advancement, our understanding of EC biology
has gained increasing depth. From initial histological observations of different
vascular beds and differentiation between veins and arteries to current complex
transcriptomics, our knowledge of the endothelium has expanded considerably. For
instance, lineage tracing mouse models have been essential to reveal the diversity of
EC types and plasticity in physiological and pathological conditions. Lineage tracing
experiments were instrumental in demonstrating the ability of ECs to shift between
an arterial and venous phenotype. %913 This was shown from increased expression
of Notch and VEGF that showed specificity for arterial ECs whereas COUP-TF2 was
associated with venous ECs.”%>13 The transcriptomics era has brought forward an
additional level of depth to our understanding of endothelial cell heterogeneity. Bulk
transcriptomics studies, which involve analysis of pooled cell populations, tissue
sections or biopsies, have shown that ECs from different tissues have unique

transcriptomic signatures.>'4

Single cell RNA-sequencing has been instrumental for defining EC heterogeneity. For
instance, the endocardium has been shown to have a high expression of Npr3.°1> As
a result, Nrp3 has been used through the use of Npr3-CreER lineage tracing mouse
models to label the endocardium but not the remaining coronary ECs in the adult

mouse heart.!3* However, Npr3 has now been shown to be expressed in capillaries
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and arteries of the heart through single cell RNA sequencing.>'®°17 Hence, it can no
longer be utilized as an endocardial marker.

Single cell RNA sequencing studies can reveal novel EC subtypes only when EC
enrichment is employed via the use of an EC specific surface marker. Recent studies
that have investigated the transcriptome of ECs from different organ systems have
shown that ECs from tissues such as skeletal muscle and the heart, clustered
together, demonstrating similarities in transcriptomic signature.>® This potentially
correlates with similarities in biological processes. This was also the case with ECs
from the brain and testis which resembled each other transcriptomically; possibly
because these organs share a tight blood—tissue barrier.>*® Moreover, the similarities
in the transcriptome of ECs from different vascular bodies that have similar functions
is also supported by similarities in transcriptomic profile by ECs of arteries, capillaries,
veins and lymphatics across different vascular beds.>'® Arterial, venous, and
lymphatic ECs share multiple common markers across tissues with few tissue-specific
markers. °*® This is not the case when it comes to capillaries which express few
common markers between them but are characterised by tissue-specific markers. >18
This is possibly due to the differences in metabolic and physiological needs of each
organ system. Similar findings have been reported from the Tabula Muris consortium,
which conducted single cell transcriptomics from 20 different murine organs and
tissues.'%°20 In summary, single cell RNA sequencing has offered us a new tool with
which we can investigate in depth the transcriptome of ECs from different vascular
beds, with the aim of harnessing these similarities and/or differences to improve

patient outcomes.

The work presented in this thesis defined endothelial heterogeneity in the healthy
and injured mouse heart through characterization of 10 EC states, with a Pdgfb
lineage and distinct gene expression signatures. This high-resolution single cell gene
expression atlas of resident cardiac EC both in physiological conditions and at 7 days
post-MI adds to the existing single cell RNA sequencing studies investigating the

cardiac endothelium. Tombor et al. 3*° show 4 clusters of ECs, characterized by Cdh5
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and CD31 expression following single-cell RNA sequencing of the non-cardiomyocyte
fraction of mouse hearts at day Oand at days 1, 3, 5, 7, 14, or 28 post MI. Litviiukova
et al. 4% reported 10 EC populations in the adult human heart which included three
capillary ECs, one capillary-like immune EC group related to antigen presentation and
immune regulation, arterial ECs, venous ECs, atrial ECs, lymphatic ECs and finally one
group of ECs with fibroblast-like, and one with cardiomyocyte-like, features. Kalucka
et al.>*” added further concrete evidence of cardiac EC heterogeneity in the healthy
adult mouse heart by demonstrating the existence of 8 different EC states namely:
arterial, capillary arterial, capillary, capillary venous, large vein, interferon,
angiogenic, lymphatic, and unexpected EC phenotypes of IFN-activated ECs and
angiogenic ECs characterized by Ap/nr, Adm, ApIn, Col15a1, Col4al, Col4a2, Trp53i11.
Independent studies have confirmed the existence of angiogenic ECs after ischaemic
injury through the use of Apln-CreER lineage tracing mouse models.** Interestingly,
IFN-activated ECs have been observed in the brain, muscle, heart and spleen.>'® This
is in agreement with results presented in this chapter where a cardiac EC population
associated with the interferon signalling was observed in homeostasis and was
increased post-Ml. This raises the question as to whether these ECs might be involved
in immune surveillance. This is a logical argument as ECs constitute the first line of
defence to pathogens present in the circulation. The argument is supported by
studies demonstrating that inflamed lung, heart, and brain ECs, induced by
lipopolysaccharide (LPS), activate a set of genes in these ECs involved in
leukocyte/immune cell trafficking.®?! It is worth mentioning, however, that the
studies by Litvifiukova et al.*°3 and Kalucka et al.>'” included ECs from healthy organs
only and not from pathological states. As evident by the results presented in this
thesis, ischaemia is capable of drastically altering the cardiac EC transcriptome,
further complicating EC characterisation especially when transition is present where
cells are in a dynamic state of fluctuating phenotype. 3 This is problematic as it can
make targeting specific EC subtypesin cardiac ischaemia difficult. Future work should
aim to establish a timeline of these transcriptomic changes from the onset of injury

until the resolution of inflammation.

210



In summary, single cell RNA sequencing results described in this thesis expand our
understanding of EC heterogeneity in general but also specifically in the adult
mammalian heart. It should be noted that extra layers of complexity of EC
characterization besides the transcriptome exist such as metabolomics®??,
proteomics>?3, epigenetics®?*, and the secretome.>?®> A multiomics approach will be
required to further characterize the phenotype and molecular mechanisms of ECs
that drive neovascularisation in the post-MI heart. The main question that will need
to be addressed is what the changes are in ECs following ischaemia across all facets

(transcriptome, proteomics etc) as well as dimensions (space and time). This

approach will be crucial for making therapeutic angiogenesis a reality.

6.1.4 PLVAP is a novel target with a potential role in cardiac neovascularisation

following ischaemia

Single cell RNA sequencing of Pdgfb lineage ECs from healthy and 7-day post-Ml adult
mouse hearts identified EC states that were predominantly composed from ECs from
the Ml groups (such as clusters 6, 7, 8, 10). This signifies the remarkable plasticity that
is exhibited by the cardiac endothelium following cardiac ischaemia and adds to
existing evidence on the impact of pathogenesis to EC heterogeneity.3* Furthermore,
a main aim of this thesis was to investigate the molecular pathways behind the
activation of neovascularisation post-MI. There is concrete evidence suggesting that
neovascularisation takes places in the post-ischaemic heart as a natural response to
hypoxia.3® However, the molecular mechanisms driving this response in the adult

mammalian heart are largely unknown.

In this thesis, it was observed that a subset of cardiac ECs (cluster 6) appears to be
primed to respond to injury and differentiate into a stalk cell phenotype (cluster 7)
and ECs associated with cardiac remodelling (cluster 8). This suggests that sprouting

angiogenesis is present at 7 days post-Ml, something that has been observed in the
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ischaemic heart before, as shown by Apelin driven lineage tracing mouse models.**

Interestingly, ECs that adopt the stalk cell phenotype 7 days post M, also expressed
Plvap, an EC specific marker and a major component of fenestrae, essential for FDs
and SDs in ECs. 412413 plyap expression was found to be significantly increased in ECs
at 7 days post-Ml in a cluster-specific manner in clusters 6, 7, 8. However, Plvap
cannot serve as a marker of a stalk cell phenotype as there are Plvap+ ECs that do not
express stalk cell markers. Moreover, this thesis showed that PLVAP was found to
have a role in EC proliferation but its direct vs indirect effect is still unclear. The fact
that that PLVAP is involved with EC proliferation is aligned with the observed stalk
cell phenotype, as stalk cells form the backbone of the angiogenic sprout and have a
high rate of proliferation.®® PLVAP has been implicated in angiogenesis before, in the
realm of tumorigenesis. For instance, PLVAP has been found to promote angiogenesis
in cholangiocarcinoma via the DKK1/CKAP4/PI3K signalling pathway.>?¢ Since PLVAP
is upregulated in ECs from the Ml group the question could be asked whether PLVAP
should be a target for overexpression or inhibition. However, it is still unclear
whether PLVAP is directly involved in the formation of new blood vessels in the peri-
infarct border following MI. Further work will need to be conducted on the necessity
of PLVAP in post-MI neovascularisation response post-MI (described in 6.2 Future

work)

Importantly, results in this thesis show that the increase of mouse Plvap in Ml is
mirrored in regions of fibrosis in hearts of patients with acute and chronicischaemia,
when compared to healthy controls. This suggests that human PLVAP is activated in
injury and may be associated with endogenous neovascularisation responsesin areas
of ischaemia and fibrosis. Interestingly, the majority of the PLVAP+ vessels were small
capillaries which is in agreement with existing studies that show that PLVAP is not
expressed in ECs of large vessels.*%411, Existing studies have associated PLVAP with
VEGF as its prime regulator 3% which is increased via HIF1a** while other studies

place PLVAP in the Wnt/B-catenin pathway.***-%*2 The molecular mechanisms that
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govern the increase of PLVAP expression in the ischaemic heart are still unclear and

future work will be essential at deciphering these.

6.1.5 The ex vivo myocardial slice culture model can be used to study cardiac

neovascularisation

The development of an ex vivo myocardial slice culture model was described in this
thesis. The purpose of developing this model was to use it investigate molecular
targets identified in single cell RNA sequencing to clarify their potential role in
therapeutic angiogenesis in ischaemic heart disease. The myocardial slice model has

been used before, mostly for cardiac electrophysiology*®’

and in vitro drug safety
screening.*®® The myocardial slice model provides an in vitro model that more closely
resembles in vivo myocardial properties and has pathophysiological relevance,
compared to existing in vitro models. Existing in vitro models investigating EC biology
provide a high-throughput method of investigating different cellular functions such
as migration, proliferation or network/tubule formation of ECs.**2 However, they lack
the complexity of in vivo models which is problematic when studying multicellular

processes such as neovascularisation that take place in a complex 3-dimensional

tissue environment.®®

More specifically, exogenous VEGF-C and hypoxia were successfully used to initiate a
change in cardiac vasculature. VEGF-C and the associated VEGFR3 were identified as
upregulated gene targets via single cell RNA sequencing in ECs 7 days post-Ml.
Existing studies have shown increased lymphangiogenesis and improved cardiac
function following injury in the adult mouse heart following treatment with VEGF-
C1se that selectively targets VEGFR3.477%7° However, the role of VEGF-C in the cardiac
blood vasculature and specifically in neovascularisation following Ml is still unclear.
Interestingly however, VEGF-C has been found to be a ligand that bind to receptors
VEGFR-2, VEGFR-3, NRP-1, and NRP-2, all which have been shown to play a role in
angiogenesis.*’>47® Despite showing a positive effect of VEGF-C and hypoxia on the

cardiac vasculature in the myocardial slice model, however, further optimisation is
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required to reduce levels of cellular apoptosis and biomimetic characteristics of the

myocardial slice model.

6.2 Future directions

6.2.1 Determining the transcriptomic profile of large pro-angiogenic clones at the

infarct border with spatial transcriptomics

Using the Pdgfb-iCreERT2-Brainbow2.1 lineage tracing model, clonal expansion of
cardiac ECs was observed to significantly contribute to neovascularisation post-Ml.
However, not all labelled Brainbow2.1 ECs resulted in monochromatic clonal blood

vessels. Some ECs formed large clones whereas others did not.

What is the driver of the formation of these large clonal vessels? Characterisation of
the EC transcriptome showed that cardiac ischaemic injury results in the presence of
injury-specific cardiac EC states. This showed the upregulation of different markers
for processes such as proliferation, cardiac remodelling or tip/stalk cell angiogenesis.
These observations hint that there are pathways in cardiac ECs that are specifically
activated in cardiacischaemia and may hint at the regenerative pathways that can be

manipulated for therapeutic angiogenesis.

However, it is not possible to directly correlate these Ml-specific transcriptomic
profiles to the ECs that form these large clonal vessels in the peri-infarct border.
Single cell RNA sequencing is a powerful tool but results in loss of spatial resolution
due to the need for tissue dissociation. To address the signature of these large EC
clones, these transcriptomic changes in Ml will need to be linked to spatial
information. An existing method to tackle this problem is laser capture
microdissection which allows isolation of the desired tissue/cells under direct
microscopic visualization.®?” These cells can then be interrogated for their
transcriptome. However, this method is labourintensive and results in small numbers

of cells captured. Importantly, this method relies on known markers that characterise
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the cell of interest. This is of course problematic as it is established that even robust
EC markers are often unreliable in states of pathology where cell transition is

common.>28

Spatial transcriptomics (ST) °*° is a new method that allows for unbiased investigation
of the transcriptome of the tissue while retaining spatial information. Existing ST
methods do not tag individual cells but rather rely on tagging areas of the tissue on a
slide. These areas are coated with oligonucleotides that contain spatial barcodes and
in turn capture RNA (Figure 6.1). Subsequently, in situ cDNA library preparation takes

place followed by standard sequencing.

| propose the use of spatial transcriptomics to investigate the transcriptome of large
monochromatic Brainbow clones formed in the peri-infarct border of Pdgfb-
iCreERT2-Brainbow2.1 mice post-MI and to compare them with Brainbow2.1+ ECs
that do not form large clones. It is unclear whether the differences between the two
groups are the result of a subset of adult cardiac ECs with progenitor-like
characteristics, from micro-environmental changes, or from neighbouring cellular
interactions that stimulate resident ECs to clonally proliferate. ST will allow for
correlation of environmental adaptations to the formation of large, monochromatic
EC clonesin the peri-infarct border. A key limitation of existing grid-based ST methods
isthe lack of single-cell resolution, as ST combines multiple cells.>3>31 To combat this,
spatial transcriptomics data can be integrated with single cell RNA sequencing to
resolve cell types that can be mapped onto the tissue.>3? ST transcriptomics will be
crucial to decipher the transcriptomics differences between large and
monochromatic Brainbow clones. This approach was originally going to be included
in this thesis but complications such as the COVID-19 pandemic made it beyond the

scope of this project.
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Figure 6.1 Example of Grid-based spatial transcriptomics that captures poly-A RNA
transcripts
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Existing grid-based spatial transcriptomics (ST) methods rely on tissue placement on slides
that are coated withs “spots” containing barcoded oligonucleotides. These barcode
oligonucleotides subsequently bind to RNA transcripts followed by in situ cDNA library

preparation.

6.2.2 Investigating the effect of PLVAP deletion in blood vessel regeneration

following myocardial infarction

The role of PLVAP in the heart, and specifically in MI, is largely unknown. Work
described in this thesis demonstrated that Plvap was upregulated in mouse cardiac
ECs with a Pdgfb lineage at 7 days post-Ml: and specifically in ECs associated with
markers of stalk cells. Moreover, PLVAP silencing attenuated proliferation of HUVECs
indicating that it plays an essential role in EC proliferation. Finally, PLVAP was
upregulated in areas of cardiac fibrosis in patients with acute or chronic MI. However,
the role of PLVAP in the formation of new blood vessels in the peri-infarct border is

still unclear.

| propose the use of a Pdgfb-driven, tamoxifen-inducible, Plvap knock-out mouse
model to investigate the effects of Plvap deletion in recovery post-MIl and more
specifically in neovascularisation post-MlI (Figure 6.2). | hypothesise that the mice
that undergo deletion of PLVAP prior to injury will have a worse recovery rate
following MI due to disruption in neovascularisation in the peri-infarct border via
clonal proliferation. Endpoints will include the effect of PLVAP deletion on survival

and cardiac recovery (LV ejection fraction) following MI. Moreover, quantification of
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monochromatic clones and single cell RNA sequencing of CD31+Brainbow2.1+Podo-
will be conducted to interrogate changes in clonal proliferation and transcriptome of
ECs. Importantly, characterisation of the vasculature of tissues where Plvap has been

shown to be of importance will take place (e.g. kidney, brain, liver).
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Figure 6.2 Using a Plvap inducible knockout model to investigate the role of Plvap in clonal
expansion of cardiac ECs post-Ml

6.2.3 Determiningthe molecular mechanisms and regulation of PLVAP in endothelial
cells

Current studies point to the VEGF/hypoxia pathway** and Wnt/B-catenin pathway
433-442 35 the main regulators of PLVAP. However, there has not been much work on
the place of PLVAP in these pathways. Here, | propose an in vitro study to investigate
the effect of PLVAP inhibition on VEGF and Wnt pathways during hypoxia (Figure 6.3).
The in vitro setting will allow for good experimental control while trying to decipher

the role of PLVAP in the VEGF/hypoxia and Wnt/B-catenin pathways.
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HUVECs will be cultured in normal conditions. Subsequently, PLVAP will be silenced
using siRNA and cells will be transferred to 1% hypoxia (Figure 6.4). Following a 24
hour incubation cells will be collected for RNA analysis and investigation of VEGF>33

and Wnt/B-catenin®* related genes.

=
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Figure 6.3 Pilot experiment investigating the effect of 1% hypoxia on PLVAP expression in
HUVECS

HUVECs were cultured in 1% hypoxic conditions for Oh to 48h. PLVAP expression was
measured via g-PCR and normalised to UBC. Hypoxia appeared to reduce mRNA levels of
PLVAP when compared to normoxia (Oh) with a trend towards an increase in the first few
hours of hypoxia (RQ values, Oh; 1 vs 2h; 1.25 vs 6h; 1.21 vs 12h;1.04) and then a drop-off in
24h and 48h (RQ values, Oh;1 vs 24h; 0.48 vs 48h;0.06). N=1, 3 technical replicates.

Day 0 Day 1 Day2 Day3
Seeding of 6-well mmmmp Silencingof HUVECs with PLVAPSIRNA ey Transfer to 1% hypoxic mmmmp ~ solation of RNA
plates with HUVECs or conditions (24hours) and VEGF+Wnt pathway
Controls or analysis
Untreated Controls
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Figure 6.4 Experimental design of in vivo PLVAP knockdown study
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6.2.4 Improvingthe biomimetic characteristics of the myocardial slice culture model

The biomimetic characteristic of the ex vivo myocardial slice model developed in this
thesis can be further optimized. This can be achieved with the use of electrical
stimulation and mechanical loading. Cardiomyocytes can undergo substantial

differentiation due to lack of flow, electrical stimulation and mechanical loading.*®°

More recent studies have shown that including electrical stimulation and mechanical
loading resulted in reduced de-differentiation, possibly due to similarities to the in
vivo environment.#62:493,4954% |t should be mentioned, however, that even with the
inclusion of biomimicry through frequent oxygenation, electrical stimulation and
mechanical loading, dedifferentiation can still be observed via loss of structural
integrity and disruption of gene expression.**14%> This suggests that myocardial slices
can be used over a few days for testing, but techniques of long-term culture need
improvement. In the future, the new developments of the myocardial slice model,
namely electromechanical stimulation, will be added to the model to increase
viability and similarity to the in vivo cardiac environment to study EC dynamics in the

context of cardiac angiogenesis/neovascularisation.

6.2.5 Visualization of clonal dynamics of cardiac endothelial cells via live imaging

An exciting opportunity of the myocardial slice culture model is to perform live
imaging of cardiac ECs using the Pdgfb-iCreERT2-R26R-Brainbow2.1 lineage tracing
mouse model. As shown in the third chapter of this thesis, clonal proliferation is a
mechanism by which resident cardiac ECs proliferate in response to cardiacischaemic
injury. However, the data obtained (day 7 post-injury) provide only a snapshot of this
proliferative response. Performing live-imaging of this clonal proliferation response
using the myocardial slice culture model will be crucial to understand the cardiac EC
proliferation dynamics in response to injury. Moreover, an “injury-like” stimulation
(such as hypoxia, a known stimulant of neovascularisation°?) can be introduced into
the system. Other approaches that have not been studied in the literature but were

briefly explored in the span of this project were laser injury>3> or cryoinjury.>3® These
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were inspired by existing methods of inducing cardiac injury in models of heart
regeneration in zebrafish>! and are worthy of further exploration as current data
from this thesis show that hypoxia alone is insufficient for inducing cell proliferation

in the myocardial slice model.

In vivo imaging of transgenic labelling in mice has been achieved for other organs
(such as the liver®¥’) but the heart is particularly difficult to image due to its
continuous and unpredictable motion. A recent study by Taylor and colleagues>3®
utilized light sheet microscopy in addition to a new algorithm capable of maintaining
day-long phase-lock, permitting routine acquisition of synchronised 3D and time
video time-lapse data of the beating embryonic zebrafish heart. This allows for a
detailed observation of developmental and cellular processesin the beating zebrafish
heart. However, there are many technical limitations to consider as Taylor and
colleagues used an embryonic zebrafish heart which is orders of magnitude smaller
than an adult mammalian heart. Moreover, a live imaging experiment with an adult
mouse model would require a complex imaging and surgical set up. These technical
difficulties can be surpassed if the live-imaging experiment is performed in vitro using
the myocardial slice model. This would allow for greater experimental control while
still maintaining the complex cardiac architecture. Moreover, it will allow
manipulation via pharmacological or gene therapy approaches. Naturally, the in vitro
myocardial tissue slice environment would not be wholly representative of the in vivo
environment. Live imaging of myocardial slices has recently been described by

Honkoop and colleagues*®®

using myocardial slices prepared from adult zebrafish
with the aim of gaining insight of the cellular dynamics of cardiomyocyte proliferation
within the native tissue. Zebrafish retain the ability to regenerate heart tissue even
in adulthood, as opposed to mammals.'>! Honkoop et al. cultured slices from healthy
hearts as well as cryoinjured hearts, an experimental model of cardiac zebrafish
injury.”3® Moreover, they showed that cardiomyocytes from injured hearts retain
their proliferative signature in culture and managed to image cardiomyocyte

proliferative events in culture.*®®
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Finally, visualization of clonal proliferation of cardiac ECs using the the Pdgfb-
iCreERT2-R26R-Brainbow?2 lineage tracing mouse model and the myocardial slice
model will help elucidate on which myocardial layer proliferative ECs reside
(endocardium, myocardium, epicardium). Despite the current convincing evidence
that preexisting cardiac ECs are responsible for new blood vessels following M133 it
is still unclear from which myocardial layer they originate. Previous studies have
suggested both the endocardium®*! and the epicardium '#* as origins of ECs that
contribute to new vessels. Interestingly, the epicardium has been suggested to be a
hub of cells with progenitor-like characteristics with the potential to enhance
neovascularisation.'?? Thus, live-imaging of EC clonal proliferation will increase our

understanding of myocardial layer EC contribution to new cardiac blood vessels.

6.2.6 Gene therapy using the myocardial slice culture model

An interesting approach for future work is the addition of a gene therapy strategy in
the myocardial slice culture model. This is a not a well investigated approach in the
current literature. One recent strategy®*® utilized an adeno-associated virus (AAV)
gene therapy approach to investigate gene transfer efficiency, expression, kinetics,
penetration depth, cell type tropism and cytotoxicity. AAVs are an attractive vector
for gene therapy as they naturally infect humans, produce a mild immune response
and have no disease phenotype.>*° Results from the same study suggest that AAV6
had the best transfection efficiency and penetration (300um) from the strains
used.”3® AAV6 was found to predominantly infect cardiomyocytes rather than cardiac
fibroblasts. ECs and smooth muscle cell infection efficiency was not investigated. This
approach can be used in the myocardial slice model to manipulate expression of
targets such as PLVAP and VEGF-C, via overexpression or downregulation, that have
been shown to drive neovascularisation. This will allow a high throughput,
intermediate complexity method to study the roles of these targets, relative to in vivo

models, while maintaining good experimental control and serving the 3Rs:
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Replacement, Reduction and Refinement by reducing the number of transgenic

mouse models that are generated for novel gene targets.*°

6.3 Final conclusions

This thesis set out to determine the clonal dynamics, origin and transcriptomic profile
of ECs that participate in neovascularisation post-MI. This was achieved via lineage
tracing using a multispectral transgenic mouse model (Pdgfb-iCreERT2-Brainbow2.1)
followed by single cell RNA sequencing of clonal ECs. Here, | reported that clonal
proliferation of cardiac ECs is a key cellular mechanism by which new vessels form in
the ischaemic infarct border following myocardial injury, with minimal contribution
of the bone marrow. This information adds to an exciting field and strengthens the
idea that future research should shift to investigating ways of enhancing the
regenerative capacity of endogenous resident cardiac endothelial to promote

therapeutic neovasculogenesis in the injured heart.

A comprehensive and single cell resolution atlas of gene expression of cardiac ECs in
healthy and injured hearts was reported. The transcriptomic profile of cardiac ECs
was found to be heterogenous and significantly altered following myocardial injury,
clustering in 10 different cell states with certain EC clusters being unique to the
injured hearts, revealing potential neovascularisation pathways and targets.
Bioinformatics analyses revealed PLVAP, as a marker with a potential role in cardiac
neovascularisation and associated with EC stalk cell markers. Moreover, | report a
novel role for PLVAP in EC proliferation, but further work is needed to fully unravel
the molecular mechanisms involved in this process. Furthermore, a model of mouse
myocardial slice culture is established to study the effect of VEGF-C in cardiac
neovascularisation in vitro. However, more work is needed to improve the
biomimetic characteristics of this model and thus fully take advantage of its potential

in interrogating potential therapeutic pro-angiogenic targets.

In summary, the results presented in this thesis add to our understanding of EC

dynamics following myocardial injury and increase our knowledge on the molecular

222



targets with a potential in promoting neovascularization by endogenous cardiac ECs.
These may guide novel therapeutic strategies aimed at enhancing myocardial repair

and regeneration, and ultimately improve patient outcomes.
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