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Abstract

Introduction: Whilst blood flow restoration is critical following myocardial infarction (M),
ischaemia-reperfusion injury (IRI) accounts for ~50% of the final infarct size. The newly
discovered cytokine, interleukin-36 (IL-36), could potentially mediate these disturbances.
However, its role in myocardial IRl is not known. Although several anti-inflammatory
therapies have been successful in pre-clinical models of M, they have failed in the clinical
setting. This translational failure may be linked to a lack of inclusion of comorbidities
and/or risk factors, as well as an early benefit at the level of the coronary microcirculation.
We firstly investigated if IL-36 cytokines and its receptor (IL-36R) were present in the heart,
and whether their expression varied in an injury-, age-, and sex-related manner. We then
determined whether coronary microcirculatory disturbances and infarct size post-IRl were
modified by age and sex, and whether IL-36Ra could confer vasculoprotection.

Methods: Myocardial IRl was induced in adult (3-months) and aged (>18-months) female
mice, with sex differences assessed in adult male and female mice. Myocardial IL-36R/a/B,
VCAM-1 expression, and oxidative stress were investigated by immunostaining, flow
cytometry, and/or using Western blot. Expression on human heart tissue samples of
varying ages was also determined. IL-36R/a/B expression was also determined on
stimulated vena cava endothelial cells (VCECs). The beating heart coronary
microcirculation was imaged in vivo intravitally for neutrophils, platelets, and functional
capillary density, and also ex vivo using multiphoton microscopy. Laser speckle contrast
imaging was used to determine overall left ventricular perfusion. The effects of topical IL-
36 cytokine application was also observed intravitally. In some studies, recombinant mouse
IL-36Ra (15ug/mouse) was injected intra-arterially at 5 minutes pre-reperfusion and 60

minutes post-reperfusion. Infarct size was measured using dual TTC/Evans Blue staining.



Results: Expression of IL-36 cytokine and its receptor was predominantly on the
vasculature and cardiomyocytes of both the murine and human hearts, and their
expression increased with age and injury. Expression was significantly higher in healthy and
injured adult female hearts compared to male hearts. Basal VCEC surface expression of IL-
36R increased after cytokine stimulation in a concentration-dependent manner. Intravital
imaging of the beating heart demonstrated heightened basal and injury-induced
neutrophil recruitment and poorer blood flow in the aged coronary microcirculation when
compared with adult hearts. These events were mirrored in deeper myocardial layers when
imaged using multiphoton microscopy. A greater burden of thrombotic disease was noted
in adult injured male coronary microvessels, whilst a greater neutrophil presence was
identified in adult injured female coronary microvessels. Infarct size was significantly larger
in injured adult female hearts when compared to males. All IL-36 cytokines were able to
induce an inflammatory response when topically applied to the adult and aged hearts. An
IL-36R antagonist (IL-36Ra) decreased neutrophil recruitment, improved blood flow and
ventricular perfusion, and reduced infarct size in both adult and aged mice. This may be
mechanistically explained by attenuated endothelial oxidative damage and VCAM-1
expression in IL-36Ra—treated mice.

Conclusion: These novel results are the first to demonstrate myocardial presence of IL-36
and its receptor and how expression changes with age and sex. Our findings of enhanced
coronary microcirculatory perturbations associated with age may explain the poorer
outcomes in elderly Ml patients. The cellular nature of the thromboinflammatory response
may explain the sex-related differences in outcomes after MI. Importantly, we are the first
to demonstrate that targeting IL-36/1L-36R pathway may be a potential novel therapy for

treatment of myocardial IRI.
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1.0. General Introduction

1.1. Cardiovascular Disease

The cardiovascular system is made up of the heart, blood, and blood vessels. Its main
function is to transport oxygen (0;), nutrients and hormones to cells to meet their energy
requirements, as well as remove carbon dioxide (CO;) and other toxic waste products of
metabolism [1]. It also allows the body to maintain homeostasis, regulate temperature and
pH and protect against infection and blood loss [1, 2]. Generally, the circulatory system of
a healthy adult operates very effectively. However, any abnormality in any one or more of
the components or mechanisms within this compartment can result in acute or chronic
disease, broadly termed cardiovascular diseases (CVD) [3]. These can be generally classified
into two main groups [4]; (i) diseases that affect the heart, such as heart failure, valvular
heart disease, ischaemic heart disease (IHD), cardiomyopathy, and cardiac arrhythmias (ii)
diseases that affect the blood vessels, also known as vascular diseases, such as peripheral
arterial disease and aortic aneurysm. CVD is the leading cause of death globally, accounting

for approximately 17.7 million (30%) deaths annually [5].

1.1.1. Ischaemic Heart Disease and Atherosclerosis

IHD, is the leading cause of CVD and accounts for 49% of the total global burden [4, 6].
Ischaemia (isch: keep back; aemia: blood) is a term used to describe the inadequate supply
of blood to bodily tissues [5]. This results in a reduction in O; and nutrient delivery, which

subsequently causes problems with cellular metabolism and allows local accumulation of

2
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toxic waste [7]. The inability of the coronary arteries to supply Oz rich blood to the tissues
of the heart due to the narrowing of their lumen is the primary driver of IHD [7]. This
narrowing is primarily due to atherosclerosis, a localised fatty plaque in the vessel wall,
which can result in partial or complete occlusion of the artery, thus reducing or completely
blocking blood flow respectively [1-3, 7]. A partial blockage of the artery may result in
angina (chest pain), whereas complete blockage would usually lead to a myocardial
infarction (MI), commonly called a heart attack. The latter could further develop with

complications, such as arrhythmias, heart failure, and death [7].

Atherosclerosis is a progressive chronic inflammatory disease whereby plaques of lipids,
cholesterol, and other substances build up within the wall of blood vessels [7]. These
plaques can obstruct blood flow which can lead to several conditions including CAD, M,
heart failure, stroke and in some cases death. The severity and reversibility of these
diseases depend on the size of the plaque, location, occlusion size, duration of complete
occlusion and whether the plaque has ruptured [7]. Several steps are involved in the
development of an atherosclerotic plaque (Figure 1.1) [8, 9]. If it ruptures, it releases all
parts of the pro-thrombogenic plaque into the bloodstream [7, 8]. Although atherosclerosis
is the main cause of IHD, coronary artery spasms, coronary artery dissection or trauma can
also be responsible. Additionally, triggers such as drugs, tobacco and stress can also cause
a sudden constriction of coronary arteries, which can reduce blood flow and in turn,

prompt the formation of a thrombus [10].
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1.2. Myocardial Infarction

The primary cause of a Ml is an atherosclerotic build-up and subsequent blockage in one
or more of the major coronary arteries that supply the heart (Figure 1.1) [9]. It can also
occur when the atherosclerotic plague inside the coronary artery ruptures and
subsequently blocks downstream vessels. Plaque rupture accounts for approximately 70%
of MI fatalities [11]. A blockage of the coronary artery results in myocardial tissue not
receiving the O, and nutrients required for normal physiological activity. This initiates a
period of ischaemia, which can ultimately lead to cardiac tissue death and the development
of a necrotic lesion called an infarct. If not treated, Ml can lead to heart failure, cardiogenic
shock, cardiac arrest, and death [12]. There are three main coronary arteries: (i) left
anterior descending (LAD) artery, which supplies the interventricular septum, anterolateral
wall and ventricular apex (ii) left circumflex artery feeding the inferolateral and inferior
walls and the (iii) right coronary artery feeding the right ventricle (RV) and inferior wall [11,

13].

Tissue ischaemia leads to the initiation of an inflammatory response and platelet
aggregation and thrombus formation, which in turn further augments the blockage and
flow of oxygenated blood to the myocardium [12]. A patient with MI would typically
present with chest pain (known as angina) which may radiate to the back, neck, jaw, upper
abdomen, arms or shoulders, as well as exhibit shortness of breath, nausea, fatigue, and
sweating [14]. There are two forms of angina. Stable angina is more common and occurs
when the plaque causes a partial obstruction of the lumen, with pain triggered by activity

(increased O, demand) but stopping within a few minutes of resting. In contrast, unstable
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angina is continuous chest pain that can occur even at rest due to critical narrowing and

would be considered a medical emergency [12].

A patient suspected of having acute coronary syndrome (ACS) would typically undergo an
electrocardiogram (ECG), a blood test for cardiac troponin (cTnT) and a coronary
angiography [13]. These tests are performed to confirm a MI, determine what type of Ml
the patient is suffering from, locate the blocked area and determine the best treatment
plan [11]. There are three main types of ACS: unstable angina, non-ST segment elevation
MI (NSTEMI) and ST segment elevation MI (STEMI) (Figure 1.2) [13]. Unstable angina is
when the vessel is partially obstructed due to a plaque rupture and subsequent thrombus
formation around it. Patients with unstable angina do have tissue infarction and cTnT levels
generally remain normal. During an NSTEMI, a partial occlusion resulted in subendocardial
myocardial infarction and elevated cTnT levels. In both unstable angina and NSTEMI
patients, an ECG trace would have an inverted T wave or an ST segment depression. In
contrast, a STEMI is characterised by complete occlusion of the vessel resulting in a
transmural infarction. Patients with a STEMI have elevated cTnT levels, and an ECG trace

would show either an ST segment elevation or hyperacute T wave (Figure 1.2) [11].

As a consequence of myocardial ischaemia, dysfunction in cardiac contractility occurs
rapidly [15]. Within approximately one minute of coronary ischaemia, creatine phosphate
reserves, used for energy generation in cardiac myocytes, are depleted as it is broken down
into inorganic phosphate. These inorganic phosphates inhibit contractile proteins and thus
contractile force is reduced or lost [15, 16]. As a result of the anaerobic glycolysis and the
lowered intracellular pH, calcium binding to contractile proteins is inhibited, thus further

reducing contractility [10, 17]. Additionally, alterations that occur during Ml can lead to
5
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the development of arrhythmias through triggering factors such as ionic and osmolality

disturbances in the form of calcium influx, potassium efflux, and acidosis [17, 18].

1.2.1. Current Treatment of Myocardial Infarction

During ischaemia, myocardial cells can start to die either through necrosis or apoptosis.
Tissue death can be irreversible, but this is dependent on the duration for which the tissue
remains ischaemic. Hence ischaemic time plays a vital role in the final infarct size [19].
Restoring blood flow before the development of cellular necrosis can reverse the cessation
of aerobic metabolism, hypo-contractility, and mitochondrial and cellular swelling [20].
Therefore, it is crucial for reperfusion treatment to start as soon after the onset of
ischaemia as possible in order to minimize the infarct size and improve prognosis. There
are several therapeutic strategies for acute MI, but the backbone of all these therapies
focuses on establishing reperfusion. Therapeutic strategies will also depend on the type of
MI. Ultimately, all therapies aim to quickly establish reperfusion, reduce ischaemia and

reduce the incidence of re-infarction [10].
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Atherosclerosis progression

Monocyte adhesion
+ LDL oxidation

Macrophage
infiltration

Foam cell Plaque rupture
formation + thrombus formation

Myocardial
Infarction

RLP  LDL oxLDL  Mono. CRP Foam Pentraxin-3  Platelets Thrombus
cells

Figure 1.1. Atherosclerosis is a multistep process that can lead to a cardiovascular event.
Presence of circulating irritants such as excess lipids, LDL cholesterol, toxins from cigarette
smoking, or chronic exposure to high blood pressure damage the endothelium. This results
in the endothelial barrier function being lost, which subsequently allows cholesterol to
start settling at the surface and build up to form a fatty streak. When cholesterol enters
the blood vessel wall, it oxidizes, resulting in the production of messengers which drive the
immune system to direct monocytes to the damaged surface. Monocytes then convert into
macrophages and start to engulf these fatty streaks. However, this process of engulfment
is insufficient, and the macrophages die and form foam cells. During death, they release
cytokines and other circulating messengers, which causes further monocyte-macrophage
recruitment for reinforcements which starts this cycle again. During these cycles, the
endothelium is continuously being damaged, cholesterol and platelets are accumulating
with foam cells, and calcium and other substances found in the blood are being deposited,
creating an increasingly more inflammatory and pro-coagulative milieu. Additionally, the
smooth muscle layer starts to migrate along with collagen and elastin to form a fibrous cap
around this plaque to stop it from being exposed to the blood. The growing plaque occludes
the vessel, impeding circulation. In some instances, the plaque can rupture, releasing all
parts of the pro-thrombogenic plaque into the bloodstream. CRP, C-reactive protein;
LDL, low-density lipoprotein; ox-LDL, oxidized low-density lipoprotein; RLP, remnant-like
particle; Mono., monocyte. Created using Biorender. Adapted from [9].
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Stable Angina Unstable Angina NSTEMI STEMI
Demand Ischaemia Supply Ischaemia
R \ \ \ \
Description * Partial occlusion of the * Partial occlusion of the * Partial occlusion of the * Complete occlusion of the

blood vessel lumen due blood vessel lumen due to blood vessel lumen due blood vessel lumen due to
to plaque thrombus formation to thrombus formation thrombus formation

* Stable plaque around the ruptured around the ruptured around the ruptured

* Pain brought on by plaque plaque plaque
activity * Medical emergency * Medical emergency + Medical emergency

¢ Occurs at rest

e O IPNRN PAVAN KGVAN ISV YAV AUV IRV AW IV (¥

Normal Normal, Inverted T-waves or Normal, Inverted T-waves Hyperacute T waves or ST
ST depression or ST depression elevation
Troponin Normal Normal Elevated Elevated
Infarct "' ~" \" "'
No infarct No infarct Subendocardial infarct Transmural infarct

Figure 1.2. Myocardial infarction classification. The occlusion of a coronary blood vessel
can lead to a myocardial infarction (Ml). In order to differentiate the type of Ml a patient
may be suffering from, patients undergo an electrocardiogram (ECG), cardiac troponin
blood test, and a coronary angiography. Patients with stable or unstable angina do not
develop an infarction and have normal levels of troponin, while non-ST segment elevation
MI (NSTEMI), and ST segment elevation MI (STEMI) patients develop a subendocardial and
transmural infarct, respectively and have elevated troponin levels. Unstable angina and
NSTEMI patients have a partial occlusion of the coronary vessel as a result of thrombus
formation around the plaque and present with a normal, inverted T wave, or ST depression
on their ECG, while STEMI patients have a complete occlusion, and their ECG presents
either a hyperacute T wave or ST elevation. Created using Biorender. Adapted from [12,
13].



Chapter 1: General Introduction

1.2.1.1. Pharmacological Agents to Prevent another MI

There are several pharmacological interventions which are given to patients with an Ml,
which include anti-platelet and anti-coagulants drugs, statins, anti-hypertensives, and pain
relievers [21]. Anti-platelet drugs such as aspirin, clopidogrel, and ticagrelor can be used to
prevent further clotting and reduce the ultimate coronary artery thrombus size. This can
reduce the mortality rate post-acute-MI by 50% [20]. Heparin can also be used to reduce
thrombus progression and has also been shown to reduce mortality post-acute-MI [22].
Statins have been shown to have a protective effect, thought to be due to their ability to
reduce lipids and cholesterol, exert angiogenic effects and inhibit cardiac myocyte
hypertrophy [21]. Another key treatment, B-adrenergic blockers, have an array of benefits
in MI which include modestly reducing infarct size, incidence of re-infarction, myocardial
0. demand and improving contractility. These benefits are a result of their protective effect
on remodelling and protection of cardiac myocytes from ischaemic death, as well as
additional anti-arrhythmic effects [23, 24]. Some survival benefits have also been seen with
MI patients who take angiotensin converting enzyme (ACE) inhibitors early on [25]. ACE
inhibitors produce their beneficial effect by preventing cardiac myocyte hypertrophy,
reducing the dilation of the ventricle, and reducing the expansion of the infarct [25].
Glyceryl trinitrate (GTN), is a nitrate vasodilator which acts by increasing nitric oxide (NO)
levels, which results in coronary vasodilation and in turn, improves the blood supply to the
heart [26]. Lastly, painkillers such as morphine are used to manage the pain associated with

unstable angina or Ml and thereby reduce anxiety [26].
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1.2.1.2. Thrombolytics and PCI to Reperfuse the Ischaemic Heart

Reperfusion is a restoration of blood flow to the vascular network following reopening of
an obstructed coronary vessel and is the most important therapeutic step during a Ml to
reduce mortality [27]. It acts to prevent further necrosis, limit infarct size, and reduce
myocardial dysfunction. However, its effectiveness is highly time dependent [27]. The
physiological events that occur during reperfusion are distinct from those occurring during
the ischaemic phase and involve an increased inflammatory reaction and the removal of
apoptotic and necrotic cardiac myocytes [10, 28]. Clinically, myocardial reperfusion can be
achieved either using pharmacological agents or by mechanical intervention [23].
Pharmacological agents include thrombolytics (also known as fibrinolytics), which act to
dissolve or lyse thrombus in the coronary artery, prevent them from growing and
ultimately improve blood flow to avoid further heart damage. They are used in patients
with a STEMI, where mechanical interventions cannot be achieved within four hours.
Thrombolytics primarily include tissue plasminogen activators (tPA) such as streptokinase,
alteplase, reteplase, and urokinase. These drugs activate circulating plasminogen to form
plasmin, the main proteolytic enzyme that degrades crosslinks between the fibrin

molecules that hold a thrombus together, thus enabling its breakdown [29].

Mechanical interventions, which are the preferred acute therapy for Ml, include primary
percutaneous coronary intervention (PCl), also known as angioplasty, which removes the
blockage by physical manipulation [27]. This is more effective than pharmacological
options due to its superior safety, efficacy, and long-term outcomes. A primary PCl

procedure involves the insertion of a small wire through one of the peripheral blood vessels
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(femoral or radial artery) until it reaches the occluded coronary arteries, where the
thrombus is cleared by suctioning, and a balloon or sent are used to open residual
narrowing [27]. Patients are then usually placed on a dual anti-platelet anti-coagulant
therapy for one year. Primary PCl is the method of choice for patients with a STEMI within
the first four hours and is recommended for patients with a NSTEMI between one to three

days [30].

1.2.2. Myocardial Ischaemia-Reperfusion Injury

Reperfusion achieved by thrombolysis or primary PCl, is vital to limit Ml size, preserve
myocardial tissue and avoid heart failure and left ventricular (LV) systolic dysfunction [31].
However, paradoxically, reperfusion is associated with an acute worsening of the ischaemic
injury to heart tissue, a phenomenon known as ischaemia-reperfusion (IR) injury [31].
Indeed, it is estimated that reperfusion of the heart following an ischaemic episode is
responsible for approximately 50% of the final necrotic infarct size, which limits the full
benefit of reperfusion therapy. It is therefore an area of significant interest as interventions
administered at the point of reperfusion have the potential to improve the prognosis of
patients following an Ml [32]. However, successful therapies that can prevent reperfusion-
related myocardial injury have not been identified and thus remain one of the key unmet

clinical needs in cardiology.

Once reperfusion starts, an enhancement in the inflammatory response begins. Reactive
oxygen species (ROS) form through a variety of mechanisms in cardiac myocytes and

endothelial cells (ECs), of which an electron transfer to O, occurs by a damaged enzyme
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from the ischaemic phase (Figure 1.3) [33, 34]. These, alongside activated neutrophils,
platelets, ECs, and macrophages, release more ROS and in turn, the formation of mediators
such as chemokines and cytokines. This inflammatory response disturbs coronary
microvascular perfusion as a result of alterations in the production of NO and endothelin-
1 (a potent vasoconstrictor), as well as enhanced coagulation. Collectively, these events

produce cytotoxicity and in turn, induce further cell injury and death [35].

In addition to inflammation, reperfusion is associated with several additional factors that
may cause tissue injury, including intracellular Ca%* overload, oxidative stress, and
consequences of pH restoration. Intracellular Ca** overload occurs during the ischaemic
phase but is worsened following reperfusion as a result of mitochondrial re-energisation
and the generation of oxidative stress. Entry of Ca?* into the mitochondria occurs through
the mitochondrial Ca%* uniporter, which in turn induces the opening of the mitochondrial
permeability transition pore (mPTP) and mitochondrial re-energisation occurs (Figure 1.3)
[32]. Although pharmacological inhibition of the Ca?* channel reduced infarct size by 50%
in animal models, similar effects have not been seen in clinical studies [36, 37]. The recent
discovery of a mitochondrial Ca?* uniporter inhibitor may provide better clinical outcomes
through its pharmacological inhibition. The mPTP channel is non-selective, and its opening
results in a dissipation of the mitochondrial membrane ionic gradient, cessation of ATP
generation through oxidative phosphorylation and subsequent cell death. The mPTP
remains closed during ischaemia but may open following reperfusion in response to the
Ca?* overload, relative depletion of ATP, oxidative stress, and pH restoration (Figure 1.3).

Pharmacological inhibition of this channel at the time of reperfusion was able to reduce Ml
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size by about 45% in animal models and could provide a potential therapeutic target for IR

injury [38].

A rush of oxidative stress is also produced following reperfusion which can mediate cardiac
myocyte death. Antioxidants have been shown to be beneficial in some studies but are
generally not cell-permeable, and so their intracellular efficacy is hindered. Therefore, the
use of specific mitochondrial antioxidants may provide better results experimentally and
clinically [32, 39]. Lastly, intracellular pH is rapidly restored following reperfusion. The
activation of the Na*H* exchanger and washing out of lactate following reperfusion rapidly
returns the pH from 7 during ischaemia to its physiological condition within minutes. This
process results in cardiac myocyte injury and death through the opening of the mPTP
channels and hypercontractility of cardiac myocytes. Therefore, a slow restoration of the
pH at the time of reperfusion could prevent IR injury. Consistent with this mechanism,
pharmacological inhibition of the Na*H* exchanger has been shown to be cardioprotective

[32, 40].
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Figure 1.3. Mechanism of energy supply during ischaemia and reperfusion. Generation
of energy in cardiac myocytes usually occurs in the presence of Oy, via a mechanism relying
on oxidative phosphorylation in the mitochondria to produce ATP. In the absence of O,
ATP generation through oxidative phosphorylation stops, and ADP levels increase, which
results in a transient production of ATP from creatine phosphate until this is depleted
(usually within about 1 minute). Simultaneously, anaerobic glycolysis starts to convert
intracellular glycogen to lactic acid, which results in intracellular acidosis. As a result, ion
transport pumps which rely on ATP will fail. Na*/K* pump failure will increase intracellular
levels of Na*, which leads to a disturbance in cell osmolality and results in swelling, a loss
of conductivity and membrane damage. To balance Na* overload, the Na*/Ca?* ion
exchanger removes Na* and increases Ca?*. Within about 20 minutes, anaerobic glycolysis
becomes insufficient to substitute ATP, and consequently Ca?*and Na* overload will result
in the generation of reactive oxygen species (ROS), free radicals and other harmful
substances, which will also damage the cell membrane. More harmful substances are then
generated and cause the mitochondria to break down and release further toxic
metabolites, which leads to cell death. Cellular death releases toxic substances into the
surrounding environment, which causes additional cell death. Once reperfusion starts,
anaerobic glycolysis is stopped, pH is restored, mitochondrial production of ATP is
resumed, and an inflammatory response is activated. The inflammatory response can be
triggered by the components of damaged or dead cells or the disordered tissue matrix.
These cells, alongside activated neutrophils, platelets, endothelial cells, and macrophages,
can then release ROS and free radicals. ROS and free radicals are formed via a number of
pathways in cardiac myocytes, one of which involves an electron transfer to O, by xanthine
oxidase (which is itself generated by cleavage of xanthine dehydrogenase due to high
intracellular Ca?* levels in the ischaemic phase). Some of these then result in cytotoxicity
and in turn, induce further cell injury and death. Created using Biorender. Adapted from

[31].
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1.3. Coronary Microcirculation

1.3.1. Role of the Coronary Microcirculation in Ischaemia-Reperfusion Injury

The sinuses of Valsalva, at the origin of the aorta as it leaves the heart, gives rise to the two
main epicardial arteries, the left (LCA) and right (RCA) coronary arteries, which then
continue to branch out even further into smaller vessels to feed specific areas of the heart.
The LCA supplies the left side of the heart, with the left main stem branching into two
arteries, the left anterior descending (LAD) and the left circumflex (LCx) artery [41].
The LAD artery perfuses the anterior wall of theleft ventricle, and the anterior
interventricular septum, whilst the LCx perfuses the lateral left ventricular free wall.
The RCA branches into right marginal arteries to perfuse the right ventricle and usually
forms the posterior interventricular artery to supply the septum from behind. Initial
branching starts on the epicardial surface of the heart and continues to branch into the
myocardium to form a tree-like microcirculatory network ending as an extensive network
of capillaries running between all muscle fibres providing almost every fibre with its own
capillary (Figure 1.4) [41]. Indeed, coronary microcirculation accounts for around 75-80%
of the total myocardial blood flow and hence plays an integral role in regulating the
distribution of blood flow in the heart to ensure demand is met during metabolic,
endothelial, neuronal, and myogenic changes through its control of coronary resistance
[42]. However, it also plays an important role in permitting the thromboinflammatory
response during ischaemia and the subsequent reperfusion phases that accompanies the

flow restoring treatment of M.
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Clinically, restoration of normal epicardial coronary artery blood flow, but with sub-optimal
myocardial perfusion, can be observed in as many as 50% of patients undergoing PCI, which
leads to worse outcomes than in patients with full perfusion recovery [41, 43, 44]. This
suggests myocardial tissue damage likely occurs subsequent to inadequate perfusion at the
level of the coronary microcirculation [43, 45]. Indeed, a no ‘re-flow” phenomenon noted
post-PCl is likely brought about by targeted damage of the smallest blood vessels of the

heart as a result of both the ischaemic and reperfusion insults.

1.3.2. MINOCA and Microvascular Angina

The no-reflow phenomenon often observed post-PCl is not the only evidence that indicates
an important pathophysiological role in coronary microcirculation [46]. As stated earlier,
MI occurs when there is a blockage in one or more of the three main coronary arteries.
This can be a partial or a complete blockage, described earlier as NSTEMI or STEMI,
respectively. These large vessel obstructions can be easily detected in a clinical setting
using x-ray angiography (Figure 1.5). However, at least 15% of patients presenting with
typical symptoms of an acute MI show no angiographic evidence of obstructive coronary
lesions, suggesting ischaemic problems may be likely occurring due to perturbations within
the downstream microcirculation [47]. Therefore, despite changes indicative of a heart
attack being evident on an ECG (ST-segment elevation) and biochemically (raised cardiac
troponin levels that measure heart muscle damage), no stenosis of > 50% in a major
epicardial artery is demonstrated on coronary angiography (Figure 1.5). This condition,

called Ml with non-obstructive coronary arteries or MINOCA, results from various causes,
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including microvascular diseases, thromboembolism, plaque disturbance or coronary
artery dissection or spasm [48]. Interestingly, MINOCA is diagnosed more frequently in
younger patients and in women. The importance of coronary microcirculation in CVDs is
further exemplified in conditions such as microvascular angina (also called cardiac
syndrome X). Patients with microvascular angina present with chest pain during physical
exertion, but no ST-elevation is seen on an ECG, and basal circulating troponin levels are
usually normal. Similar to MINOCA, there is an absence of obstructive angiographic visible
coronary arteries. Coronary microvascular dysfunction has also been attributed to be the
main cause of heart failure with preserved ejection fraction (HFpEF), which makes up

around 50% of all patients diagnosed with heart failure [49, 50].

Increased clinical recognition of the importance of coronary microcirculation has resulted
in the need to identify strategies to improve perturbations within it, and these have gained
attention recently [51]. However, clinical research into the role of coronary
microcirculation in cardiovascular disease has been limited. This has meant no efficient
strategy to improve microvascular flow post-PCl; the time when reperfusion injury is
initiated has yet been identified. This is due to several challenges which have made it
difficult to investigate dynamic events within the coronary microcirculation clinically. The
most significant is the fact that the microvessels of interest are small, less than 200um in
diameter, making imaging modalities such as cardiac magnetic resonance (CMR) and
positron emission tomography (PET) unsuitable due to their limited spatial resolution [52].
This inability to directly image coronary microvessels in patients has led to cardiologists
focusing their efforts on improving flow post-MI within the angiographically visible part of

the coronary circulation. Hence, little is known about the full range of coronary
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microcirculatory responses, particularly at a cellular level, to IR in the clinical setting [53,

54].

Most of our knowledge of what may be happening within the coronary microvessels post-
IR injury has been obtained from experimental studies, in which heart tissue has been
interrogated histologically and biochemically for morphological deterioration,
thromboinflammatory cell infiltration and infarct size. Various microvascular perturbations
noted in tissue sections include the presence of (i) swollen endothelial cells surrounded by
cardiac myocytes that are themselves swollen, (ii) presence of endothelial gaps, (iii) red
blood cell (RBC) congestion, (iv) platelet and fibrin microthrombi, and (v) a high number of
intraluminal leucocytes or platelet-leucocyte aggregates [51]. However, these one-time
static snapshots cannot indicate which of these events actually reduce or prevent
myocardial flow post-reperfusion, nor can they provide real-time data on the trafficking
kinetics of thromboinflammatory cells in the presence of pathophysiological flow.
Therefore, it is not possible to know whether thromboinflammatory cells noted in coronary
microvessels in histological sections are actually adherent, occlusive, and inhibiting the
passage of blood or simply circulating cells or remote emboli that were freely passing
through the heart at the time of tissue retrieval. Leucocyte recruitment follows a well-
characterised adhesion cascade, including crawling, rolling, adhesion, spreading, and
transendothelial migration (Section 1.4.6). However, histological analysis cannot really
ascertain which of these dynamic events are critical in mediating their recruitment in the
heart in vivo. Moreover, important microvascular functional information such as the ability
of IR injury to modify flow, vessel diameters, functional capillary density, microvessel

integrity, and leakage are impossible to determine from static sections.
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Figure 1.4. Epicardial microcirculation and coronary microcirculation. The left and right
coronary arteries and their branches are epicardial coronary vessels that lie on the surface
of the heart. Their distal branches penetrate the heart muscle to become the coronary
microcirculation and are typically less than 500um in diameter. The coronary
microcirculation cannot be visualised during coronary angiography or other routine clinical
imaging tools such as single-photon emission computed tomography (SPECT), positron
emission tomography (PET), ultrasound and magnetic resonance imaging (MRI). Hence,
only blockages in coronary arteries can be seen clinically and not those that they may
present in the smaller microvessels. Created using Biorender.
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Figure 1.5. X-ray angiography of patients with symptoms of myocardial infarction (Ml)
either in the presence or absence of occlusions within coronary arteries. (A) (Left)
Angiogram demonstrating a total occlusion in the proximal left anterior descending (LAD)
coronary artery with no downstream blood flow (arrows). A normal left circumflex artery
(Cx) is shown. (Right) The same vessel in which flow has been restored after insertion of a
stent. Image: Hwang et al., 2015 (B) (Left) Angiogram demonstrating a partial occlusion
(arrow) in the LAD which has some downstream flow (arrow). (Right) The same vessel after
the occlusion is relieved with a stent. Image: Playan-Escribano et al., 2019 [55]. (C) 55-year-
old female patient with MINOCA presenting with classical symptoms of an M, raised
troponin levels and an ST-elevation in her ECG, but with no stenosis in her coronary
arteries. Image: Pasupathy et al., 2016 [46].
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1.4. Inflammation during Myocardial Infarction

Inflammation is a localised biological response to infections or sterile tissue damage.
Infectious factors include bacteria, viruses, and other microorganisms, while sterile
inflammation occurs following exposure to chemical irritants, physical, and biological
injuries, and psychological mediators [56]. The immune system is made up of two
complementary sub-systems, namely the innate and adaptive immune systems [57]. The
innate immune system is responsible for the first line of defence against any new pathogen
or injury and does not need prior exposure to the pathogen [56]. Instead, immune cells
such as resident macrophages, dendritic cells, and mast cells contain pattern recognition
receptors (PRRs) which act to recognise pathogen-specific molecules, known as pathogen-
associated molecular patterns (PAMPs), or components of the host damaged or dead cells,
known as damage-associated molecular patterns (DAMPs). Toll-like receptors (TLRs) are a
class of PRRs that have been widely studied. Following infection or injury, TLRs become
activated though their recognition of PAMPs or DAMPs and, through a signalling cascade,
induce the secretion of cytokines and chemokines, which recruit neutrophils and
macrophages to the site of inflammation. These different categories of inflammatory
triggers ultimately converge on the same downstream signalling effectors with neutrophils

and macrophages then engulfing the pathogens or damaged/dead cells [56].

By contrast, the adaptive immune system is responsible for antigen-specific immune
responses, whereby pathogens are identified through the recognition of unique antigens.
The adaptive immune response is more focussed as each pathogen is targeted specifically

by specialized immune cells known as lymphocytes (B- and T-cells). Some of the activated

21



Chapter 1: General Introduction

B- and T-cells become memory B- and T-cells, respectively, which allows for the
development of immunological memory, by which pathogens are identified and
neutralised rapidly in subsequent exposures to the pathogen. Establishing a significant

adaptive immune response to a new pathogen usually takes around six days [56].

Inflammation can be categorized as either acute or chronic. The initial response to
infections, irritants, or injury is considered an acute response and is characterised by the
movement and transmigration of immune cells such as neutrophils from the vasculature
into the inflamed area. If the acute inflammatory response fails to eradicate the infection,
irritant, or injury, then chronic inflammation follows. This persistent, prolonged
inflammation is characterised by concurrent destruction and repair of the tissue. A change
in the type of immune cells present at the site to a more specialized type of immune cells
is also observed. Atherosclerosis is a chronic inflammatory disease, while the initial

inflammatory response in a Ml is an acute inflammation [56, 58].

1.4.1. Pro-inflammatory Response in a Myocardial Infarction

The onset of an ischaemic event during MI, and reperfusion through primary PCl, can both
induce inflammation because of cellular injury and death to cardiac myocytes, ECs, and
fibroblasts. This acute inflammatory response is triggered through several initiation
processes including, the release of the intracellular content of necrotic cells such as DAMPs,
production of ROS, and activation of the complement cascade. This initiation then activates
the nuclear factor kappa B (NF-kB) system and generates pro-inflammatory mediators such

as chemokines, cytokines, and adhesion molecules at the infarct site. Recruitment and
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extravasation of circulating neutrophils and other leucocytes to the infarction site then
occurs, which serves to help wound healing and scar formation [59]. However, a prolonged
and excessive inflammatory response can worsen the condition, leading to larger infarct

size, LV remodelling and heart failure.

1.4.2. DAMPS, TLRs, and the Inflammasome

Cellular injury and death to myocardial tissue and cardiac myocytes result in the release of
endogenous DAMPs (Figure 1.6) [60]. These can be nuclear in nature such as histones,
DNA, mitochondrial DNA (mtDNA) the nuclear factor high mobility group box 1 (HMGB1)
and interleukin-1 (IL-1a.) or cytosolic such as ATP, uric acid, heat shock proteins (HSP) and
F-actin. Specific TLRs become activated through their recognition of these DAMPS.
Extracellular DNA, mtDNA, RNA, and HMGB1 have all either been shown to be elevated in
patients following a Ml or to be anti-inflammatory and cardioprotective. This has been
demonstrated by the ability of DNAase, RNAasel or HMGB1 inhibitors to reduce Ml size
[61,62]. There are more than 10 known TLRs, located either on the surface of cardiac cells
(TLR1, TLR2, TLR4) or intracellularly (TLR3, TLR7, TLR9). Surface TLRs sense extracellular
damage or danger signals (such as HMGB1), whereas intracellular TLRs act to sense signals
within cells (such as DNA or nucleic acid) [60]. Once a DAMP is recognised by a TLR, the
cytoplasmic myeloid differentiation factor 88 (MyD88) is activated. This stimulates the NF-
kB pathway and, through a signalling cascade and gene transcription, leads to the
production and release of several inflammatory mediators such as pro-interleukin (IL)-1B

(pro-IL-1B) (Figure 1.6) [63]. TLR4, in particular, has been shown to be integral in inducing

23



Chapter 1: General Introduction

inflammation during myocardial ischaemia and IR injury. Indeed, genetic depletion or
pharmacological inhibition of TLR4 in mice results in reduced neutrophil/monocyte
infiltration and decreased cytokine/chemokine production, which ultimately leads to

reduced Ml size and LV remodelling [64, 65], [66, 67].

Pro-inflammatory responses following an acute MI or post-reperfusion can also be
triggered through inflammasomes. Inflammasomes are a complex of multiple cytoplasmic
proteins which form in response to the release of DAMPs (such as ATP), and function to
activate pro-inflammatory cytokines such as IL-1B [58]. The most described and studied
inflammasome in relation to Ml is nucleotide-binding oligomerization domain receptor
family protein 3 (NLRP3). Release of extracellular ATP leads to Ca?* overload within the
mitochondria, subsequent ROS generation, and mitochondrial cardiolipin release, which
activates the NLRP3 inflammasome [60]. This inflammasome then promotes cleavage of
pro-Caspase-1 into Caspase-1, which in turn converts pro-IL-1B (inactive form) into the
active IL-1B form (Figure 1.6). In 2013, Sandanger et al. identified an up-regulation of
NLRP3 in mouse myocardial fibroblasts following an acute M1 [68]. Several research groups
were also able to see a significant reduction in Ml size in murine hearts following
pharmacological inhibition or genetic depletion of NLRP3, thus suggesting this as a

potential therapeutic target to limit myocardial cell death following an acute Ml [68-70].

Therefore, release of IL-1p from cardiac cells involves two steps: (i) pro-IL-1B transcription
through the DAMP-TLR-NF-kB signalling cascade and (ii) processing of pro-IL-1B into its
active form (IL-1B) through the NLRP3 inflammasome. IL-1B drives further pro-
inflammatory mediator release, thereby exacerbating the acute inflammatory response

(Figure 1.6).
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Figure 1.6. Overview of the IL-1B inflammatory response in a myocardial infarction. The
onset of acute myocardial infarction (Ml) leads to cellular injury and necrosis of cardiac
cells (cardiac myocytes, endothelial cells, and fibroblasts), resulting in the release of
intracellular content such as damage-associated molecular patterns (DAMPs), production
of reactive oxygen species (ROS) and activation of the complement cascade. Once a DAMP
(such as DNA, mitochondrial DNA (mtDNA), RNA, the nuclear factor - high mobility group
box 1 (HMGB1), and ATP) is recognised by toll-like receptors (TLRs), cytoplasmic myeloid
differentiation factor 88 (MyD88) is activated. This in turn, stimulates the NF—kB pathway
and through a signalling cascade and transcription, leads to the release of several
inflammatory mediators such as pro-interleukin (IL)-1B. Additionally, in response to the
release of DAMPs, inflammasomes (such as nucleotide-binding oligomerization domain
receptor family protein 3, NLRP3) are activated to promote the cleavage of pro-Caspase-1
into Caspase-1, which in turn processes the pro-IL-1p into the active IL-1p form. As a result,
pro-inflammatory mediators such as cytokines (IL-1pB, IL-1a, IL-18, and IL-6), chemokines
(CCL2, and CCL5), and cell adhesion molecules are increased at the infarct site.
Extravasation and recruitment of neutrophils and other leucocytes (monocytes,
macrophages, B lymphocytes, and CD8* T cells) to the infarction site then occurs as a result
of the interactions between endothelial cells and infiltrating leucocytes. The subsequent
anti-inflammatory phase (day 4-7) facilitates the resolution and repair through anti-
inflammatory cytokines (IL-10, IL-1, and TGF-B), changes in macrophages (M1 to M2) and
monocytes (Ly6C"e" to Ly6C'°%), and recruitment of cells (T-regs, dendritic cells, CD4* T
cells). This response serves to help wound healing and scar formation; however, a
prolonged and excessive inflammatory response can worsen the condition, leading to
larger infarct size, LV remodelling and heart failure. Created using Biorender. Adapted from
[60]
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1.4.3. Pro-inflammatory Cytokines and Chemokines

In response to ischaemia or reperfusion injury, pro-inflammatory cytokines, such as IL-18,
tumour necrosis factor-o. (TNFa) and IL-6 are produced, primarily by resident myocardial
cells or circulating inflammatory cells, and function to recruit immune cells to the area.
These agents promote leucocyte recruitment by activating leucocyte integrins and
enhancing the expression of endothelial cell adhesion molecules (CAM) at the site of injury.
Chemoattractant cytokines or chemokines are also secreted and regulate the locomotion
and trafficking of leucocytes along concentration gradients, thus increasing leucocyte

recruitment and infiltration to the infarcted area [58, 60].

1.4.4. Pro-inflammatory Cytokines

Cytokines are a broad class of proteins (~6-20kDa) produced by a wide variety of immune,
endothelial, and other tissue-resident cells and are involved in cell signalling. They include
chemokines, interleukins (ILs), interferons (IFNs), TNFs and lymphokines. These agents can
act as either pro- or anti-inflammatory mediators for the immune system. Several pro-
inflammatory cytokines are up-regulated in acute Ml during the ischaemia and reperfusion
phases. Predominant cytokines include IL-1 family members (IL-1a and IL-1B), IL-6, TNF-q,,
and C-reactive protein (CRP). IL-1 family members have a key role within most systemic
and local inflammatory responses and are one of the early and leading cytokines to
mediate an inflammatory response following an acute MI. In experimental mouse models

of MI, IL-1a has been shown to be released by damaged or dead cardiac myocytes, while
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IL-1B is primarily released from immune cells and cardiac myocytes (Figure 1.6) [71, 72].
Following reperfusion, plasma levels of IL-18 have been strongly linked to decreased
cardiac function and adverse LV remodelling [73]. Multiple research groups have shown a
reduction in adverse LV remodelling and Ml size following pharmacological inhibition of IL-
1B or genetic depletion of the IL-1 receptor (IL-1R) in experimental mouse models of Ml
[74]. IL-6 is also released from both immune and myocardial cells following IR injury and
has been shown to have both anti- and pro-inflammatory effects, including the secretion
of CRP. Studies in mice with genetically depleted or pharmacologically inhibited IL-6, have
returned varied results on Ml size and LV remodelling, with some studies showing a
worsened LV remodelling following inhibition [75-77]. Increased plasma levels of IL-6, TNFa
and CRP have been shown to be associated with worse adverse outcomes and higher
mortality in patients with Ml [60]. A reduction in Ml size was also seen following TNFa

inhibition [74].

1.4.5. Pro-inflammatory Chemokines

Chemokines are a class of cytokines (~8-14KDa) which have a similar tertiary structure and
are released in response to pro-inflammatory cytokines. They are classified into sub-
families depending on their cysteine residues: CC, CXC, CX3C, and XC. They have a key role
in neutrophil, monocyte and lymphocyte locomotion, trafficking, and adhesion. The most
abundant chemokines are the CC chemokines, which include CCL2 (also known as
monocyte chemoattractant protein 1 (MCP-1) and CCL5. CCL2 and CCL5 are both

significantly and rapidly up regulated in a Ml and function to attract immune cells. CCL2
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attracts mononuclear cells such as monocytes, while CCL5 attracts neutrophils and
macrophages (Figure 1.6). Genetic depletion of CCL2 or its receptor or inhibiting CCL5 using
a monoclonal antibody resulted in a reduction of infiltrating immune cells to the infarcted
area, reduced MI size, stopped LV remodelling, and reduced mortality [78, 79]. CXC
chemokines include CXCL12, also known as stromal cell-derived factor 1 (SDF-1), which is
also up regulated in MI. Pharmacological inhibition of CXCL12 also resulted in a reduced MI
size and a reduction in infiltrating neutrophils, most likely through an indirect effect [60,

80].

1.4.6. Pro-inflammatory Cell Adhesion Molecules

Following the release of chemokines, leucocytes are captured from the circulation and
aided to cross the vascular endothelium and enter the site of injury. The pathway of events
that underlie this process form what is referred to as the leucocyte adhesion cascade. In
response to a MI, this process involves leucocytes tethering and rolling within the blood
vessel, followed by their subsequent arrest and firm adhesion to the endothelium and
finally their migration through the endothelium into the subendothelial space (Figure 1.7)
[81]. This process is mediated by selectins in the initial step followed by chemokines and
CAMs in the remainder of the cascade [81]. CAMs are a class of receptors which are located
on the surface of cells, aid in the binding or adhesion to other cells. They are often
upregulated, activated, or clustered following the activation of leucocytes, ECs, and
platelets. They are generally classified but not limited to four main groups: selectins,

integrins, immunoglobulin super family (IgSF) and cadherins. Selectins are a class of
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heterophilic CAMs (whereby a CAM must bind to a different CAM) and are made up of
three members, E-selectin (expressed on Ecs), L-selectin (expressed on most leucocytes
and endothelial cells), and P-selectin (expressed on platelets and ECs) and are responsible
for the initial leucocyte capture, rolling and tethering. Integrins are heterodimeric CAMs,
which are made up of an a (18 types) and B (8 types) subunit, and through their various
combinations, make up 24 known integrins. These include the beta-1 integrin o1 (also
called very late antigen 4 [VLA-4] or CD49d/CD29) and the beta-2 integrins a.32 (also called
lymphocyte function-associated antigen 1 [LFA-1] or CD11a/CD18) and amp: (also called
macrophage-1 antigen [MAC-1] or CD11b/CD18). They are responsible for facilitating the
subsequent arrest of leucocytes on the endothelium or extracellular matrix (ECM) by
binding to other CAMs present on these surfaces. asB1integrin present on leucocytes and
lymphocytes can interact with ECs by binding to vascular cell adhesion molecule 1 (VCAM-
1). Similarly, a2 and amB2 integrins can bind to intercellular adhesion molecule 1 (ICAM-
1). Members of the IgSF are the most diverse class of CAMs, and include VCAM1, ICAM1
and PECAM1 (platelet endothelial CAM-1). The interactions between VCAM1 or ICAM1
with their respective integrin results in the firm adhesion of leucocytes on the
endothelium. PECAM1 (CD31) is found most densely at endothelial intracellular junctions
and can also be found on platelets, neutrophils, and monocytes to facilitate homophilic
interactions [81, 82]. Cadherins are mainly found between cells at the intermediate cell
junctions (adherence junctions). They are classified based on their location; these include
E-cadherins (epithelium), P-cadherins (placenta) and N-cadherins (neuronal).
Transmigration of adherent leucocytes through the endothelium requires several CAMs,

including ICAM1, VCAM1, PECAM1, integrins, and cadherins [81, 82] (Figure 1.7). Following
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a M, studies have shown several circulating CAMs to be elevated and therefore may have

a role in predicting adverse outcomes [83].

1.4.7. Role of Inflammatory Cells in Myocardial Infarction

The inflammatory response following myocardial IR injury is mediated through the
coordinated activity of several types of cells, both within and distant to the infarcted area.
A hallmark of patients with Ml is leukocytosis, an increased number of white blood cells
(WBCs) in the blood. This has been widely used as a predictor of mortality within this group
of patients. Neutrophils are thought to be the first type of cells to be recruited during
myocardial IR injury, followed by monocytes, mast cells, and lymphocytes (such as B- and
T-cells, and natural killer [NK]-cells). Each of these cells has a distinct role within the

inflammatory process during myocardial IR injury [58, 84].

1.4.7.1. Role of Neutrophils in Myocardial Infarction

Neutrophils are the most abundant type of WBC (50-75% of total WBCs) in the circulation
and are a key player within the innate immune system. Their primary role as phagocytes is
to internalise and kill foreign microbes and particles. In addition, they are able to release a
variety of proteins and chemical mediators, which help combat infection and recruit other
inflammatory cells to the site. Even in sterile injuries, such as myocardial IR injury,
significant neutrophil recruitment occurs in which their phagocytic functions serve to

contribute to the clearance of debris. However, the vast array of hydrolytic, oxidative, and
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pore-forming molecules released by an overabundance of phagocytic neutrophils,
alongside their delayed removal from the infarct site, end up causing significant collateral
heart tissue destruction [60, 85, 86]. In an MI, neutrophil counts are found to be
significantly raised as a result of mobilisation from the bone marrow, and this is used as a
predictor of adverse outcomes and mortality [87]. Circulating neutrophil counts peak
within 1-3 days and drop after day 4. Neutrophils are present within the infarcted area
within hours following myocardial IR injury. In 2016, Ma et al. further showed that
neutrophils harvested from the heart on day 1 post-MIl were N1 neutrophils (pro-
inflammatory), that express highly pro-inflammatory mediators, whereas those isolated
between days 5-7 were N2 (anti-inflammatory) neutrophils [60, 88]. Pharmacological
inhibition of neutrophil CD11/CD18 has been shown to reduce Ml size in various animal

models [89].
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Figure 1.7. Leucocyte adhesion cascade. Following the release of chemokines and
cytokines to attract various leucocytes, leucocytes then follow a course of events that
facilitates their capture from the circulation and allows their subsequent travel across the
vascular endothelium and to the site of injury. This process is referred to as the leucocyte
adhesion cascade. To regulate the type and number of leucocytes infiltrating the area, this
process is mediated by chemokines in the initial step and cell adhesion molecules in the
remainder of the cascade. In response to a MI, this process firstly involves leucocytes
tethering and rolling within the blood vessel using selectins, very late antigen 4 (VLA-4) and
P-selectin glycoprotein ligand 1 (PSGL-1). This is followed by arrest and firm adhesion of
the leucocyte to the endothelium using lymphocyte function-associated antigen 1 (LFA-1),
vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-
1). Finally, the leucocyte transmigrates through the endothelium to the site of injury using
ICAM-1 and PECAM-1 (platelet endothelial CAM-1). Created using Biorender. Adapted from
[81].
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1.4.7.2. Role of Monocytes, Macrophages, and Lymphocytes in Ml

Monocytes can differentiate into macrophages, dendritic cells, and mesenchymal
progenitors, which can then further regulate the adaptive immune system’s response to
inflammation. There are three main subsets of monocytes in both human and mice (Table
1.1) [90]. In response to an MI, monocytes (from bone marrow and spleen) enter the
circulation and are recruited to the site of injury via chemotaxis. Indeed, peripheral
monocytosis can also be used as a predictor of adverse LV remodelling [91]. In murine
studies, pro-inflammatory classical or Ly6CM&" monocytes arrive peaking between day 3
and 4, and are transformed into pro-inflammatory M1 macrophages, which produce
proteases (MMPs), cytokines (IL-1, IL-6, TNF-a, IFN-y), chemokines (CCL2), and growth
factors to clear cell debris and initiate wound healing [92]. Thereafter, recruitment of anti-
inflammatory non-classical or Ly6C'°" monocytes occurs, which peaks at day 7 [58, 60]. M1
macrophage numbers decline, and M2 anti-inflammatory macrophages coordinate wound
healing in this reparative phase. The extended presence of M1 macrophages can
exacerbate the pro-inflammatory phase, extend damage beyond the original infarcted
area, and cause adverse LV remodelling. This may explain why their pharmacological
inhibition has been shown to be cardioprotective [60, 93]. Additionally, monocytes can
differentiate into antigen presenting dendritic cells and initiate the adaptive immune
system through production of chemokines and cytokines (IFN-y, IL-6) that stimulate the

activation of T cells [94, 95].

Lymphocytes can induce a cell-mediated cytotoxic innate immune response, and various

subsets are involved. NK cells and their receptor expression were seen to be significantly
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reduced following a MI, and recent studies showed these cells to have a protective role in
atherosclerosis [96]. Both T and B lymphocyte sub-sets have been shown to infiltrate the
site of injury in animal models of MI. Following an acute M, patients display an increase in
pro-inflammatory CD4* Th1 and cytotoxic CD8* T cells and a reduction in anti-inflammatory
and protective CD4* Th2 cells. Prolonged presence of the harmful lymphocytes was
associated with a worsened prognosis [97, 98]. An increase in peripheral B cells was also
noted in M| with mature B cell infiltration peaking at around day 5. In 2013, Zouggari et al.
showed that B cells secrete CCL7 that mobilizes bone marrow Ly6C"8" monocytes to the
site of injury, which in turn induces further tissue damage. They also demonstrated a
potential therapeutic role following B cell genetic depletion, as evidenced by reduced

systemic inflammation, LV remodelling and Ml size [99].
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MONOCYTE SUBSETS

HUMAN - based on their cell surface

MICE - based on cell surface expression

expression of CD14 and CD16

Classical - CD14**/CD16~

80-95% of circulating monocytes, highly
phagocytic and scavenger cells, high
expression of CCR2 (chemokine receptor)

of lymphocyte antigen 6 complex (Ly6C)
Lyschigh

Pro-inflammatory and express high levels
of CCR2 (homologue of classical
monocytes in humans)

Intermediate - CD14**/CD16*

2-8% of circulating monocytes, pro-
inflammatory, generate ROS, key role in
atherosclerosis

Lyecmiddle

Pro-inflammatory and express high levels
of CCR2 (homologue of classical
monocytes in humans)

Non-classical - CD14*CD16**

2-11% of circulating monocytes, patrol
the endothelium in search of injury, low
expression of CCR2

Lysclow

Involved in tissue repair and patrolling and
express low levels of CCR2 (homologues of
non-classical monocytes in humans)

Table 1.1. Monocyte subsets in humans and mice.
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1.4.7.3. Role of Platelets in a Myocardial Infarction

Platelets have been well characterised for their role in thrombosis. More recently, they
have been recognised to play a role in inflammation as participants in the innate immune
response by aggregating in the injured area, localising the inflammatory response, and
contributing to the production of a provisional matrix. In an inflammatory response such
as an acute Ml or post-reperfusion, platelets secrete inflammatory mediators, including
cytokines and chemokines, as well as platelet-derived growth factor (PDGF). In response to
myocardial IR injury, platelet pro-inflammatory activity up-regulates ICAM-1, VCAM-1, and
selectins on leucocytes, induces ROS production, activates macrophages and cytotoxic
lymphocytes, and increases circulating microparticle production. They can also interact
with and modulate the activity of leucocytes by forming platelet-leucocyte (P-L) aggregates
mediated by P-selectin/PSGL-1 interactions. A peripheral blood increase in P-L aggregates
has been observed in patients following acute MI, and it has been suggested that
circulating P-L aggregates could be used as an early biomarker for patients with Ml [100].
Inhibition of P-L aggregates using anti-platelet treatments was able to reduce inflammation

and the risk of onward complications in patients with MI.

1.5. Therapeutic Targets for Inflammation in a Myocardial Infarction

A potential therapeutic target for limiting infarct size, reducing adverse ventricular
remodelling, and enhancing prognosis could be to target the pro-inflammatory responses

observed following myocardial IR injury [60, 101]. Several studies and clinical trials have

36



Chapter 1: General Introduction

targeted individual elements in the inflammatory adhesion cascade and have shown some
benefits in preclinical animal models. The effects of inflammatory cytokines on the immune
system are pleiotropic, which makes them an ideal therapeutic target for reducing
inflammation. Several clinical trials have been conducted that target inflammatory

cytokines, mainly IL-1, IL-6 and TNF-a.

1.5.1.1. Targeting Interleukin-1 in Myocardial Infarction

There is significant evidence to suggest that IL-1 (and its extended family members — see
Section 1.5) are canonical DAMPs of the immune system as they possess all of the
characteristics expected of DAMPs and initiate inflammation in a manner strikingly similar
to that utilized by the other major category of inflammatory triggers, namely PAMPs [102].
IL-1 also acts at the apex of the inflammatory cascade. For these various reasons, it has
been considered an ideal target for inflammatory disorders, including CVD. Inhibition of
IL-1 in experimental models of myocardial IR injury have been largely successful. Toldo and
colleagues (2012) showed a significant reduction in infarct size and improvement in LV
ejection fraction in mice undergoing myocardial IR injury following treatment with
anakinra, a recombinant human IL-1 receptor antagonist (IL-1Ra) [103]. Similar results were
seen in a study in rat hearts, where overexpression of IL-1Ra protected the myocardium
against IR injury by attenuating cell death and reducing infarct size through its anti-

inflammatory properties on neutrophils [104].

There have also been several clinical studies that have looked at the effects of using

anakinra (currently used for the treatment of rheumatoid arthritis) or canakinumab, a
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monoclonal antibody against IL-1B, in patients with either STEMI or NSTEMI. In 2010,
Abbate and colleagues reported a double-blinded randomized pilot clinical trial for
anakinra to assess LV remodelling in 10 patients with STEMI and showed improved LV end-
systolic volume index (LVESVi) with treatment [105]. This was further expanded in 2013 to
25 patients, and while serum CRP levels were suppressed, LVESVi remained unchanged
between the treatment and placebo groups [106]. In a follow-up meta-analysis, anakinra
treated patients had a reduced risk of developing heart failure and death [107]. In 2014, a
larger clinical study was initiated on 99 patients with STEMI, and while systemic
inflammation decreased, LV end-systolic volume, LV end-diastolic volume and LVESVi were
not different from the placebo-treated group [108]. In 2015, Morton and colleagues
published a double-blinded randomized phase Il clinical trial of anakinra in 182 patients
with NSTEMI. They found that although CRP levels decreased, there was actually a
significant increase in adverse outcomes (recurrent Ml, stroke, and death) after one year

[60, 109].

More recently in 2017, Ridker and colleagues reported a double-blinded randomized phase
[l clinical trial to test canakinumab, an IL-18 monoclonal antibody, in 10,061 high-risk
patients with the established atherosclerotic disease who had already survived a Ml. This
canakinumab anti-inflammatory thrombosis outcome study, or CANTOS trial,
demonstrated a significantly lowered inflammatory burden as evidenced by reduced CRP
and importantly had no effect on LDL (low-density lipoprotein) cholesterol. Overall, the
trial showed a significant reduction in the incidence of nonfatal MI, stroke, or
cardiovascular death during the median 3.7-year follow-up. This was the first major clinical

trial to show that targeting inflammation can confer modest cardiovascular benefits in very
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high-risk patients and has been credited with providing an exciting glimpse at the potential

for using anti-inflammatory therapies for treating CVD.

1.5.1.2. Targeting Neutrophils in Myocardial Infarction

Neutrophils, as previously described, have a key role in mediating IR injury following an
acute MI. Inhibition of the B, integrin receptor complexes has been shown to reduce
neutrophil adhesion and reduce Ml size in various animal models [89]. There have been
two major clinical studies that have targeted neutrophils in patients with Ml. In 2001, Baran
and colleagues reported a double-blinded randomized clinical trial (LIMIT AMI trial) for a
monoclonal anti-CD18 antibody (rhuMAb CD18) in 394 patients with M, also receiving a
plasminogen activator, aspirin, and heparin. However, they were unable to demonstrate
any beneficial effect on multiple cardiac end points, including infarct size and coronary
blood flow [110]. They suggested that one of the reasons for the failure of anti-CD18
therapy in humans was that the duration of ischemia was so long that endothelial cell
barrier function had already failed. The following year, Faxon et al., reported a double-blind
randomized clinical trial using a humanized monoclonal antibody that inhibits both
CD11a/CD18 and CD11b/CD18 interactions (Hu23F2G — LeukoArrest) in 420 patients prior
to primary PCI. Again, treatment with this antibody had no effect on Ml size, although the
authors accepted that their study was underpowered [111]. Moving forward, a potential
therapeutic strategy may be the polarization and modulation of neutrophils from pro-

inflammatory N1 to anti-inflammatory N2 neutrophils in the early stages of inflammation.
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1.5.2. Need for a New Anti-inflammatory Target in Myocardial Infarction

Reperfusion injury post-PCl remains one of the key unmet clinical needs in cardiology.
Despite experimental studies identifying a number of components of the
thromboinflammatory process to be beneficial in reducing infarct size, these strategies
have not translated well in clinical trials. This may be due to differences in the design of
experimental studies, treatment potency, time-point of therapeutic intervention and
dosing in animals and the involvement of different pathophysiological mechanisms in
animal models, all of which can play a major role in affecting clinical outcomes.
Furthermore, experimental models do not usually fully recapitulate the mechanisms of
pathogenesis in humans. For instance, animal models do not account for the fact that the
majority of patients with Ml patients are elderly, have additional co-morbidities such as
diabetes and hypertension and are often already on multiple medications. Many animal
models also do not consider the differences in the outcomes for Ml between male and
female patients [60]. Therefore, in addition to identifying a new anti-inflammatory target,
it is imperative that these are tested in animal models that better replicate the clinical

situation.

Given that cytokines are major contributors to the pathogenesis of various inflammatory
and immune diseases, they have received considerable interest in recent years as potential
therapeutic targets [112]. To date, IL-1, TNFa and IL-6 have been the most researched
targets for various inflammatory diseases and have been trialled in humans initially for
treating sepsis and then later for rheumatoid arthritis, Crohn disease, and psoriasis.

Infliximab and etanercept, monoclonal antibodies that neutralise the action of TNFa, are
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used clinically for treating many inflammatory disorders. Furthermore, Canakinumab, an
IL-1B monoclonal antibody, is used to treat inflammatory disorders such as gout and also
reduce secondary events in patients with prior Ml as described in the CANTOS trial.
However, whether targeting cytokines can prevent thromboinflammatory events that take
place within the coronary microcirculation during myocardial IR injury, and preserve blood
perfusion in the heart, has not been determined in vivo either experimentally or clinically.
Hence the search for a cytokine target that maintains perfusion within the coronary
microcirculation, limits myocardial damage, reduces infarct size and improves patient

prognosis after reperfusion is worthwhile.

1.6. Therapeutic Targets in the Interleukin-1 Super Family

IL-1 is actually part of an IL-1 superfamily (IL-1F) that is made up of 11 pro- and anti-
inflammatory cytokines that modulate the innate immune response primarily through their
manipulation of integrin expression on target cells and promotion of cytokine release from
stromal cells). Pro-inflammatory members include IL-1a, IL-1B, IL-18, IL-36q, IL-36[, IL-36y
and [IL-33, while anti-inflammatory members can be further divided into
immunosuppressive cytokines (IL-37, and IL-38) and antagonist cytokines (IL-1Ra -
antagonist for IL-1a and IL-1B, and IL-36Ra - antagonist for IL-36a, IL-36f and IL-36y). All
the IL-1 family members, except for IL-1Ra, are initially synthesized as a precursor protein
which needs to be proteolytically cleaved into a shorter form, termed a mature protein
[113]. There is a significant body of literature on some of these cytokines, particularly the

IL-1 cytokines (IL-1a and IL-1B), both of which are agonists found in the cytoplasm and have
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been shown to be expressed in several cells, including neutrophils, monocytes,
macrophages, and hepatocytes. However, some members have only recently been
discovered, and the literature is relatively sparse on their function (IL-36 cytokines) [114].
Importantly, these are frequently the first and most upstream cytokines produced in
response to injury, thus good targets for intervention for inflammatory disorders [115].
Since IL-1F members critically mediate inflammation, they may be key mechanistic
contributors causing myocardial microcirculatory disturbances. In the last decade, genes
encoding a novel cytokine cluster, namely IL-36, with structural and functional similarities

to IL-1 were discovered [116, 117].

1.6.1. Interleukin-36: Characterization and Expression

IL-36, a relatively novel IL-1 family member, was identified approximately 20 years ago and
is involved in pro-inflammatory mediator production, activation of immune cells, and
antigen presentation [118]. This subfamily is composed of 5 members with different effects
on the IL-36 receptor (IL-36R); IL-36a (IL-1F6), IL-36 (IL-1F8), and IL-36y (IL-1F9) cytokines
have agonistic effects, while IL-36Ra (IL-1F5) and IL-38 (IL-1F10) have antagonistic effects.
IL-36R, also known as the interleukin-1 receptor-like 2 (IL-1RL2), is a ligand-binding chain
that is composed of TIR (Toll/IL-1 receptor) domain in the cytoplasm and an
immunoglobulin domain in the extracellular space [119]. Like the IL-1 cytokines, the gene
which encodes IL-36 cytokines and IL-36R is also found on human chromosome 2 and IL-
36Ra is encoded by gene /L-36RN [120]. As well as amplifying IL-1 effects, IL-36 is also a
mediator of inflammation in its own right. Indeed, its critical role in psoriasis, equalling if
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not surpassing that of IL-1, is well established with emerging roles in Crohn disease, airway

infections and rheumatoid arthritis recently identified [121-123].

IL-36R and its cytokines are predominantly expressed on the body’s external barriers such
as dermal, bronchial, oesophageal, and intestinal epithelium. They are constitutively
expressed on keratinocytes, microglial cells, dendritic cells, T cells, and other immune cells,
thus indicating their importance in homeostasis and inflammation. Furthermore, IL-36
cytokines and IL-36R are expressed on and released from a wide range of immune cells,
including neutrophils, monocytes, macrophages, and lymphocytes, and their expression is
inducible in response to inflammation, infection, or injury [118, 124-126]. IL-36 cytokines
are also regulated through the actions of several other cytokines and inflammatory
mediators. For example, cultured human keratinocytes exposed to IL-17, IL-22, TNF-a or
IFN-y were able to induce the synthesis of one or more of the three IL-36 cytokines [127].
Stimulation of bronchial epithelial cells with cytokines, smoke, viruses, or bacteria-induced

expression of IL-36, mainly IL-36y [128].

1.6.2. Interleukin-36: Signalling Pathway

The signalling pathway of IL-36 members is similar to IL-1a and IL-1pB. Ligand engagement
results in the activation of the adaptor protein MyD88, various kinases such as MAPK which
then activate the transcription factor NF-kB. NF-kB will traffic to the nucleus and alter the
transcription of numerous genes, including those that encode pro-inflammatory cytokines,
ultimately leading to subsequent infiltration of immune cells (Figure 1.8) [118]. Activation

of IL-36R requires heterodimer formation with the IL-1 receptor accessory protein (IL-
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1RacP), the common accessory protein of the IL-1 family, which is recruited following
agonist ligand binding. IL-36R is found in two forms: a precursor (~85kDa) and active form
(~65kDa). The precursor needs to be glycosylated for the receptor to be able to signal [126].
Similarly, the N-terminus of IL-36 cytokines - made up of 9 amino acids - must be cleaved
in order for the cytokine to bind to the receptor with high affinity. This cleavage enhances
their bioactivity over 10,000-fold [129]. In 2016, Henry et al. showed that the bioactivity of
IL-360a, IL-36B, and IL-36y was increased by ~500-fold due to the activity of neutrophil-
derived proteases such as cathepsin G, proteinase-3, and elastase. The same study also
showed that within psoriatic skin, these neutrophil proteases contributed to the N-
terminus cleavage of the IL-36 cytokines [130]. Additionally, IL-36 cytokines were activated
following their incubation with activated neutrophil supernatants, further suggesting that
neutrophil proteases released in response to DAMPs or PAMPs activate IL-36 cytokines

[130, 131].

1.6.3. Interleukin-36: Effect on the Immune System

Over the last decade, most of our knowledge on the activity of IL-36 cytokines has been
obtained by understanding how they can drive responses in human keratinocytes.
Keratinocytes from healthy patients were shown to be a potent source of neutrophil,
macrophage, and T cell chemokines (such as CXCL8, CCL3, CCL4 and CCL20) following their
activation with IL-36a, IL-368, and IL-36y [132]. They were also able to upregulate MAPK
signalling genes (such as IRAK2), IL-8 and MMP9 suggesting an amplified inflammatory

response involving T helper cell signalling [133]. Expression of interferon encoding genes
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are also increased in keratinocytes following activation with IL-36 cytokines. Additionally,
IL-36a and IL-36y were able to be up-regulated in an autocrine manner [128, 134].
Furthermore, keratinocytes activated with IL-36B also upregulate the expression of IL-17
and TNF-a [135]. ECs activated with IL-36y up-regulated IL-8, VCAM-1, and ICAM-1, thus
suggesting that IL-36 cytokines have pro-inflammatory effects on both ECs and

keratinocytes [118, 136-139].

The effect of these cytokines on immune cells has also been studied. Neutrophil
recruitment was significantly decreased in IL-36a” mice which was associated with a
downregulation in CXCL1 [127]. IL-1a, IL-1B and IL-6 were all up-regulated following
monocyte culture with IL-36 cytokines [132]. Murine dendritic cells and monocyte-derived
dendritic cells both induced cytokine and chemokine production following their activation
with IL-36 cytokines [140, 141]. In 2017, Harusato et al. showed that culturing CD4* T cells
from IL-36R7" mice with IL-36y resulted in the inhibition Treg cell differentiation when
compared to wild-type mice [142]. Taken together, these results suggest that IL-36

cytokines and receptors play an important role in the immune system response.

1.6.4. Antagonism of the Interleukin-36 Receptor

Antagonism of the IL-36R can occur through either of the endogenous inhibitors, IL-36Ra
or IL-38. They work by preventing agonist binding to the IL-36R and subsequently block the
dimer formation, which is required to trigger downstream signalling (Figure 1.8) [119, 126].
Similar to the other cytokines, IL-36Ra and IL-38 must also be cleaved into a mature active

form. Studies suggest that neutrophil-derived elastase is an important mediator of this
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modification for IL-36Ra. The mechanism responsible for IL-38 cleavage remains unclear;
there is no identified caspase-1 cleavage site for IL-38. Furthermore, IL-1Ra and IL-36Ra
share a 52% homologous sequence of amino acids, whereas IL-38 shares a 43% and 39%
homology with IL-36Ra and IL-1Ra, respectively. IL-38 has also been shown to bind to IL-
1R1 with low affinity [119, 143]. IL-36Ra and IL-38 have been shown to have similar effects
on immune responses. Healthy human PBMCs cultured with either recombinant IL-38 or
IL-36Ra resulted in the inhibition of candida-induced T cell cytokines (IL-22 and IL-17)
synthesis. Both were also able to decrease IL-8 synthesis induced by IL-36y, but this

decrease was greater with IL-36Ra [143].
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Figure 1.8. IL-36/IL-36R pathway. IL-36 cytokines (IL-36a, IL-36p or IL-36y) bind to the same
receptor (IL-36R) which then forms a heterodimer with IL-1 receptor accessory protein (IL-
1RACP). This formation triggers a downstream signalling cascade by activating the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) and mitogen-activated
protein kinase (MAPK) to induce an inflammatory response through the release of pro-
inflammatory cytokines. The receptor antagonist (IL-36Ra) acts by blocking heterodimer
formation and preventing the formation of the signalling complex. Created using
Biorender. Adapted from [119]
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1.6.5. Interleukin-36: Role in Inflammatory Diseases

Members of the IL-36 family have been shown to play a key role in many inflammatory
diseases, including psoriasis, rheumatoid arthritis, Crohn disease, psoriatic arthritis, and
systemic lupus erythematosus (SLE). Indeed, expression levels of IL-36 cytokines and its
receptor are significantly increased in these conditions. Boutet et al. (2016) found that
human skin biopsies from patients with psoriasis had an increased expression of IL-36q, IL-
36y, and lI-36Ra. This was also correlated with the enhanced presence of other cytokines
and immune cells such as IL-1 and T helper cells [144]. Levels of IL-36 cytokines were also
increased in the serum of patients with psoriasis, and these levels correlated with disease
severity [145]. In 2019, a phase 1 clinical trial was conducted on 7 patients with generalized
pustular psoriasis episodes using a single dose of a monoclonal antibody against IL-36R (BI
655130 — 10mg/kg). Levels of CRP in these patients significantly decreased, and pustules
were entirely cleared in 6 patients within 2 weeks, thus suggesting that Bl 655130 may
reduce the severity of pustular psoriasis [146]. In 2011, Marrakchi et al. showed that
mutations in IL-36Ra led to pustular psoriasis [147]. This was further subsequently
supported in an induced-psoriasis model, whereby IL-36Ra”" mice expressed IL-17, IL-22
and IL-23 and developed skin lesions, whereas wild-type mice did not [148]. Deficiency in
IL-36Ra (DITRA), resulting from a mutation in the IL36RN gene, can be life-threatening to
patients suffering from systemic inflammation and episodes of generalized pustular

psoriasis [149].

Boutet et al. (2016) found that synovium obtained from patients with rheumatoid arthritis

contained increased levels of IL-36a, IL-36B, IL-36y, IL-36Ra and IL-38, which were
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correlated with increasing levels of IL-1B. The same study also identified increased levels
of IL-36a and IL-36y in colonic biopsies specimens which were obtained from patients with
Crohn disease, and the disease severity correlated with the magnitude of the increase
[144]. Furthermore, biopsies of nephritic kidneys from patients with SLE showed increased
levels of IL-36a and IL-36y, which correlated with the disease severity index [150]. In 2017,
Chu et al. treated SLE mice with murine recombinant IL-38 and saw a significant decrease
in circulating levels of IL-17 and IL-22, and a decrease in the manifestations of the disease

when compared with untreated mice [151].

1.6.6. Interleukin-36: Role in IR Injury

Although there has been extensive research on IL-36 as a highly pro-inflammatory cytokine
in several inflammatory diseases and tissues, as discussed above, there have been no
investigative studies on IL-36 in CVD until recently. In 2020, Luo et al. studied the effect of
IL-36R deficiency in a rat cardiopulmonary bypass model where IR injury also occurs. IL-36R
knockouts had significantly decreased infiltration of inflammatory macrophages as
determined immunohistochemically, reduced oxidative stress, reduced cardiac myocyte
apoptosis, and improved systolic function [152]. Recent work has also examined the
potential role of IL-38 in the heart following MI. Plasma IL-38 concentrations were shown
to increase during an acute MI (peaking at 24 hours) and significantly decrease post-
reperfusion [153]. In 2019, Wei et al. (2019) studied the effects of IL-38 on ventricular
remodelling following an acute Ml in mice. They showed that IL-38 was inducibly expressed
post-MI in the infarcted myocardium, and when mice were injected with recombinant
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mouse [L-38, decreases in inflammation, cardiac fibrosis, and myocardial injury were
observed. Thus, IL-38 may improve cardiac remodelling following Ml [154]. These recent
studies suggest a potentially novel role for IL-36 in modulating cardiac IR injury. However,
despite recent increases in our understanding of how the IL-36 / IL36R pathway is highly
pro-inflammatory in skin and lungs, we are still at a very early stage in our current
understanding of its in vivo biology, and only a handful of studies have recently investigated

a role for this pathway in the heart.

1.7. Risk Factors Associated with Myocardial Infarction — Age and Sex

1.7.1. Ageing and Myocardial Infarction

According to projections from the United Nations, the world’s aged population (>60 years)
will increase from 10% in 2000 to 21% by 2050 [155]. The ageing process is not only
characterised by well-known ageing symptoms (such as wrinkles, decrease in fertility,
grey/white hairs, frailty, and sensory losses) but include more biological characteristics
such as cellular senescence, immunosenescence, inflammaging, altered intracellular
communications, and metabolic changes. These result from a wide range of environmental,
genetic, epigenetic and stochastic factors [156]. A major consequence of ageing is the fact
that the prevalence of IHD increases in patients over 50, making age a major risk factor
independent of other risk factors. Moreover, age is associated with increased myocardial
damage and a worsened prognosis following an acute Ml [157]. Experimental studies have

demonstrated a significantly larger infarct size and increased susceptibility to IR injury in

50



Chapter 1: General Introduction

aged mice with coronary blood flow restoration post-ischaemia much lower in senescent
rats [158, 159]. Interestingly, increased infarct size is not seen in aged humans following an
acute MI [160, 161], but they do lose their ability to respond to cardioprotective
interventions such as ischaemic preconditioning and have an increased rate of “no reflow”

[162].

1.7.1.1. Inflammaging

The recently coined term ‘inflammaging’ explains the phenomenon that ageing is
accompanied by a chronic low-grade, systemic up-regulation of inflammation that persists
in the absence of an overt inflammatory stimulus [163, 164]. It is thought to be driven by
an increase in circulating neutrophils, production of pro-inflammatory cytokines (TNF-a, IL-
6, and CRP), ROS, and changes in the functional structure of other cells, including platelets
[165]. These changes lead to irregular responses to acute inflammation and long-term
gradual tissue damage [166-169]. Inflammaging may also result from the accumulation of
cell debris (such as DAMPs or macromolecules) with age as a result of an impaired removal

pathway and/or increased production following infections or injuries.

The main mechanisms which are involved in the inflammaging process are thought to be
the activation of the NF-kB and NLRP3 inflammasome pathways to induce the production
of pro-inflammatory mediators. Mitochondrial dysfunction and DNA damage also play a
role through the excess production of ROS. Neutrophil chemotaxis has also been suggested
to be impaired with age, which would result in continuous damage to the tissue through

the release of destructive mediators and ROS as they are unable to transmigrate away [170,
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171]. The most common cytokine to be increased in age-related diseases is IL-6 and is
currently used as an inflammatory marker and a hallmark for chronic disorders. IL-1 and
TNF-a are also commonly increased in age-related diseases, and their addition to

fibroblasts in vitro accelerates their senescence [164].

Inflammaging may contribute to the enhanced age-related cardiovascular risk and poorer
outcomes following an MI. However, little is known about how age impacts coronary

microcirculation in health or following myocardial IR injury.

1.7.2. Biological Sex and Myocardial Infarction

Sex differences in CVD outcomes have been widely studied. The general consensus
suggests that males develop CVD 7-10 years earlier than females and have worse age-
matched outcomes, including a higher risk of mortality. In a 2014 study, the age-adjusted
death rate per 100,000 person-years for heart disease was 38% less in women than in men.
However, key sex differences were observed in one manifestation of CVD, namely in acute
MI [172]. Men have approximately twice the risk of suffering an Ml compared with women.
Not only is the incidence of Ml lower in women, but they are also generally older than men
when they experience their first MI. Indeed, in the global case-control INTERHEART study
spanning 52 countries, women were seen to experience their first Ml on average 9 years

later than men [173].

This has often been misinterpreted as females being ‘protected’ against heart disease. It is

well established that overall, women have a longer stay in the hospital, have a higher risk
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of hospitalized death, and have a greater incidence of mortality at follow-up (1-year post-
MI) [174, 175]. Moreover, younger women who suffered from acute Ml are at a higher risk
of mortality than age-matched men [176]. Interestingly, the symptoms of an Ml are also
generally different, with men tending to have a crushing chest pain sensation with women
experiencing pain in the abdomen or under the breastbone resulting in potential

misinterpretation of their condition [177]. These differences are summarised in Table 1.2.

Cardiac function is significantly impacted by sex hormones such as oestrogen and
testosterone, produced in both men and women. Prior to the menopause, the risk of an
Ml is much lower in women than men of the same age. However, this risk is significantly
increased after menopause when circulating levels of oestrogen are reduced. For this
reason, oestrogen has been deemed to be cardioprotective. There are two types of
oestrogen receptors (ER), ERa and Erf, in which oestrogen binds to promote cell survival.
The cardioprotective effect of oestrogen is phosphoinositol 3-kinase (PI3K) and protein
kinase B (Akt) dependent. When Akt is activated and present in the nucleus, it promotes
cardiac myocyte survival. Levels of activated Akt are seen to be higher in young women in
comparison with age-matched men and post-menopausal women [178, 179]. ERB is
expressed in the heart at greater levels in men than in women, while ERa is equally
expressed in both sexes [177]. In female mice, both Era, and ERB are required for the

cardioprotective effects against myocardial IR injury [180].
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Myocardial Infarction — men vs women

Women with Ml generally older than men — 72 vs 62 years old

Women generally have higher rates of hypertension, diabetes
mellitus and hyperlipidaemia - less likely to be smokers

Delayed presentation to the hospital - women reported to be less
likely than men to believe that they are having a heart attack
when they experience symptoms of Ml

Lower incidence of Ml in women but a higher mortality

MINOCA more common in women, especially younger women

— less extensive obstructive and more diffuse coronary artery
disease compared with men, who typically develop plaque build-
up in the largest coronary arteries — the microvascular
involvementin women may be related to endothelial reactivity,
low endogenous oestrogen levels, coagulation disorders,
abnormal inflammatory reactions

Higher risk of in-hospital mortality in women — could be linked to
have more co-morbidities and generally being older than men

Table 1.2. Differences in the incidence, symptoms, and prognosis of acute myocardial
infarction between men and women.
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1.7.2.1. Sex Hormones

The higher incidence of Ml in men led to the earlier view that testosterone had detrimental
effects on the heart. Although large observational and randomized studies supported this,
more recent studies have suggested a cardioprotective role for testosterone. The effects
of testosterone on the heart are less understood than those of oestrogen, although
testosterone and oestrogen have been shown to have opposing effects on cardiac function
and remodelling in mouse models of Ml [181]. Production of testosterone increases in
post-menopausal women, which further supports a link between testosterone and an
increased risk for CVDs [182]. Similarly, studies on weightlifters who use anabolic steroids
(altered by-products of testosterone) showed an increased risk of CVDs such as Ml and

sudden cardiac death through impaired diastolic function and cardiac hypertrophy [183].

1.7.2.2. Sex Differences in Immune Responses

Sex differences in the immune response is a well-established phenomenon and is seen in
many diseases affecting both the innate and adaptive immune responses. For example,
males have a larger number of NK cells in the circulation than females [184]. Neutrophils
and macrophages from females have a greater phagocytic and activation activity than in
males. Additionally, macrophage IL-10 production was higher in females, while
macrophage pro-inflammatory cytokine production was greater in males [185]. Alterations
in receptor expression may underlie some of the sex-dependent differences in immune

responses. TLR4, which was found to be an integral receptor in inducing inflammation in
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myocardial IR injury, has been shown to be expressed at higher levels on human male
neutrophils than females, which also produced more TNFa when compared to females
[186]. Moreover, peritoneal macrophages from male mice were seen to express higher
levels of TLR4 and chemokines following LPS activation than their female counterparts
[187]. This increased TLR4 expression on male immune cells more than in female cells,

leading to greater inflammatory responses in males following LPS [188].

Similarly, adaptive immune cell counts, and their activity are also sex-dependent. Pre-
puberty, the majority of adaptive immune cell populations and ratios are equal between
males and females. However, a larger number of B cells and activated T cells as well as a
higher count of CD4* T cells, have been observed in females (adulthood and persisting with
age). Females also have an altered CD4/CD8 T cell ratio (increased towards CD4), greater T
cell proliferation and an increased cytotoxic T cell activity, whereas males have a higher
CD8* T cell and Treg cell number [188]. In general, the innate and adaptive immune
responses within humans are stronger in adult females than in adult males. Pathogens are
cleared faster in adult females, but this increases their susceptibility to autoimmune

diseases and inflammation [188].
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1.8. Summary

1.8.1. Imaging the Coronary Microcirculation in a Beating Heart in vivo

Treatment of MI focuses on rapidly re-establishing perfusion following a blockage in one
or more of the coronary arteries. However, whilst necessary to end the period of
ischaemia, reperfusion paradoxically worsens inflammation causing additional tissue
damage beyond that caused by ischemia alone. Reperfusion, therefore, is responsible for
approximately 50% of the final infarct size. Restoring blood flow in occluded coronary
arteries can still be associated with sub-optimal myocardial perfusion, leading to worse
outcomes than in patients with more extensive perfusion recovery. This indicates
inadequate perfusion at the level of the coronary microcirculatory, which likely contributes
to the additional tissue damage. Increased clinical recognition of the importance of
coronary microcirculation has meant identifying strategies to improve potential
perturbations within it have gained recent attention. However, current clinical imaging
tools cannot resolve these microvessels, and so little is known about the full range of

cardiac microcirculatory responses to IR injury in vivo.

As stated earlier, most of our understanding of microvascular dysfunction post-reperfusion
injury has been obtained from heart tissue imaged histologically for morphological
deterioration, inflammatory cell infiltration, and infarct size. However, these static
snapshots provide no indication of the real-time kinetics of deleterious
thromboinflammatory cell recruitment. Ultimately, restoration of blood flow and
ventricular muscle perfusion is key to the survival of the myocardium, yet static assays

cannot ‘show’ dynamic events such as blood flow. Hence critical information on
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microvessel integrity, functional capillary density or a whether flow is present in the heart

or not needs to be acquired using in vivo imaging methods.

Intravital microscopy (IVM) is an experimental imaging modality used to experimentally
image the microcirculation of solid organs (e.g. liver, kidney, gut) or transparent tissues
(e.g. mesentery, cremaster muscle) in anaesthetised rodents in real-time. It has previously
been used to investigate cellular events in areas such as immunology, tumour biology and
neurology, and much of our existing knowledge of the impact of IR injury on
microcirculation has been obtained using transparent preparations such as the cremaster
muscle or gut mesentery [189-191]. The advantage of IVM is the ability to image a single
cell and track its movement in real-time in vivo [192]. However, the application of this
powerful technique to the beating heart in rodents has been challenging primarily due to
the cardiac cycle and respiratory-related movement of the heart in all three dimensions,
thus imposing a practical limitation on the imaging resolution of the coronary
microvasculature as reviewed by Neena Kalia (2021) [51]. As such, other surrogate tissue
beds, particularly the cremaster, have been used as models of the cardiac
microcirculation[193]. However, coronary microcirculation is unique in both its anatomical
and physical properties, particularly its contractile activity, which compresses coronary
capillaries during systole, reducing their diameter up to 20% [194, 195]. As such, the impact
of IR injury and the mechanisms by which therapeutic vasculoprotective strategies act, may
vary in a site-specific manner. This research aims to utilise this method to image the mouse
beating heart and ascertain the impact of IR injury specifically at the level of the coronary

microcirculation in vivo.
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1.8.2. Requirement for novel anti-inflammatory targets

Evidence suggests that a persistent and prolonged pro-inflammatory response, as observed
during IR injury, severely impacts adverse LV remodelling and infarct size. Therefore,
therapeutic targets that either modulate inflammation and/or prevent additional
microvascular disturbances may hold promise for future treatments [60, 101, 196]. Several
studies and clinical trials have already targeted individual contributors to the pro-
inflammatory response, specifically IL-1 [103, 109, 197, 198], IL-6 [199], and TNF-a [200].
Although such treatments have been beneficial in preclinical animal models, clinically, they
have really only reduced inflammatory markers and the risk of recurrence but not infarct
size [103, 109, 197-200]. Moreover, these studies have not focussed on investigating
whether these therapies are vasculoprotective at the level of the microcirculation post-

reperfusion, with the final outcome measured predominantly being infarct size.

Therefore, studies that can identify other potential therapeutic agents may be clinically
useful. IL-36, a relatively novel IL-1 superfamily member, is involved in the production of
pro-inflammatory mediators and activation of immune/ECs [201]. The IL-36 / IL-36R
pathway has been shown to play a key role in a number of inflammatory diseases, including
psoriasis and rheumatoid arthritis [125, 201, 202]. However, only a couple of studies have
provided limited data on its therapeutic potential in the heart [153, 203]. It is anticipated
that investigating new IL-1F members will unravel novel mechanistic pathways that have
the potential to become therapeutic targets in sterile inflammatory conditions of the heart.
Certainly, members of the IL-1 family, including IL-36, are typically among the most
upstream cytokines to be released upon injury and appear critical in triggering subsequent

synthesis and release of a multitude of inflammatory mediators. Hence IL-36 holds
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significant promise as a therapeutic target. It has been largely overlooked since its
discovery in 2001, with fewer than 140 studies published investigating the role of IL-36
cytokines. However, important, and novel biologic roles are recently being described for IL-
36, and it is anticipated that this will represent one of the most dynamic areas of research
in immunology in coming years. It is worth speculating that since IL-36 levels are
dramatically raised in patients with psoriasis, this could mechanistically explain the known

link between psoriasis and increased cardiovascular disease.

1.8.3. Inclusion of co-morbidities and risk factors

In the field of myocardial IR injury, there has been a recurrent failure of anti-inflammatory
interventions that were promising in animal models to translate to the clinic. This may be
because they do not accurately model the human scenario, particularly when it comes to
the inclusion of comorbidities and/or risk factors such as age, sex, diabetes, and
hypertension. By 2030, it is expected that 20% of the population will be over 65 years old,
and cardiovascular disease is set to account for 40% of the deaths within this age group.
Increasing age is a major contributor to worsened prognosis and increased myocardial
damage following MlI, independent of other risk factors. Therefore, detailed consideration
of the effects of ageing on the post-ischemic heart is critical. However, almost all studies
applied to the murine heart have involved young animals. In this thesis, we will provide
original contributions on the architecture of the aged heart microcirculation and how its

response to IR injury differs from young hearts.
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Furthermore, biological sex differences in CVD outcomes have been widely studied and
have been shown to be a key factor in determining outcomes following a MI. However,
little is known in vivo about how age and sex impact coronary microcirculation in health
and whether they increase the likelihood of microvascular disturbances post-reperfusion

injury.

Although studies on both age-related and sex-related changes in the inflammatory and
immune system have gathered pace, the work presented in this thesis is the first to explore
in vivo, in an intravital imaging model of the IR injured mouse beating heart, the role of a
novel inflammatory cytokine pathway in mediating microcirculatory disturbances in
young/aged, male/female, hearts in both health and post-injury. Understanding these
processes and identifying contributing mechanisms is essential if we are to devise and
optimise therapies that will be effective, specifically in an age-related myocardial

pathology.

1.9. Aims and Hypotheses

Although we know the IL-36/IL36R pathway is highly pro-inflammatory in the skin and
lungs, we are still at an early stage in our current understanding of its in vivo biology in the
heart. The major hypothesis of this thesis is that IL-36 is a key mechanistic contributor to
myocardial microcirculatory disturbances post-reperfusion, and its inhibition will
ameliorate myocardial IR injury. We will explore the hypothesis that the extent of
thromboinflammation and microvascular perturbations mediated in aged IR injured mice

exceeds that mediated in adult mice, which may be linked to an existing basal inflammatory
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presence even in the absence of injury (inflammaging). We also hypothesise that the

clinical differences in the outcome of males and females to MI, may be linked to differences

in the susceptibility of their coronary microcirculation to IR injury. To address this, the aims

of this thesis are as follows:

Intravitally image the healthy, uninjured, and IR injured adult and aged mouse
beating hearts in order to characterise and compare the full extent of the
microcirculatory response at a cellular level in vivo.

Determine whether IL-36R and its cytokines are present in the healthy, uninjured
mouse heart and whether IR injury, age, or sex impacts their local expression.
Investigate intravitally whether IL-36 agonists are functional in the heart by
determining whether they can elicit an inflammatory response within the mouse
beating coronary microcirculation in vivo.

Investigate intravitally whether therapeutic intervention with IL-36Ra s
vasculoprotective at the level of the coronary microcirculation in the IR injured
adult and aged mouse beating hearts in vivo.

Intravitally image the IR injured male and female mouse beating hearts in order to
characterise and compare the full extent of the microcirculatory response at a
cellular level in vivo and determine the effectiveness of IL-36Ra in both sexes.
Investigate whether IL-36 and IL-36R are present in neonatal, infant/toddler, older
children and elderly human myocardium and determine whether there are any

correlations between expression levels and age.
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2.0. Materials and Methods

2.0. Reagents and Materials

Staining buffer was composed of Dulbecco’s phosphate buffered saline (DPBS) containing
5% FBS and 1% penicillin-streptomycin. Endothelial cell expansion media was made up of
1% minimum essential medium (MEM) D-valine powder (DMEM), 0.1% sodium
bicarbonate, 8.9% FBS, 1% penicillin-streptomycin, 1% MEM non-essential amino acids, 1%
vitamin mix, 10 units/ml IFN-y and subsequently adjusted to pH 7.4. Endothelial cell
experimental media consisted of DMEM-high glucose, 10% foetal bovine serum (FBS), and
1% penicillin-streptomycin. Tris-buffered saline (TBS) was composed of 12% tris-base,
distilled water and subsequently adjusted to pH 7.4. Radioimmunoprecipitation assay
(RIPA) buffer containing 50 mM Tris, 150 mM sodium chloride, 1.0% triton X-100, 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS), supplemented with a
protease inhibitor tablet and subsequently adjusted to pH 8.0. Ammonium persulphate
solution (APS) was made up of 10% ammonium persulphate in distilled water. Running
buffer was composed of 10% Tris-glycine-SDS in distilled water, while transfer buffer was
composed of 10% Tris-glycine in distilled water. Magnetic activated cell sorting (MACS)
buffer was composed of PBS containing 0.5% BSA and 2 mM EDTA. Triphenyl tetrazolium
chloride (TTC) solution was composed of 1% 2,3,5-triphenyltetrazolium chloride, 76%
Na;HPO4(0.1M), 23% NaH,P04(0.1M) and subsequently adjusted to pH 7.4, and before use

was pre-heated to 37°C.

A list of all other reagents and materials used can be in the tables 2.1, 2.2, and 2.3.
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Product Name Abbreviation | Company Location

Accutase - Sigma Aldrich Poole, UK

Acetone - Sigma Aldrich Poole, UK

Acrylamide - National Diagnostics Nottingham, UK

Ammonium-Chloride- ACK Thermo Fisher | Paisley, UK

Potassium Lysing Buffer Scientific

Ammonium Persulphate - Sigma Aldrich Poole, UK

Bicinchoninic Acid BCA Sigma Aldrich Poole, UK

Bovine Serum Albumin BSA Sigma Aldrich Poole, UK

Corkboard - Thermo Fisher | Paisley, UK
Scientific

Collagenase Type 1 Collagenase | Wako chemicals Osaka, Japan

Complete Ultra-Tablets | Protease Roche Switzerland

Easy Pack inhibitor

DMEM-High Glucose - Sigma Aldrich Poole, UK

Dulbecco’s Phosphate- | DPBS Gibco Paisley, UK

Buffered Saline

Dulbecco's Modified Eagle's | DMEM Sigma Aldrich Poole, UK

Medium

Ethylenediaminetetraacetic | EDTA Sigma Aldrich Poole, UK

Acid

Evans Blue - Sigma Aldrich Poole, UK

FcR blocking reagent - Miltenyi Biotec Germany

Foetal Bovine Serum FBS Gibco Paisley, UK

Formalin - Sigma Aldrich Poole, UK

HibiScrub - Regent Medical Ltd Manchester, UK

ImmEdge Pen Wax pen Vector Laboratories Burlingame, USA

Immunomount - National Diagnostics Nottingham, UK

Interferon-Gamma IFN-y Sigma Aldrich Poole, UK

Ketamine Hydrochloride - Pfizer New York, USA

Liquid-Skin - Liquid-Skin Middlesex, UK

Medetomidine - Pfizer New York, USA

Hydrochloride

MEM D-Valine Powder - Sigma Aldrich Poole, UK

MEM Non-Essential Amino | - Sigma Aldrich Poole, UK

Acids

Nitrocellulose Membrane - Thermo Fisher | Paisley, UK
Scientific

Non-Fat Milk Powder - Marvel Manchester, UK

Optical Cutting | OCT Sakura Finetek Netherlands

Temperature

Penicillin-Streptomycin - Gibco Paisley, UK

Phosphate-Buffered Saline | PBS Sigma Aldrich Poole, UK

Prolene 9.3mm Suture - Ethicon New Jersey, USA

Resolving Buffer - National Diagnostics Nottingham, UK

Sodium Bicarbonate NaHCO; Sigma Aldrich Poole, UK
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Sodium Chloride NaCl Sigma Aldrich Poole, UK
Sodium Chloride 0.9% Saline MacroPharma Twickenham, UK
Sodium Deoxycholate - Sigma Aldrich Poole, UK
Sodium Dodecyl Sulphate SDS Sigma Aldrich Poole, UK
Sodium Phosphate Dibasic | Na;HPO, Sigma Aldrich Poole, UK
Sodium Phosphate | NaH,PO4 Sigma Aldrich Poole, UK
Monobasic
Stacking Buffer - National Diagnostics Nottingham, UK
SuperFrost Glass Slides, | Glass slides Thermo Fisher | Paisley, UK
Ground 90° Scientific
Tetramethylethylene TEMED National Diagnostics Nottingham, UK
Diamine
Tris-Base - Sigma Aldrich Poole, UK
Tris-glycine - Geneflow Lichfield, UK
Tris-glycine-SDS - Geneflow Lichfield, UK
Triton-X - Sigma Aldrich Poole, UK
Tween - Sigma Aldrich Poole, UK
Veet - Reckitt Benckiser Norwich, UK
Vitamin Mix - Sigma Aldrich Poole, UK
2,3,5-Triphenyltetrazolium | - Serva Germany
Chloride
3- APES Sigma Aldrich Poole, UK
Aminopropyltriethoxysilane
5-0 Suture - Ethicon New Jersey, USA
70um Strainer - Thermo Fisher | Paisley, UK
Scientific
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Experiment | Antibody | Label | Clone Source | Target Company | Conc.
Anti-IL-1 uc Polyclonal Goat Mouse R&D 0.2mg/mL
Rrp2 / IL- IgG Systems
36R
Anti-IL- uc Polyclonal Goat Mouse R&D 0.2mg/mL
36a / IL- IgG Systems
1F6
Anti-IL- uc Polyclonal Goat Mouse R&D 0.2mg/mL
368/ IL- IgG Systems
1F8
Anti-IgG uc Polyclonal Goat Mouse R&D 0.2mg/mL
control IgG Systems
anti-goat | AF488 | Polyclonal Donkey | Goat Abcam 2mg/mL
IgG IgG
anti-CD31 | PE Monoclonal: | Rat Mouse Biolegend | 0.2mg/mL

390

In vitro | anti- PE Monoclonal: | Rat Mouse Biolegend | 0.2mg/mL

Mouse lgG2a RTK2758

Experiments | -gntrol
Anti-CD31 | BV421 | Monoclonal: | Rat Mouse Biolegend | 0.2mg/mL

390
Anti- BV421 | Monoclonal: | Rat Mouse Biolegend | 0.2mg/mL
IgG2a RTK2758
control
Anti- PE Monoclonal: | Cell Mouse + | Miltenyi NS
cardiac REA400 Line Human Biotec
nT
REA PE Monoclonal: | Cell Mouse + | Miltenyi NS
Control REA293 Line Human Biotec
Anti- AF647 | Monoclonal: | Rat Mouse Biolegend | 0.5mg/mL
VCAM-1 / 429
CD106
Anti- AF647 | Monoclonal: | Rat Mouse Biolegend | 0.5mg/mL
1gG2a RTK2758
control
Anti- FITC Monoclonal: | Mouse | SI Abcam 1mg/mL
DNA/RNA 15A3
damage
Anti- FITC Monoclonal: | Mouse | SI Abcam 1mg/mL
IgG2b PLPV219
control
Zombie Violet | NS NS NS Biolegend | NS
Aqua 405
Anti-Ly- PE Monoclonal: | Rat Mouse Biolegend | 0.2mg/mL
6G/Ly-6C RB6-8C5
(Gr-1)
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In vivo | Anti-CD41 | APC Monoclonal: | Rat Mouse Biolegend | 0.2mg/mL
Mouse MWReg30
Experiments | Anti-BSA | FITC NS NS NS NS NS
Anti-IL-1 uc Monoclonal | Mouse | Human R&D 0.2mg/mL
In vitro | Rrp2 / IL- lgGa: Systems
Human 36R 116004
Experiments | Anti-IL- uc Polyclonal Goat Human R&D 0.2mg/mL
36a / IL- IgG Systems
1F6
Anti-IL- uc Polyclonal Goat Human | R&D 0.2mg/mL
36B/ IL- IgG Systems
1F8
Anti-IL- uc Polyclonal Goat Human | R&D 0.2mg/mL
36y / IL- IgG Systems
1F9
Anti-lgG uc Polyclonal Goat Human | R&D 0.2mg/mL
Control IgG Systems
Anti- AF647 | Monoclonal: | Rat Mouse Biolegend | 0.5mg/mL
In Vitro | mouse RMG1-1
Human IgG
Experiments | anti-goat | AF647 | Polyclonal Donkey | Goat Abcam 2mg/mL
IgG IgG
Anti-CD31 | PE Monoclonal: | Mouse | Human Biolegend | 0.2mg/mL
WM59
Anti-lgG1 | PE Monoclonal: | Mouse | Human Biolegend | 0.2mg/mL
control MOPC-21
Anti- PE Monoclonal: | Cell Mouse + | Miltenyi NS
cardiac REA400 Line Human | Biotec
TnT
REA PE Monoclonal: | Cell Mouse + | Miltenyi NS
Control REA293 Line Human Biotec
Anti- FITC Monoclonal: | Mouse | SI Abcam 1mg/mL
DNA/RNA 15A3
damage
Anti- FITC Monoclonal: | Mouse | SI Abcam 1mg/mL
IgG2b PLPV219
control

NS — Not specified; S| — species independent; UC — unconjugated; TnT — Troponin

Table 2.3: List of recombinant proteins

Protein Source Target Company Concentration
IL-360./ IL-1F6 E. coli Mouse R&D Systems 100pg/ml
IL-36B/ IL-1F8 E. coli Mouse R&D Systems 100pg/ml
IL-36y/ IL-1F9 E. coli Mouse R&D Systems 100pg/ml
IL-1B E. coli Mouse PeproTech 100pg/ml
TNF-a E. coli Mouse Boster Biological 100pg/ml
IL-36Ra/IL-1F5 E. coli Mouse Novus 1pg/mouse
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2.1. Animals

All animal experiments were conducted in accordance with a UK Home Office license
(Licenses: P5552D447 and P95F39B96) and in accordance with the Animals Scientific
Procedures Act of 1986 (ASPA). For studies investigating the impact of ageing on the
coronary microcirculation, experiments were carried out using female C57BL/6 mice and
classified as either adult mice (9-15 weeks) or aged (78-82 weeks) mice. For studies
investigating the impact of sex on the coronary microcirculation, experiments were carried
out using adult male C57BL/6 mice (9-15 weeks). All mice were purchased at least 7 days
prior to experiments to allow them to acclimatize and were housed in a pathogen-free
environment at the Biomedical Services Unit (BMSU), University of Birmingham, UK. Mice

were given ad libitum access to food and water.

2.1.1. Myocardial IR Injury

2.1.1.1. Surgical Preparation

All surgical instruments and tools were heat sterilised, and the workbench and associated
hardware were sterilised using HibiScrub. Mice were anaesthetised by an intraperitoneal
(IP) injection of ketamine hydrochloride (100mg/kg) and medetomidine hydrochloride
(10mg/kg) in a 0.9% saline solution. Anaesthetic depth was monitored by checking the
pedal reflex every 15 minutes, with anaesthesia maintained as required through IP
administration. The skin over the left thoracic region and neck were shaved using an

electric shaver and then a depilatory cream (Veet) was used to remove the remaining hair.
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These areas were then disinfected with HibiScrub, and the mouse was placed on a
customised surgical board in a supine position (Figure 2.1A). A heating pad connected to a

rectal probe was used throughout the surgery to maintain the body temperature at 37°C.

2.1.1.2. Surgical Procedure

The surgical procedure was performed as previously described [42]. A tracheostomy was
initially performed to ventilate the anaesthetised mouse artificially. To expose the trachea,
an initial incision was made in the neck area, and the connective tissue and muscle
surrounding the trachea were bluntly dissected. A small incision was then made between
two rings of cartilage. An endotracheal tube, connected to a mechanical ventilator
(MiniVent rodent ventilator, Biochrom Ltd/Harvard Apparatus, UK), was then placed into
the trachea and held in place using a 5-0 suture (Ethicon, USA). This provided medical
oxygen to the anaesthetised mouse at a respiratory rate of 130 breaths / minute with a
tidal volume of 220uL / breath (Figure 2.1A). Medical oxygen was provided by an oxygen

concentrator (VetTech, UK).

In order to facilitate the delivery of antibodies and saline, the left carotid artery was
cannulated. The artery was initially exposed using blunt dissection and freed from the
vagus nerve and connective tissue. A 5-0 suture was used to permanently tie off the
superior end, and the inferior end was clamped using a non-traumatic mini arterial clamp.
A small incision was then made between the suture and clamp, and a carotid cannula,

connected to a 1ml saline syringe, was inserted, and secured in place using a 5-0 suture.
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The clamp was then removed, and a single bolus dose of saline was given to maintain

hydration during the experiment (5ml/kg) (Figure 2.1A).

To access the heart, the mouse was placed in a right lateral decubitus position, and an
incision was made in the left thoracic region to uncover the pectoral muscles. Muscle and
connective tissue were carefully cauterised to expose the left rib cage. A thoracotomy
between the third and fourth left ribs was performed, and the pericardium was bluntly
opened. Surgical retractors were used to hold back the ribs so that the heart could be easily

accessed.

Myocardial IR injury of the LV was performed using a well-established model involving
reversible occlusion of the left anterior descending (LAD) coronary artery [42]. The LAD
artery was identified, a silk suture (Prolene 9.3mm, W8703, Ethicon) was gently passed
underneath it and tightened around a piece of plastic tubing (Figure 2.1B & C). The plastic
tubing applied pressure to the LAD artery and occluded the vessel. A successful occlusion
was apparent when the apical region of the LV appeared pale (Figure 2.1C). Following 45
minutes of ischaemia, the ligature was removed, and reperfusion of the myocardium was
allowed to proceed for either 2 hours for tissue analysis experiments, 2.5 hours for
intravital observations or 4 hours when measuring infarct size [42]. At the end of these
various reperfusion durations, mice were culled by cervical dislocation and organs of
interest were harvested for later use. Mice undergoing sham surgery underwent the same
procedure as above, which included the passing of the silk suture under the LAD artery.
However, in sham mice, this was not tightened. For pre-treatment studies, recombinant
mouse IL-36Ra (15ug/mouse) was injected intra-arterially at both 10 minutes pre-

reperfusion and 60 minutes post-reperfusion.
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Figure 2.1. Intravital microscopy of the mouse beating heart microcirculation in vivo. (A) Adult and aged mice underwent sham or ischemia
reperfusion injury (IRI) surgery. All surgeries involved endotracheal intubation to supply medical oxygen, carotid artery cannulation to deliver
antibodies and saline, and a sham or left anterior descending (LAD) artery occlusion for 45 minutes prior to reperfusion. (B) Schematic and

representative image of the heart prior to occlusion. (C) Schematic and representative image of the heart during LAD artery occlusion. (D)
Representative image of the stabilised heart.



2.2. In Vivo Experiments

2.2.1. Intravital Imaging of the Coronary Microcirculation in the Mouse

Beating Heart in vivo

Intravital imaging of the anaesthetised mouse beating heart following myocardial IR injury
was performed as previously described by the Kalia group [42]. Following the initiation of
reperfusion, an in-house designed 3D printed stabiliser (internal diameter: 2.25mm and
external diameter: 4mm) was gently lowered onto the LV using a micromanipulator
downstream of the occlusion site for the LAD artery and fixed permanently using clinical-
grade surgical glue (Liquid-Skin). Stabilisation of this area reduced motion sufficiently to allow
high-quality videos to be captured through the central window, whilst the remainder of the
heart was able to beat normally. The stabilizer was made of polylactic acid printed on a
MakerBot 3D printer (Stratasys, USA) and designed using Tinkercard software (Autodesk,
USA) (Figure 2.1D). This stabilisation process took place within 5-10 minutes of untying the
LAD artery suture, meaning the first intravital imaging could only take place at 15 minutes
post-reperfusion. To prevent moisture loss in the stabilised region, a small piece of saran wrap
(3cm?) was used to keep the area covered, and 0.9% saline was applied every 15 minutes to

the central region of the stabiliser.

A region of the LV within the stabiliser centre was randomly identified, and a first intravital
recording, lasting for 2 minutes, was captured at 15 minutes post-reperfusion. Thereafter, 2-
minute recordings were captured every 15 minutes for a duration of 2.5 hours from the same
pre-selected area. All recordings were captured and stored digitally using Slidebook 6

software for later offline analysis (Intelligent Imaging Innovations, USA).

73



Chapter 2: Materials & Methods

2.2.1.1. Monitoring Thromboinflammatory Cells and Microvascular Perfusion

in the Coronary Microcirculation

In order to intravitally image the kinetics of endogenous thromboinflammatory cells, 20ul of
phycoerythrin (PE)-conjugated anti-mouse Gr-1 and 20ul of allophycocyanin (APC)-
conjugated anti-mouse CD41 antibodies (100ul with 60pl saline) were injected via the carotid
artery cannula at 5 minutes pre-reperfusion to label neutrophils (Gr-1 binds to both
neutrophils and monocytes) and platelets respectively. PE and APC fluorochromes are excited
at 566nm and 651nm and have emissions at 574nm and 660nm respectively, thus allowing
neutrophils and platelets to be visualised near-simultaneously in the same mouse. Imaging of
the beating heart was performed using an upright Olympus microscope (BX61WI, Olympus,
USA) equipped with a Nipkow spinning disk confocal head (Yokogawa, Japan), an Evolve

EMCCD camera (Photometrics, USA), and a x10 objective (Olympus, USA) (Figure 2.2A).

Experiments to investigate microvascular perfusion involved the infusion of 30ul of FITC
conjugated BSA (in 100ul of saline) via the carotid artery cannula at 120 minutes of
reperfusion (i.e. at the end of intravital experimentation). This fluorescein labelled albumin
was retained within the blood vessels allowing them to be identified against a relatively
darker, non-fluorescent background. However, under conditions where the vascular integrity
was disturbed, FITC-BSA leaked out of the vasculature. To qualitatively determine vascular
leakage, a piece of tissue paper was placed between captures in the centre of the stabiliser in
order to absorb any leaked fluorescent albumin. This was later imaged to detect the transfer
of FITC-BSA to the tissue paper. FITC-BSA also allowed the qualitative analysis of functional

capillary density as the dye was only able to perfuse patent, non-occluded vessels.
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2.2.1.2. Imaging the Coronary Microcirculation Immediately after Ischaemia

Due to the time it took to untie the LAD artery suture, subsequently, attach the stabiliser, and
move the mouse to the microscope stage, the first time point after which intravital imaging
could technically take place was at 15 minutes post-reperfusion. However, previous
experiments conducted in the Kalia lab demonstrated that inflammatory events had already
occurred by this time point [42]. In order to view the thromboinflammatory events taking
place during the 15 minutes immediately after reperfusion, the existing stabilisation protocol
described in Section 2.3.1 was optimised. For hyper-acute imaging, the stabiliser was not
permanently glue-fixed to the LV, a process that was time-consuming, but was applied to the
same area of interest with very little pressure, but sufficient enough to form a seal. This
process was performed at 35 minutes of ischaemia rather than after reperfusion. The mouse
was then transferred to the microscope stage. This modified stabilisation protocol permitted
a 2-minute intravital recording to be captured during the removal of the LAD ligature.
Subsequent images were captured at 5-, 10-, and 15-minutes post-reperfusion in addition to
the routine recordings that were captured every 15 minutes for a duration of 2.5 hours.

Intravital analysis was then performed as described in Section 2.2.3.1.

2.2.1.3. Topical application of IL-36 Cytokines on the Beating Heart

The ability of topically applied IL-36 cytokines to directly mediate an inflammatory response
in vivo in the beating heart was investigated in a separate set of mice. The heart was prepared

for imaging as described in Section 2.2.1.2, but no sham or IR injury procedure was
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performed. PE-conjugated anti-mouse Gr-1 and APC-conjugated anti-mouse CD41 antibodies
were again injected via the carotid artery 5 minutes before the stabilizer was placed on the
healthy LV. Using a fine-needle (31G) syringe, 2 drops of the cytokine (approximately 20ul at
a concentration of 200ng/ml - IL-36q, IL-368, IL-36y, TNF-a, or IL-1B) or PBS (vehicle control)
were topically applied to the epicardial surface of the heart within the centre of the stabiliser.
The stabiliser was capable of containing this liquid due to its ring link structure and depth.
After 15 minutes, the solution within the stabiliser was removed using tissue paper, and a 2-
minute recording was captured. Following capture, the solution was replaced, and this cycle
of topical applications and recordings were repeated every 15 minutes for a total duration of

150 minutes. Intravital analysis was then performed as described in Section 2.2.3.1.

2.2.2. Laser Speckle Contrast Imaging

Laser speckle contrast imaging (LSCI) is a large field-of-view or full-field, non-contact and non-
scanning optical technique used for quantitating blood flow in real-time. It has been widely
used in both pre-clinical and clinical studies to visualise perfusion in many organs. The setup
is made up of a near-infrared laser diode, which emits a low powered laser after passing
through a diffuser to illuminate an object. When the laser light hits the object, it is
backscattered to form an interference pattern on the detector called a speckle pattern. If the
illuminated object is static, the speckle pattern is stationary. When there is movement in the

object, such as RBCs in a tissue, the speckle pattern will change.

The use of LSCl in the beating heart has been very limited due to the fact that the non-static

physical nature of the heart and the dynamics of microvascular blood flow during systole and
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diastole present challenges for interpretation of LSCI of ventricular muscle blood flow.
However, the Kalia group have previously validated this technique in order to quantitate
blood flow in the anaesthetised mouse beating LV [42]. They demonstrated that although
some proportion of the flux value was derived from the movement of the beating heart itself,

the remainder was attributable to the blood flow events taking place in the myocardium.

LSCI was therefore performed in adult and aged mice undergoing IR injury * IL-36Ra
treatment. Mice underwent surgery as previously described in Section 2.2.1. Once the heart
was exposed, and prior to inducing ischaemia, a 1-minute capture was recorded (around 1400
frames) using a moorFLPI-2 laser speckle contact imager (Moor Instruments, UK) and was
noted as the baseline (Figure 2.3A). Sixty-second video captures were then obtained during
ischaemia at 1, 5, 10, 15, 30, and 44 minutes and similarly during reperfusion at 1, 5, 10, 15,
30, 60, 90, 120, and 150 minutes. For treatment studies, recombinant mouse IL-36Ra was
injected intra-arterially at both 10 minutes pre-reperfusion and 60 minutes post-reperfusion.

LSCI analysis was then performed as described in Section 2.2.3.2.
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Figure 2.2. Intravital microscopy of the beating heart microcirculation in vivo. Mice underwent sham or ischaemia reperfusion injury surgery.
To image the kinetics of endogenous neutrophils and platelets, anti-mouse Gr-1 and anti-mouse CD41 antibodies were injected via the carotid
artery cannula 5 minutes pre-reperfusion. (A) Representative image of the intravital set up. (B) Representative image of the in-house designed
software Tify, in which out-of-focus frames are removed. (C) Representative image of Focus Repair, which is used to quantify neutrophils and
platelet aggregates/microthrombi by first creating a still image and then calculating the integrated fluorescence density.



2.2.3. Analysis of In Vivo Experiments

2.2.3.1. Analysis of Intravital Imaging of the Coronary Microcirculation

Intravital images captured using Slidebook software were exported and opened using Image)
for off-line analysis. Free-flowing neutrophils were counted manually over the 2-minute
capture. To analyse adherent neutrophil and platelet presence, captured videos were
subjected to post-acquisition image repair using machine learning via an in-house designed

software (Tify; open source, available online: https://github.com/kavanagh21/TifyVBNET) in

which out-of-focus and blurred frames were removed (Figure 2.2B) [204]. Neutrophils and
platelet aggregates/microthrombi were then quantitated by first creating a still image using
a software tool designed to repair partially focused images (Focus Repair; open source,

available online: https://github.com/kavanagh21/flatZ; Figure 2.2C). A mask was then placed

around PE-Ly6G+ and APC-CD41+ areas respectively, and the integrated fluorescence density

was calculated using Imagel.

To analyse microvascular perfusion following sham, IR injury, and IL-36Ra treatment in adult
and aged mice, captured videos were subjected to post-acquisition image repair using Tify.
FITC-BSA* vasculature was then quantitated by creating a still image using Focus Repair, and

a score was given to each blinded image by a blinded external observer (Table 2.4).
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2.2.3.2. Analysis of Laser Speckle Imaging of the Beating Heart

Analysis of LSCI was performed using mFLPI-2 software (V5, Moor Instruments, UK) on
captured videos. Using the freehand selection feature within the software, an area of the
heart tissue downstream of the LAD artery was drawn to extract flux data using spatial
processing with a time constant of 0.1s and at a frame rate of 25Hz (Figure 2.3B). This flux
data were exported into an in-house designed software, Speckle Analyser (SpAn; open source,

available online at https://github.com/kavanagh21/SpAN) (Figure 2.3C).

In each cardiac cycle, there are two points at which the heart is still; peak systole and peak
diastole. At these points, the flux reading from LCSl is likely to be much less dependent on the
movement of the heart and more clearly driven by blood flow. The blood flow during these
phases of the cardiac cycle is clearly identified by LSCI as the peaks and troughs on flux
readouts. SpAn was used to identify and collate these high and low points from flux images.
In order for the SpAn software to achieve a complete cycle and consider a peak as a high point
and a trough as a low point, the software must detect at least two concurrent movements
within the appropriate trajectory (either upward or downward steps), i.e., a low point must
be preceded by two decreasing points and followed by at least two increasing points. If this
is achieved, SpAn will mark these high and low points for further analysis (labelling them in
green and blue circles on outputs). On the other hand, if this is not achieved, the software

will omit these points from analysis and mark them in white circles (Figure 2.3D).

Both systolic and diastolic data were then exported into Excel, and various readings were
extrapolated for each time point: (i) average flux values from diastole were used to represent

overall perfusion within the left ventricular myocardial coronary circulation; (ii) the distance
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between each systolic cycle (between one systolic point and the next) was calculated and
then averaged for each time point - standard deviation was then calculated to identify any
arrhythmic pattern between beats; (iii) beats per minute were calculated and represented
the heart rate; (iv) average flux values from diastole were then compared to the average flux

values from systole to illustrate the function of the LV during systole and diastole.
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Score | Description

4 Well generally perfused, some patchy areas. Almost all small vessels can be
identified easily.
3 Some small areas of poor perfusion, generally good flow. Most small vessels can be

identified easily. Could be evidence of dye accumulation in vessels. Possibly some
evidence of leakage.

2 More significant areas of no perfusion, large areas (>10% of each image) may be
without flow. Some small vessels can be identified. If leakage is present, it is
significant despite what appears to be good perfusion.

1 Large areas without perfusion, regional loss of perfusion, >50% without flow. Large
vessels may be the only ones visible, difficult to identify others. If leakage is present,
it is substantial.

Table 2.4: Vascular perfusion point-scoring
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Figure 2.3. Laser speckle contrast imaging of the beating heart. (A) Representative image of the laser speckle contrast imaging set up using a
moorFLPI-2 laser speckle contact imager (Moor Instruments, UK). (B) Representative image of the mFLPI-2 imager (V5, Moor Instruments, UK)
analysis software. (C) Representative image of the in-house designed software, Speckle Analyser (SpAn) used to correlate the peaks and troughs
extracted from the flux data with the myocardial perfusion during left ventricular systolic and diastolic events. (D) In order for the SpAn software
to achieve a complete cycle and consider a peak as a high point (green) and a trough as a low point (blue), the following two points must be
within the appropriate trajectory. If this is not achieved, the software will omit these points from analysis and mark them in white circles.



2.3. InVitro Experiments

2.3.1. Immunofluorescence Assay

2.3.1.1. Mouse Immunofluorescence Assay

In order to characterise the expression of IL-36R, IL-36a, IL-363, CD31, and VCAM-1 on sham
and IR injured adult and aged hearts, immunofluorescence was performed. Harvested hearts
were embedded on corkboard using OCT compound and then snap-frozen in liquid nitrogen
and stored at -80°C until required. These frozen tissues were then sectioned on a cryostat
(Bright instruments, UK). In order to avoid freeze-thaw cycles, which could lead to structural
changes, all transportation was performed in liquid nitrogen. The corkboard was fixed onto
the cryostat chuck using OCT, and the tissue was sectioned at 10um thickness. The initial
50um section of the hearts were removed prior to acquiring the first section. Sections were
then transferred onto glass slides which were treated with APES. The slides were then allowed
to air dry for 10 minutes before being fixed with acetone for a further 10 minutes. Slides were
then covered with aluminium foil and stored at -20°C until required. Prior to staining, slides
were thawed to room temperature and were then washed with DPBS. A water repellent circle
was drawn around each section on the slides using a wax pen to keep reagents localised on
the tissue specimen. To prevent non-specific binding, each section was incubated with 100ul
staining buffer for 30 minutes at room temperature. Sections were then washed with DPBS

three times.

Staining of the sections was performed using a two-step method. Firstly, sections were
incubated with primary antibody solution for IL-36R, IL-36a, IL-36B or IgG control (100pl,

1:100 dilution in DPBS). Subsequently, sections were washed with DPBS and then incubated
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with 100ul of secondary antibody solution conjugated to Alexa Fluor 488 (1:100 dilution in
DPBS). Each of the primary and secondary incubations were performed in a light-protected
humidified tray at room temperature and for a duration of 1.5 hours. Additional antibodies
were added into the second step to determine whether the IL-36/IL-36R staining was vascular
in nature (CD31; 1:100 dilution in DPBS) and the impact of age and IR injury on inflammatory
adhesion molecules (VCAM-1; 1:100 dilution in DPBS). The sections were then washed again
with DPBS and left to air dry. A drop of Immunomount was added in order to help preserve
the fluorescent signal and help fix the coverslip over the section. Imaging and analysis of slides

was performed as described in Section 2.3.1.5.

2.3.1.2. Human Immunofluorescence Assay

2.3.1.2.1. Patient Samples

All immunofluorescence experiments using human tissue were conducted within the scope
of the ethical approval obtained by the Human Biomaterial Resource Centre (HBRC) at the
University of Birmingham (15/NW/0079) and approved by the internal Access Review Panel
(19-352). From February 2017 to December 2021, heart tissue samples were obtained from
24 patients undergoing cardiac surgery. These included 19 patients at Birmingham Children's
Hospital (BCH) and 5 patients at the Queen Elizabeth Hospital Birmingham (QEHB) (Table 2.5).
At BCH, tissue samples were collected from neonates (0-4 weeks old), infant/toddlers (1-24
months old), and older children (2-19 years old) undergoing repair of congenital heart defects

with routine resection of overtly healthy right ventricular myocardium. The resected
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specimens were either a transmural disc of the myocardium from the RV free wall or
hypertrophic muscle bundles from the right ventricular outflow tract (RVOT). At QEHB,
samples were collected from adults with an age range of 29-65 years old. The resected
specimens were of LV apex myocardium obtained from patients during LV assist device (LVAD)

implantation for heart failure.

2.3.1.2.1.1. Obtaining Right Ventricular Samples from Children

Parental consent to retain resected RV samples from children was obtained by Mr Nigel Drury,
Consultant in Paediatric Cardiac Surgery at BCH. All surgical procedures were performed by
Mr Tim Jones, Ms Natasha Khan, or Mr Phil Botha, Consultant Paediatric Cardiac Surgeons.

Surgery involved a median sternotomy with cardiopulmonary bypass and cardioplegic arrest.

2.3.1.2.1.2. Neonate Group

Tissue was collected between August 2017 to December 2020 from neonates undergoing the
Norwood operation for hypoplastic left heart syndrome (HLHS; N=3) or for complete repair
of truncus arteriosus (N=3). Ages at operation ranged from 4 to 16 days (7.8 + 5.3 days). The
Norwood operation aims at ‘re-plumbing’ the congenital defects of the heart in order to help
it become a more efficient pump [205]. During this procedure, a disc of RV myocardial free
wall is routinely removed, which was washed in ice-cold saline, placed in a Nunc cryotube

(Thermo Fisher Scientific, USA) and promptly snap-frozen in liquid nitrogen.
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Age & Sex  Group Height = Weight Heart Disease Operation Resting O> Genetic Drugs Ischaemia
(cm) (kg) Saturation Syndrome time (mins)
4 days F Neonate 48 2.9 HLHS Norwood 95 None Prostin 40
4 days F Neonate 44 2 TA TR 100 None None 36
5days M Neonate 51 3.9 HLHS Norwood 95 None None 24
5days M Neonate 61 4 TA TR 88 DiGeorge None 50
13 days F Neonate 49 31 TA TR 93 DiGeorge None 19
16 days F Neonate 52 3.3 HLHS Norwood 88 None Prostin 7
3 months M | Inf/Tod 60 5.4 ToF ToF repair 86 None Propranolol 12
3 months M | Inf/Tod 63 7.1 ToF ToF repair 97 Xg28 duplication Propranolol 32
8 months M | Inf/Tod 66 7 ToF ToF repair 85 Trisomy 21 None 47
11 months M | Inf/Tod 71 7.2 PA/IVS ToF repair 96 None Propranolol 11
14 months M | Inf/Tod 77 8.2 ToF ToF repair 83 None Aspirin, omeprazole 23
21 months M | Inf/Tod 83 83 ToF ToF repair 78 None Aspirin, propranolol 24
23 months F | Inf/Tod 72 72 ToF ToF repair 90 None Propranolol 35
7 years M Children 109 26.3 VSD/DCRV RVOT resection 97 MIDAS syndrome Growth hormone, 11
hydrocortisone
8years F Children 116 22.9 TA RV-PA conduit 98 DiGeorge Aspirin, furosemide, 83
spironolactone
10 years F Children 138 46 TA RV-PA conduit 95 None Lisinopril 3
12 years F Children 150 73 TA RV-PA conduit 99 None None 13
16 years M Children 151 46.4 TA RV-PA conduit 98 Trisomy 21 Aspirin, ranitidine, iron 10
16 years F Children 159 53.4 TA RV-PA conduit 95 None Furosemide, 0
spironolactone
29 years M OA 177 105 HF LVAD 60 None Mozaminol 78
42 years F OA 159 78.4 HF LVAD 60 None Metaraminol 102
50 years M OA 185 103.85 HF LVAD 55 None Mozaminol 92
54 years F OA 158 76.9 HF LVAD 55 None Mozaminol 90
65 years F OA 185 83.45 HF LVAD 60 None Metaraminol + Heparin 85

Table 2.5: List of patient details - HLSL - Hypoplastic left heart syndrome; TA — Truncus arteriosus; HD — Heart failure; TR — Truncus repair; Inf/Tod
— Infant/Toddler; OA — Older adult; ToF — Tetralogy of Fallot; PA/IVS — Pulmonary atresia with intact ventricular septum; IUGR — Intrauterine
growth restriction; VSD/DCRV - Ventricular septal defect with double-chambered RV; RVOT — Right ventricular outflow tract; LVAD — LV assist
device. Ischemia time - ischaemic time to obtaining RV sample; in one patient, the sample was obtained prior to ischaemic arrest



2.3.1.2.1.3. Infant/Toddler Group

Tissue was collected between January 2018 to February 2020 from infant/toddlers
undergoing either tetralogy of Fallot repair (ToF; N=6) or isolated RV outflow tract muscle
resection (RVOT; N=1). Ages at operation ranged from 3 to 23 months (11.9 £+ 8 months).
Briefly, closure of the ventricular septal defect in ToF patients was performed using a
prosthetic patch graft, while relief of RVOT obstruction was performed by resection of
hypertrophied septoparietal muscle bundles from the RVOT [206]. Again, the resected heart

sample was washed in cold saline and promptly snap-frozen in liquid nitrogen.

2.3.1.2.1.4. Older Children Group

Tissue was collected between August 2018 to April 2021 from older children undergoing
either right ventricular-pulmonary artery (RV-PA) conduit replacement (N=5) or RVOT muscle
resection with ventricular septal defect closure (N=1). Ages at operation ranged from 7 to 16
years (11.5 + 3.9 years). In the RV-PA conduit replacement group, the old conduit was excised,
and the defect in the RV free wall was enlarged by further resection of muscle to
accommodate the larger proximal anastomosis [207]. Relief of RVOT obstruction was
performed by resection of hypertrophied septoparietal muscle bundles from the RVOT [206].

Resected samples were washed in cold saline and promptly snap-frozen in liquid nitrogen.
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2.3.1.2.1.5. Obtaining Older Left Ventricular Patient Samples - Left

Ventricular Assist Device Implantation

All surgical procedures to obtain LV samples from older adult patients were performed by Mr
Aaron Ranasinghe, Consultant Cardiac Surgeon at QEHB. Tissue was collected between
February 2021 to December 2021 from older patients (N=5) with heart failure who were
undergoing implantation of a LVAD, a type of artificial heart pump [208]. Ages at operation
ranged from 29 to 65 years (48 + 12 years). Briefly, patients underwent a sternotomy and
were placed on cardiopulmonary bypass, during which time the LVAD was connected
between the apex of the heart and the aorta. This involved removing a section from the LV

apex which was washed in cold saline and promptly snap-frozen in liquid nitrogen.

2.3.1.2.2. Human Immunofluorescence Assay

To confirm whether IL-36R, IL-36q, IL-36B and IL-36y was present in the human heart, and
whether expression differed between young and elderly patients, immunofluorescence was
also performed on human samples. In a similar manner to the mouse protocol, human heart
tissue samples were fixed on to corkboard and sectioned. Sections were then incubated with
100l of FcR blocker (CD16/32) for 30 minutes at room temperature to block unspecific
binding. Staining of the human sections was performed as previously described in Section
2.4.1.1. Briefly, sections were incubated with primary antibody solution for IL-36R, IL-360, IL-
36, IL-36y, or 1gG control (100pl, 1:100 dilution in DPBS), washed, and then incubated with

100ul of secondary antibody solution conjugated to Alexa Fluor 647 (1:100 dilution in DPBS).
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Additional antibodies were added into the second step to determine whether the staining
was vascular in nature (CD31; 1:100 dilution in DPBS), or co-localised with CMs (cTnT; 1:100
dilution in DPBS). An additional antibody was also added into the second step to assess
oxidative damage (DNA/RNA damage; 1:100 dilution in DPBS). Each of the incubations was
performed in a light-protected humidified tray at room temperature for a duration of 1.5

hours. The sections were then washed again and a drop of Immunomount was added.

2.3.1.3. Frozen Tissue Section Analysis of Immunofluorescence

Using a x20 objective (Olympus, UK), eight fields of view per section were imaged in a pre-
defined arrangement using a fluorescent microscope (EVOS, ThermoFisher Scientific, USA)
(Figure 2.4). Fields that contained cracks in the tissue were dismissed and additional fields
were captured (following the same pre-defined pattern of field-to-field movement). In
addition, two random fields of view per section were captured using a multiphoton
microscope (Olympus FVMPE-RS, Olympus, UK) and a x25 objective to capture images with a

better signal-to-noise ratio and improved resolution.

Image analysis was performed using Image J (NIH, USA) to quantify the intensity of each image
using mean florescence intensity (MFI). An analysis region of a pre-defined size and location
was applied to each image (width: 900, height: 900, X coordinate: 250, Y coordinate: 50)
before the MFI was measured. This was used to analyse the intensity for IL-36R, IL-36a, IL-

36, IL-36y, CD31, cTnT, VCAM-1, and DNA/RNA damage separately.
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In order to further detail whether localisation of IL-36R, IL-36a, or IL-36[ occurred alongside
CD31+ vasculature, areas on the section containing only microvasculature were imaged
separately from regions of macrovasculature (mouse experiments only). MFI of the
microvasculature was measured using a measurement field of pre-defined size and location
applied to each image (width: 400, height: 400, X coordinate: 500, Y coordinate: 250). Areas
that contained tears in the tissue or overlapped a large blood vessel, were dismissed and the
coordinates were moved along to the next clear area. MFI on the macrovasculature was
measured after large blood vessels were segmented from the field of view using the freehand

selection feature within ImageJ.

2.3.2. Western Blotting Analysis

Western blotting was used to qualify and quantify the expression of IL-36R in the sham, and
IR injured adult and aged mouse hearts as previously described [126]. Hearts were harvested
as previously described from sham, and IR injured mice in Section 2.5.1.1 and kept on ice
throughout the experiment. Hearts were placed in a tube containing the cell lysis RIPA buffer
and homogenized for 30 seconds at a speed of 5.65Hz (Bead Ruptor 12, Omni International,
UK). Lysates were then clarified through centrifugation at 10,000G for 60 seconds. This
process was repeated 2 times at 4°C. The remaining lysate was then sonicated (Q Sonica, USA)
for a further 20 seconds. The protein concentrations of the lysates were determined against
a BSA protein standard using a BCA assay as a loading control could not be used, whereby
various concentrations of the sample and protein standard were placed in a 96 well plate.

Bicinchoninic acid and copper sulphate were then added to the wells to start the chemical
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reaction. The plate was then placed on a shaker for 5 minutes before being left to warm up
for 30 minutes. The plate was then taken to a plate reader, and lysates were normalized to

2mg/ml and stored at -20°C until required.

SDS-PAGE gel, used to run the samples, was prepared, and consisted of a 10% resolving gel
(4.1ml distilled water, 3.3ml acrylamide, 2.5ml buffer, 30ul 10% APS, and 5ul TEMED) and 6%
stacking gel (5.4ml distilled water, 2ml acrylamide, 2.5ml buffer, 30ul 10% APS, and 5ul
TEMED). Each of the gels were left to set for 30 minutes. During this time, samples were
placed in a heat block (Grant QBT2 digital block heater, Akribis scientific limited, UK) for 2
minutes and were then centrifuged alongside the protein ladder at 16,000G for 1 minute at
23°C. 25ul of each sample was then placed in a well and run at 200V for 35 minutes in a
container with running buffer. Upon completion, gels were allowed to transfer onto a
nitrocellulose membrane (sandwiched between sponge and filter paper either side) for 65
mins at 100V as previously described in a container with transfer buffer [209]. The
nitrocellulose membrane was then washed twice with TBS buffer and then blocked with 5%
non-fat milk powder in TBS for an hour while being rotated. The membrane was then
incubated with the appropriate primary antibody solution for IL-36R (1:200 dilution)
overnight at 4°C. After three 10-minute washes with 0.1% TBS-tween, the membrane was
incubated with the secondary antibody solution conjugated to Alexa Fluor 488 (1:1000
dilution) for an hour. The washing step with 0.1% TBS-tween was repeated, and the protein
bands were visualized using a fluorescence detection system (ChemiDoc, Bio-Rad, UK). Image

analysis was performed by measuring the MFI of each band using Imagel.
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2.3.3. Expression of IL-36R, IL-36a, and IL-36f on VCECs

2.3.3.1. Murine VCEC Culture

In order to characterise the expression of IL-36R, IL-36a, and IL-36B on ECs, conditionally
immortalised murine vena cava endothelial cells (VCECs) were used (provided by Dr J Stephen
Alexander, Louisiana State University, Health Science Centre, USA) [210]. To set up cultures
for experiments, VCECs were firstly expanded after being thawed and subsequently cultured
in 10ml of expansion media. Cells were expanded in 25cm?3 tissue culture flasks in an incubator
at 37°C, and 5% CO, with a change of media and a DPBS wash every 48 hours. Once cells
reached 95-100% confluency, they were detached from the flask using 1ml Accutase enzyme.
Further enzyme activity was stopped by the addition of 6ml experimental media. The flask
was then split into 3 new flasks with 10ml experimental media in each of the new flasks and

incubated as previously described.

When VCECs were ready for experiments, they were detached as previously described and
then centrifuged at 8,000 G for 5 minutes. The pellet was mixed with 1ml of experimental
media, and cells were counted using a haemocytometer. The pellet was then suspended in a
volume of experimental media which was determined by the number of cells counted. The
cell solution was seeded into 24 well plates at a seeding density of 50,000 cells per well,

incubated and allowed to reach confluency for 48 hours.
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2.3.3.2. Assessing IL-36R, IL-36a and IL-36B Expression in Stimulated VCECs

The expression of IL-36R after stimulation with either the experimental media (vehicle
control) or an IL-36 cytokine (a, B and y) was determined and compared with the well
characterized inflammatory cytokine TNFa. When VCECs reached confluency in 24 well plates,
cells were washed with DPBS twice and then incubated for 4 hours with 500ul of either:
experimental media (vehicle), an IL-36 cytokine (3, 30, or 300 ng/ml), or TNFa (3, 30, or 300
ng/ml). Subsequently, VCECs were fixed with 2% formalin at room temperature for 10
minutes, washed with DPBS, and then incubated for an hour with staining buffer at room
temperature. VCECs were then washed with DPBS before an overnight incubation with 500ul
of primary antibody solution for IL-36R (1:100 dilution). Next, the VCECs were washed with
DPBS, and a secondary antibody solution conjugated to Alexa Fluor 488 (1:100 dilution) was
added before they were washed again. Imaging and analysis of stained cells was performed

as described in Section 2.3.3.3.

In a similar manner, the ability of the IL-36 cytokines to stimulate the production of IL-36a
and IL-36f was determined and compared to the ability of TNFa to do so. This was performed
in a similar manner to IL-36R expression on VCECs, using the same secondary antibody;

however, the primary antibodies used were targeted against IL-36a and IL-36p respectively.
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2.3.3.3. Analysis of VCEC Culture Assay

Using an x25 objective, eight fields of view per well were imaged in a pre-defined
arrangement using a multiphoton microscope (Olympus FV1000-MPE, Olympus). Areas that
were not confluent were dismissed and additional fields were captured (following the same
pattern of field-to-field movement). Image analysis was performed using Imagel to the

qguantify the MFI for the entire field of view for IL-36R, IL-36a, and IL-36 separately.

2.3.4. Flow Cytometry Based Experiments

Flow cytometry studies were performed to determine IL-36R expression and DNA/RNA
damage on CMs and myocardial ECs in various experimental groups. Hearts from sham, IR
injury and IR with IL-36Ra treatment surgeries were obtained from adult and aged mice as
previously described in Section 2.1.1. In addition, mice were culled at 0 minutes of
reperfusion (ischaemia only), 30 minutes of reperfusion, and 150 minutes of reperfusion for
further comparisons of how DNA/RNA damage and IL-36R expression develop in response to

ischaemia alone and IR injury.
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Figure 2.4. Predefined arrangement for frozen tissue section analysis. Murine or clinical
heart samples were harvested and snap frozen following surgery. The ventricular sample was
sectioned using a cryostat into 10um sections and then immunostained with antibodies or
IgG controls. Sections were imaged using an EVOS microscope. (A) Schematic of the
predefined arrangement for imaging the frozen tissue sections, starting from 1 and ending at
8. Representative image of the IgG control for IL-36 in (B) mouse and (C) clinical sample.
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2.3.4.1. Digestion of the Mouse Heart

Following surgeries, hearts were harvested and immediately placed in 3ml of cold PBS in an
ice box. In a petri dish, excess blood was flushed out by squeezing the fresh hearts using
surgical forceps. The hearts were then manually minced into very small fragments using a
scalpel for 5 minutes until they were approximately 1mm?3. A few drops of 0.1% collagenase
solution were added if the tissue became dry. All tissue was then collected into a 15ml tube,
and 2ml of 0.1% collagenase solution (diluted in PBS) was added to start the enzymatic
digestion. The tube was placed on a rotator in a 37°Cincubator for 15 minutes. After the initial
incubation, the suspension was allowed to settle, and the supernatant was removed and
placed into a 50ml falcon tube containing 10ml MACS buffer on ice, while the remaining tissue
was re suspended in 2ml of 0.1% collagenase solution and re-incubated. This process was
repeated twice for a total digestion period of 45 minutes, and then the 50ml falcon tube was
centrifuged at 20,000 G for 10 minutes. In order to lyse red blood cells, the supernatant was
discarded, and 2ml of ACK lysis buffer was added to the pellet for 3 minutes. MACS buffer
(5ml) was then added to stop ACK activity, and the remaining cells were centrifuged at 20,000

G for 10 minutes into a pellet.

To achieve a single cell suspension, the supernatant was discarded, the pellet was suspended
in 20ml of experimental media and run several times through a 70um strainer. The suspension
was then centrifuged, supernatant discarded, and the pellet was washed with 20ml PBS; this
process was repeated 2 times. To prevent non-specific binding, the pellet was incubated with

5ml staining buffer for 30 minutes in an ice box, and the suspension was then centrifuged.
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2.3.4.2. Assessing Oxidative Damage and IL-36R Expression in the Mouse

Heart

To assess oxidative damage and IL-36R expression levels on myocardial ECs and CMs in the
experimental groups, fluorescently labelled antibodies against these markers were used.
Following centrifugation, the supernatant was discarded, and cells were incubated with a
primary antibody solution for IL-36R (100ul, 1:100 dilution in DPBS). Subsequently, cells were
washed with DPBS, centrifuged at 20,000 G for 10 minutes, and then incubated with 100ul of
secondary antibody solution conjugated to Alexa Fluor-647. Additional antibodies were
added into the second step to assess damage (anti-DNA/RNA damage; 1:100 dilution in DPBS),
to label
ECs (CD31; 1:100 dilution in DPBS), CMs (cTnT; 1:100 dilution in DPBS), and dead cells

(Zombie; 1:500 dilution in DPBS).

Single colour controls were also performed for each of the fluorescently labelled antibodies
to be able to compensate for potential fluorescence spillover during analysis. In addition, cells
were incubated with the appropriate IgG controls for the fluorescently labelled antibodies as
above. Each of the primary and secondary antibody incubations were performed in a light-
protected icebox placed under slight agitation for a duration of 30 minutes. Following the
second incubation, cells were fixed using 4% formalin for 10 minutes and were then washed
with DPBS. The supernatant was discarded, and cells were resuspended in 400ul of DPBS in

the appropriate flow cytometry tubes ready for acquisition.
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2.3.4.3. Acquisition and Analysis of Flow Cytometry Studies

Acquisition of cells was performed using a CyAn™ ADP (Beckman Coulter, USA) and data
analysis was performed using Summit 4.3 software (Beckman Coulter, USA). Channels used
to assess the markers described above were FITC (voltage — 575), PE (voltage — 600), APC
(voltage — 650), Violet 1 (voltage — 725), and Violet 2 (voltage — 650). Forward scatter (FS)
was set at a gain of 8.0 and side scatter (SS) was set a voltage of 500. For each sample, 250,000

events were captured and used in the analysis.

An initial gate was drawn on the SS Lin Vs FS Lin density plot to exclude any debris. A second
gate was then created to exclude doublets on the FS Lin Vs pulse width plot. The appropriate
IgG controls for each of the fluorescently labelled antibodies were run and used to determine
gating for each of these channels (Figure 2.5). These gates were used for all experimental
groups and repeats. Using the single colour control samples, post-acquisition compensation
was performed for each sample to minimise any potential fluorescence spillover. This was

performed by compensating each fluorescently labelled antibody with the other antibodies.

To determine the cell population counts in each sample, the percentage of CMs, ECs, and
dead cells were measured. To analyse the oxidative damage levels on each of CMs and ECs,
previous gating of DNA/RNA damage fluorescence channels was applied on the individual cell
type channels, and the MFI calculated. Similarity, IL-36R expressions levels were determined

on each of the cell types.
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Figure 2.5. Gating strategy for flow cytometry-based experiments. Sham or IRl inducing surgery was performed on adult and aged mice. Mice
were culled following reperfusion, and hearts were harvested and digested. The cell suspension was stained with an anti-cTnT, anti-CD31, anti-
IL-36R, anti-DNA/RNA damage, zombie dye and IgG control antibodies and acquisition were performed using a CyAn™ ADP cytometer.
Representative density plots showing the (A) initial gate drawn to capture the greatest number of cells whilst ensuring any debris were excluded,
and (B) the second gate drawn to exclude potential duplicates. Representative histogram of IgG controls for (C) cardiac myocytes, (D) endothelial
cells, (E) IL-36R, (F) DNA/RNA damage, and (G) Zombie. Abbreviations — FS: forward scatter, SS: side scatter.



2.3.5. Myocardial Infarct Size Analysis

2.3.5.1. Preparation of Mouse Heart Samples

Infarct size analysis was used to determine the impact of myocardial IR injury and the
potential benefit of IL-36Ra as a therapeutic treatment in the mouse heart [211]. Surgeries
were performed as previously described in Section 2.1.1 in adult and aged mice with a
reperfusion period of 4 hours. The LAD artery was then re-ligated to occlude blood flow in the
LV, and 500ul of 0.5% Evans blue dye was retrograde infused via the carotid cannula. Ligation
of the LAD prevents the dye from entering and staining regions of the heart downstream of
the LAD artery while staining other vasculature. The area that does not stain is known as the
area at risk (AAR). The mouse was then immediately culled by cervical dislocation; the heart
was harvested, wrapped in saran film, and placed in a -20°C freezer for 60 minutes. Sequential
transverse cuts were then made into the heart using a scalpel to achieve 4 equal sections of
around 2mm in depth. For treatment studies, recombinant mouse IL-36Ra was injected intra-

arterially at both 10 minutes pre-reperfusion and 60 minutes post-reperfusion.

2.3.5.2. Triphenyl Tetrazolium Chloride (TTC) Staining

TTC staining solution was used to stain heart sections to determine the extent of infarction
post-IR injury and treatment. Tissue that is rich in dehydrogenase enzyme/co-factors (i.e.,
likely viable tissue) responds to TTC solution by turning a deep red colour, whilst dead or
damaged tissue is identified as pale regions. These pale regions are defined as the infarct

region. Heart slices were incubated at 37°C in TTC solution for a duration of 20 minutes with
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continuous agitation. These slices were then removed and fixed in 10% formalin for a further
20 minutes at room temperature. Slices were washed in PBS and lightly dried and then placed
on a slide for imaging using a stereomicroscope (Nikon, UK). In order to ensure reliable

thickness while imaging, a 250g weight was placed at both ends of the slide.

2.3.5.3. Analysis of Infarct Assay

Images were captured from a stereomicroscope using a standard mobile camera (iPhone X,
Apple, USA) and were analysed using Imagel. Prior to analysis, the background was
subtracted. The area of 3 regions was determined on Imagel: area not at risk (TTC negative,
Evans blue positive), AAR (TTC positive red regions, Evans blue negative), and infarcted area
(TTC negative white regions, Evans blue negative) (Figure 2.6). ImageJ was used to quantitate

the infarcted area as a percentage of the AAR.
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Figure 2.6. Myocardial infarct size analysis. Surgery was performed on adult and aged mice. Following 4-hours of reperfusion, the left anterior
descending (LAD) artery was re-ligated, and Evans Blue was injected. Mice were culled, and the heart was harvested, sectioned, stained with
TTC and imaged. (A) Representative image of the TTC stained IR injured hearts. The area of 3 regions was determined on ImagelJ: area not at risk
(TTC negative, Evans blue positive), AAR (TTC positive red regions, Evans blue negative), and infarcted area (TTC negative white regions, Evans
blue negative). (B) Representative image of the threshold colour panel on ImagelJ, which was used for the infarct analysis.



2.3.6. Multiphoton Imaging of Heart Sections

Intravital imaging captured microvascular thromboinflammatory events from the surface of
the beating heart with a depth of approximately 50-60um. To determine whether these
events were mirrored throughout the thickness of the ventricular wall, multiphoton
microscopy was performed on hearts harvested at the end of intravital experiments detailed
in Section 2.1.1. Following intravital imaging, hearts were harvested, immediately placed in
3ml of cold PBS in an icebox and were dried. To section the hearts using a tissue vibratome
(Campden Instruments Limited, UK), hearts were glued using Liquid-Skin to the metal disc
with the LV facing upwards. The LV was then sectioned into four 300um sections and imaged
from the outer epicardial end through to the inner endocardial end using a multiphoton
microscope (FVMPE-RS Olympus). Z-stacks from the four layers were rendered to form 3D
stack images, which were processed and displayed using Imagel) (Figure 2.7). In order to
ensure the tissue was visible for imaging during Z-stack capture, a pre-defined setting was
used for neutrophils in each of the 4 layers of the heart; Z position 0 — laser 9% and 550V, Z
position 50 — laser 9% and 550V, Z position 100 — laser 10% and 550V, Z position 150 — laser
11% and 590V, Z position 200 — laser 12% and 636V, and Z position 250 — laser 12.5% and
650V. The presence of neutrophils was analysed as the sum fluorescence intensity for each

section (Imagel).
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2.4. Statistical Analysis

All statistical analysis was performed using GraphPad 7.0 software (GraphPad Software Inc.,
USA). Direct comparisons between two groups were performed using a Student’s unpaired t-
test. Multiple comparisons between three or more groups were performed by a one-way
ANOVA, followed by a Tukey’s post-hoc test. For experiments that followed a time course,
the area under the curve (AUC) was also calculated, plotted into a bar graph, and used for
subsequent analysis as a summation of the entire period. The n values in the animal
experiments represent the number of animals used, while in cellular experiments (such as the
VCECs culturing) it represents the experimental repeat number. All data are presented as

mean + standard error of the mean (SEM). Statistical significance was defined when p<0.05.
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Figure 2.7. Preparing the mouse LV for multiphoton imaging ex vivo. (A) To ascertain whether any thromboinflammatory events imaged using
intravital microscopy on the surface of the heart were also occurring in the deeper layers of the myocardium, multiphoton microscopy was used.
The heart was cut in half longitudinally from the base to apex to expose the inner endocardial layer lining the LV chamber. It was then placed on
a specimen holder and attached to a tissue vibratome to precisely section the LV wall into 4 sections from the outermost layer closest to the
epicardium through to the inner layer closest to the endocardium. Sections of 300um thickness were cut. (B) Representative images of the tissue
sections. Multiphoton z-stacks were taken from all 4 layers, namely the (i) outermost layer closest to the epicardium — epi-to-mid (ii) outer
myocardial layer — mid-to-mid (iii) inner myocardial layer — mid-to-mid and the (iv) innermost layer closest to the endocardium — mid-to-endo,
avoiding the last section if it had ‘missing’ myocardium due to sectioning through the actual ventricle chamber. Images from each layer were
then rendered to form 3D stack images. (C) Representative image of the multiphoton set-up. Imaging was performed using a multiphoton
microscope (FVMPE-RS Olympus).
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3.1. Introduction

Treatment of Ml focuses on rapidly re-establishing perfusion following a blockage in one
or more of the coronary arteries. This can be achieved by a primary PCl using a coronary
stent to open the culprit artery. Despite these interventions, a significant proportion of
patients still incur extensive muscle damage and develop heart failure post-MlI [212]. This
is partly due to reperfusion paradoxically leading to additional tissue damage. Indeed,
restoration of normal epicardial blood vessel flow, but with sub-optimal myocardial
perfusion, can be observed in up to 50% of patients following PCI, leading to worse
outcomes than in patients with full perfusion recovery [32]. This suggests tissue damage

likely occurs subsequent to inadequate coronary microcirculatory perfusion [41, 213].

Growing evidence suggests that dysfunction in the coronary microcirculation through
thromboinflammatory responses and MVO may ultimately be responsible for most of the
damage attributable to myocardial IR injury [53, 214]. Increased clinical recognition of the
importance of the coronary microcirculation has meant identifying strategies to improve
potential perturbations within it has gained recent attention [41, 213]. However, current
clinical tools cannot resolve coronary microvessels <200um, and so little is known about
the full range of cardiac microcirculatory responses to IR injury. This has led researchers to
refer to the coronary microcirculation as a research ‘black box’, with cardiologists having

focussed on treating the angiographically visible circulation [53, 54].

Age is a major risk factor for MI, increasing the cardiac damage caused by IR injury
independent of ‘traditional’ risk factors [215-217]. The term ‘inflammaging’ describes the

phenomenon of ageing accompanied by a chronic low-grade sterile inflammation, that
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persists in the absence of an overt inflammatory stimulus [163]. Inflammaging may
contribute to enhanced age-related cardiovascular risk and poorer outcomes through
actions on myocardial microcirculation. However, little is known about how age impacts
the coronary microcirculation in health and whether it increases the likelihood of
microvascular disturbances post-IR injury. This chapter therefore focuses on investigating

microcirculatory disturbances with age and IR injury using in vivo and in vitro methods.

3.1.1. Hypotheses and Aims

In this chapter, we aim to assess the microcirculatory responses of the healthy uninjured,
and IR injured aged hearts and compare them with adult hearts in vivo using laser speckle
and intravital imaging of the beating heart and in vitro using multiphoton microscopy.
Secondly, in this chapter, we investigate the mechanisms underlying the microcirculatory
perturbations in adult and aged, sham and injured harvested hearts in vitro using
immunofluorescence and flow cytometry-based studies. Lastly, in this chapter, we assess

the impact of IR injury and age on infarct size. We hypothesize:

1. Overall coronary perfusion is significantly reduced with ageing and IR injury.

2. Microcirculatory neutrophil and platelet recruitment are increased in healthy aged,
and IR injured aged hearts when compared to adult hearts.

3. Microcirculatory perfusion and capillary leakage will be worse in aged IR injured
hearts compared to adult IR injured hearts.

4. VCAM-1 expression and oxidative stress will be increased in aged IR injured hearts

when compared to adult IR injured hearts.
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3.2. Results

3.2.1. General Observations

Aged mice had a few distinct features which were not present in adult mice. During animal
handling and surgery, the fur of aged mice fell out easily. They also required more
maintenance anaesthetic during in vivo imaging procedures. Other typical senescent
phenotypes in aged mice such as balding, loss of colour (white/grey) and kyphosis
(curvature of the spine) were also observed. Hearts harvested and sectioned from aged

mice were structurally more fragile and so sometimes had larger gaps between CMs.

3.2.2. Laser Speckle Contrast Imaging (LSCI) Demonstrated a Decreased

Overall Perfusion of the Aged Heart Post-Reperfusion in vivo

LSCI was used to firstly investigate the overall perfusion of the left ventricular myocardium
in response to IR injury in adult and aged female mice. High and low flux points were
calculated from flux recordings and were attributed to diastolic and systolic events
respectively (Figure 3.1a-b). Systolic events were used for comparative purposes between
different experimental groups. As expected, in both adult and aged hearts, ischaemia
decreased perfusion following LAD artery ligation (Figure 3.2a). This was rapidly reversed
as soon as the artery was untied. In adult mice, reperfusion resulted in ventricular
perfusion returning to the basal levels seen prior to ischaemia (Figure 3.2a). In some

individual mice, reperfusion was accompanied by an immediate but transient, reactive
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hyperaemic response. However, in aged injured mice, perfusion failed to reach basal levels

(Figure 3.2a) and remained significantly lower than in adult injured hearts (Figure 3.2b).

To determine whether IR injury impacted perfusion differently during systole and diastole,
the average flux during these two phases of the cardiac cycle in adult mice was compared
to the average flux during these phases in aged mice. As expected, ischaemia decreased
ventricular perfusion during both systole and diastole in both adult and aged mice (Figure
3.4a-b). However, there was no significant difference in the ischaemic perfusion during
systole and diastole between adult and aged mice (Figure 3.4c). Again, reperfusion resulted
in a resumption of ventricular perfusion in systole and diastole in both adult and aged mice.
However, perfusion was decreased in both systolic and diastolic phases in aged mice when
compared to adult mice, although this only reached statistical significance in the diastolic

phase (Figure 3.4c).

LSCI also allowed ventricular arrhythmia to be investigated from the flux recordings using
the standard deviation of the inter-beat distance as a means to identify irregularity in the
rhythm of the heartbeat (Figure 3.3). Both ischaemia and reperfusion resulted in an
arrhythmic response in adult and aged injured mice. However, there were no significant
differences between the two groups (Figure 3.2c-d). Similarly, both ischaemia and
reperfusion resulted in changes in the heart rate in adult and aged injured mice, but again
there was no significant difference between the two groups. (Figure 3.2e-f). Additional
differences were observed in some aged injured hearts that were not seen in adult injured
hearts, which included unusual heart rhythm patterns noted in some aged hearts (Figure
3.4d). Also, flux/perfusion data showed that prior to induction of ischaemia, adult hearts

were significantly better perfused basally than aged hearts (Figure 3.4e).
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Figure 3.1. Laser speckle contrast imaging (LSCI) allows changes in the overall perfusion of the left ventricle to be quantitated during ischaemia and
reperfusion in the (A) adult and (B) aged female beating heart coronary circulation in vivo. Flux heat maps show warm colours under basal conditions, cooler
colours during ischaemia and warmer colours again as reperfusion is initiated. Note how in this particular aged female mouse heart, the flux heat map colour
is not as warm at 150 minutes post-reperfusion as its own basal levels, nor as warm as 150 minutes post-reperfusion in adult mice. Note how in this particular
adult mouse heart, there is a temporary hyperaemic response noted at 30 minutes post-reperfusion. n < 6/group.
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Figure 3.2. Laser speckle contrast imaging (LSCI) demonstrated a decreased overall perfusion of the aged female heart left ventricle post-reperfusion in
vivo. Quantitative time-course analysis of LSCI data during systole for (A) flux unit (perfusion) (C) standard deviation of the inter-beat distance (arrythmia),
and (E) heart rate. Baseline capture prior to ischaemia was used as the baseline reading. Area under the curve (AUC) analysis for (B) flux unit, (D) standard
deviation of the inter-beat distance and (E) heart rate over a time course of 150 minutes post-reperfusion. Aged mice had significantly less perfusion in the
ventricle than adult mice post-reperfusion. Although the standard deviation of the inter-beat distance and heart rate changed in both adult and aged mice
throughout the duration of the experiment, there were no significant differences between the two groups. Statistical analysis was performed using a Student’s
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unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury, StDev: standard deviation. n < 6/group. Mean +SEM. ****p<0.0001.



Figure 3.3. Laser speckle data can be analysed to determine the inter-beat distance and subsequently the standard deviation (SD) of the inter-beat distance.
The SD of the inter-beat distance can provide an indication of whether there is an irregularity in the heartbeat rhythm. (A-B) Although the inter-beat
distance (arrows), and thus heart rate, varies between these two examples, the SD of the inter-beat distance would not change as the inter-beat distance
remains constant for both. Hence, although the heart may be beating faster or slower, the beating pattern is regular. This is indicative of there being no
irregularity or arrhythmia in the heart’s rhythm. (C) The inter-beat distance (arrows) is different in this example, and so the SD of the inter-beat distance
would change. Hence, the heart may be beating faster but, importantly, it is also not beating regularly. This is indicative of an irregularity or arrhythmia in the
heart’s rhythm.
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Figure 3.4. Laser speckle contrast imaging (LSCI) demonstrated a decreased overall perfusion of the aged female heart left ventricle post-reperfusion during
both systolic and diastolic phases of the cardiac cycle in vivo. A decreased basal perfusion in the aged hearts was also demonstrated. Quantitative time-
course analysis of LSCI data during systole and diastole for flux unit (perfusion) in (A) adult and (B) aged mice. Baseline capture prior to ischaemia was used
as the baseline reading. (C) Area under the curve (AUC) analysis for systole and diastole flux unit in the ischaemia and reperfusion phases in adult and aged
mice. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: systole adult versus
systole aged for each of ischaemia and reperfusion, and diastole adult versus diastole aged for each of ischaemia and reperfusion. (D) Representative images
of LSCI analysis graph at various time points showing anomalies in the aged IR injured beating heart, including a prolonged time to reach ischaemia and
reperfusion and irregularities in rhythm. (E) Quantitative analysis of LSCI baseline capture prior to ischaemia during systole. Statistical analysis was performed
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3.2.3. Age Increased Thromboinflammatory Disturbances within the

Healthy and IR Injured Coronary Microcirculation in vivo

Intravital studies were conducted to assess the impact of ageing and IR injury at a more
cellular level on thromboinflammatory events in the beating mouse heart. Images were
taken between 15 and 150 minutes-post reperfusion. Although some adherent neutrophils
were observed in adult sham hearts, their presence did not increase with time. However,
neutrophil recruitment significantly increased with injury in adult mice. Interestingly, basal
neutrophil adhesion was significantly higher at all time points in aged sham hearts when
compared with adult sham hearts (Figure 3.6a-b). However, the greatest level of
neutrophil recruitment was observed in injured aged mice, reaching almost double that
seen in adult IR injured mice. This increase was noted at all time points post-reperfusion
and continued to rise. This was significantly greater than neutrophils numbers in both aged
sham and adult injured hearts (Figures 3.5 and 3.6a-b). In both adult sham, adult injured,
and aged sham mice, adherent neutrophils were present primarily within the coronary
capillaries (Figure 3.5). However, in aged injured hearts, adherent neutrophils were also
observed within medium-sized blood vessels as well as in the coronary capillaries.
Individual neutrophils within this group were often difficult to demarcate and appeared as

clusters (Figure 3.5).

The number of free-flowing neutrophils observed circulating through the field of view
decreased in all groups when compared to adult sham hearts (Figure 3.6e-f). However, this
was only statistically significant in the adult injured and aged sham groups when compared
to adult sham hearts (Figures 3.6¢c-d). In all mice, free-flowing neutrophils were observed

circulating through coronary capillaries as well as in medium-sized blood vessels. However,
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in the medium-sized vessels, neutrophils were also observed to tether and roll along the
vessel wall (Figure 3.7a). Interestingly, in one adult injured mouse heart, a large diameter
epicardial coronary artery was captured serendipitously within the field of view. In this
large blood vessel, free-flowing neutrophils were observed circulating at very rapid speeds
but, unlike in medium-sized vessels, no tethering or rolling was observed. Furthermore,
very large aggregates of platelet-rich and mixed platelet-neutrophil aggregates were
observed circulating through this blood vessel, presumably having detached from the

ligation site (Figure 3.7b).

The presence of adherent platelet aggregates was also significantly increased with injury
in adult mice when compared to sham adults (Figure 3.6c-d). Interestingly, basal platelet
presence was also significantly higher in aged sham hearts when compared with adult
sham hearts and increased further with injury. Indeed, adherent platelet aggregates were
identified most consistently across all-time points in the injured aged mice (Figures 3.6e-
f). Platelet-platelet as well as platelet-neutrophil aggregates were observed in both

coronary capillaries and medium-sized blood vessels (Figure 3.5).

The surgical and stabilisation protocol was optimised to allow the impact of IR injury on
thromboinflammatory events in the immediate aftermath of reperfusion to be assessed
rather than after just 15 minutes of reperfusion. Studies were only conducted on adult
female mice, and intravital images were captured before, during and immediately after
reperfusion. Prior to reperfusion, only a limited number of neutrophils (and very occasional
platelet microthrombi) were observed within the coronary microcirculation (Figures 3.8
and 3.9). However, within minutes of the suture around the LAD artery being untied,

neutrophil presence increased and continued to increase over the remainder of the imaged
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150 minutes of reperfusion (Figure 3.9a and 3.9c). In contrast, platelet microthrombi
presence increased sharply within the first 30 minutes of reperfusion, before decreasing

and reaching a plateau (Figures 3.9b & 3.9d).

3.2.4. Age Increased Neutrophil Presence within the Deeper Layers of the

Healthy and IR Injured Myocardium

Intravital imaging captured microvascular thromboinflammatory events from the surface
of the beating heart with a depth of approximately 50-60um. To determine whether these
events were mirrored throughout the thickness of the ventricular wall, multiphoton
microscopy was performed on hearts harvested at the end of intravital experiments.
Minimal neutrophil presence was identified in adult sham hearts throughout the depth of
the left ventricular wall when imaged ex vivo using multiphoton microscopy. However, in
adult injured hearts, a significantly increased presence of neutrophils was observed in the
first three layers of the heart, from the outermost epicardial side inwards, when compared
to adult sham hearts, with the least neutrophil number present in the layer closest to the
endocardium (chamber side). However, the largest neutrophil presence in response to
injury occurred within the outermost 300um layer. Basal neutrophil presence was also
significantly increased throughout all four layers of the ventricle in aged sham hearts when
compared with adult sham hearts. This was further significantly increased in aged injured
hearts when compared to adult injured hearts, with the greatest presence again noted

within the outermost layer of the ventricle wall (Figures 3.10 and 3.11).
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Figure 3.5. Intravital imaging demonstrated that age increased thromboinflammatory disturbances within sham and IR injured beating heart coronary

microcirculation in vivo. Sham surgery or IR injury was performed in adult and aged female mice. Representative intravital images are shown over a time
course of 150 minutes post-reperfusion. Fluorescently labelled antibodies against neutrophils (green) and platelets (red) were injected via the carotid cannula
5 minutes before reperfusion. Adherent neutrophils and platelet microthrombi are observed primarily within coronary capillaries in injured hearts. However,
in aged IR injured hearts. Abbreviations - IRI: ischaemia reperfusion injury. Scale bar indicates 100um. n < 5/group.
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Figure 3.6. Intravital imaging demonstrated that age increased thromboinflammatory disturbances within sham and IR injured beating heart coronary
microcirculation in vivo. Sham surgery or IR injury was performed in adult and aged female mice. Quantitative time-course analysis of intravital data for (A)
adherent neutrophils (C) platelets and (E) free-flowing neutrophils. Area under the curve (AUC) analysis for (B) adherent neutrophils (D) platelets and (E) free-
flowing neutrophils over a time course of 150 minutes post-reperfusion. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s
post-hoc test between the following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus aged IR injury, and adult IR
injury versus aged IR injury. Abbreviations - IRI: ischaemia reperfusion injury. n < 5/group. Mean +SEM. ***p<0.001, ****p<0.0001.



Figure 3.7. Intravital images showing neutrophil rolling within medium-sized blood vessels and thromboinflammatory emboli within a large coronary blood
vessel in vivo. These intravital images are taken from two different adult female mice after IR injury. Fluorescently labelled antibodies against neutrophils
(green) and platelets (red) were injected via the carotid cannula 5 minutes before reperfusion. Adherent neutrophils are observed primarily within coronary
capillaries. (A) In this mouse, a medium-sized blood vessel can be seen in which a neutrophil (tracked by the dotted line) can be observed rolling and then
adhering to the vessel wall. (B) In this mouse, a large diameter epicardial artery, that was downstream of the LAD artery ligature site is demarcated by dotted
lines. Neutrophils and platelets circulated through it at very high velocities - note the fluorescent streaks they leave behind (arrows in upper panel). Large
neutrophil-rich (green), platelet-rich (red) and mixed (yellow) aggregates passed through this vessel immediately after the LAD artery was untied, presumably
embolising downstream from the ligature site. The same circulating aggregate is shown in the left and right panels. Scale bar indicates 100um. n <5/group.
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Figure 3.8. Intravital imaging demonstrated that a thromboinflammatory response was mediated as soon as reperfusion was initiated. The surgical and
stabilisation protocol was optimised to allow the impact of IR injury on thromboinflammatory events in the immediate aftermath of reperfusion to be assessed
rather than after just 15 minutes of reperfusion. Representative intravital images are shown following IR surgery in adult female mice over a time course of
150 minutes post-reperfusion. Fluorescently labelled antibodies against neutrophils (green) and platelets (red) were injected via the carotid cannula 10
minutes before reperfusion and imaged intravitally. Prior to reperfusion, only a limited number of neutrophils (and very occasional platelet microthrombi)
were observed within the coronary microcirculation. However, within minutes of the suture around the LAD artery being untied, neutrophil presence
increased within the first 30 minutes post-reperfusion and continued to increase over the remainder of the imaged 150 minutes of reperfusion. In contrast,
platelet microthrombi presence increased sharply within the first 30 minutes of reperfusion before decreasing to a plateau. Scale bar indicates 100um. n= 6.
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Figure 3.9. Intravital imaging demonstrated that a thromboinflammatory response was mediated
as soon as reperfusion was initiated. The surgical and stabilisation protocol was optimised to allow
the impact of IR injury on thromboinflammatory events in the immediate aftermath of reperfusion to
be assessed rather than after just 15 minutes of reperfusion. IR surgery was performed on adult female
mice. Quantitative time-course analysis of intravital data in the first 30 minutes of reperfusion for (A)
adherent neutrophils and (B) platelets. The same data are then provided again for the same mice but
over a period of 150 minutes post-reperfusion for (C) adherent neutrophils and (D) platelets. Prior to
reperfusion, only a limited number of neutrophils were adherent. In contrast, platelet microthrombi
presence increased sharply within the first 30 minutes of reperfusion before decreasing to a plateau.
n=6. Mean *SEM.
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Figure 3.10. Multiphoton ex vivo imaging demonstrated that age increased inflammatory
disturbances within sham and IR injured beating hearts even within the deeper layers of the
myocardium. Sham or IR surgery was performed on adult and aged female mice. Fluorescently
labelled antibodies against neutrophils were injected via the carotid cannula 5 minutes before
reperfusion. Mice were culled following 150 minutes of reperfusion, and hearts were harvested. The
LV was vibratome sectioned into four 300um sections and imaged using a multiphoton microscope.
Representative z-stack multiphoton images of neutrophils (green) in the 4 layers of the LV taken from
the outermost layer closest to the epicardium (1), outer myocardial layer (2), inner myocardial layer
(3) and the innermost layer closest to the endocardium (4). Abbreviations - IRI: ischaemia reperfusion
injury. n < 5/group. Mean *SEM.
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Figure 3.11. Multiphoton ex vivo imaging demonstrated that age increased inflammatory
disturbances within sham and IR injured beating hearts even within the deeper layers of the
myocardium. Sham or IR surgery was performed on adult and aged female mice. The LV was
vibratome sectioned into four 300um sections and imaged using a multiphoton microscope.
Quantitative analysis of the multiphoton data at various depths for (A) adherent neutrophils and the
corresponding (B) area under the curve (AUC) for adherent neutrophils for all four layers. (C) AUC for
adherent neutrophils in the outermost first layer. (D) AUC for adherent neutrophils in layers 2-4.
Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test
between the following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged
sham versus aged IR injury, and adult IR injury versus aged IR injury. Abbreviations - IRI: ischaemia
reperfusion injury. (1) Outermost layer closest to the epicardium, (2) outer myocardial layer, (3) inner
myocardial layer and (4) the innermost layer closest to the endocardium. n < 5/group. Mean +SEM.

**p<0.01, ****p<0.0001.
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3.2.5. IR Injury Decreased Functional Capillary Density within the Adult and

Aged Beating Heart Coronary Microcirculation in vivo

Intravital studies were also conducted to assess coronary microcirculatory perfusion with
greater resolution than LSCI. An extensive network of FITC-BSA perfused capillaries was
observed in both adult and aged sham mice. Focussing up and down the field of view revealed
no evidence of areas devoid of perfusion. Well perfused medium-sized vessels were also
visible in some fields of view (Figure 3.12a). In contrast, IR injury of adult hearts was
associated with a significant reduction in perfusion with multiple areas observed where FITC-
BSA did not perfuse the microvessels when compared to the adult sham (Figure 3.12c). This
resulted in patchy areas devoid of any microvasculature, indicating reduced functional
capillary density (FCD). This was significantly reduced in aged injured hearts when compared
with aged sham hearts. Indeed, in some fields of view, up to half of the imaged area appeared
to lack FITC-BSA perfusion. Interestingly, medium-sized vessels were still readily visible and

well perfused in both adult and aged injured hearts (Figure 3.12a).

To determine whether vascular integrity was disturbed, a qualitative assessment of vascular
leakage was made by using a piece of tissue paper to collect liquid from within the centre of
the stabilizer between video captures. This was later imaged to detect FITC-BSA fluorescence.
Both adult and aged sham hearts had little or no leakage throughout the duration of the
surgery, as determined by no fluorescent dye on the tissue paper. Moreover, only one tissue
paper section was required every 15 minutes to ‘mop up’ any fluid on the heart. In contrast,

injury of adult hearts was associated with extensive leakage of FITC-BSA, which was further
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exacerbated in aged injured hearts. Indeed, multiple (around 3-6) tissue paper sections had

to be used every 15 minutes to absorb the leaked fluid (Figure 3.12b).

3.2.6. Age and IR Injury Increased Expression of VCAM-1 and Oxidative

Damage

Expression of VCAM-1 was investigated by immunofluorescence on frozen heart sections to
understand better the inflammatory mechanisms occurring during ageing and IR injury.
VCAM-1 was expressed on the larger vasculature rather than on coronary capillaries in all four
experimental groups. However, some capillary staining was observed in the aged inured
hearts. Expression was seen to increase in a stepwise manner with injury and age (Figures
3.13a). Indeed, expression of VCAM-1 significantly increased in the aged sham group when
compared to the adult sham group, as well as in the aged injured group in comparison with

the adult injured group (Figure 3.13b).

To further understand the detrimental effects of ageing and IR injury on the coronary
vasculature, oxidative damage was also investigated by immunofluorescence on frozen heart
sections using an anti-DNA/RNA damage antibody. This antibody binds with high specificity
and affinity to various products of oxidative damage induced by ROS including 8-hydroxy-2'-
deoxyguanosine, one of the most widely recognized biomarkers of oxidative damage of DNA.
Oxidative damage was found to be constitutively present, albeit at very low levels, in adult
sham hearts, as evidenced by a positive stain on frozen tissue sections, which was not seen in

the 1gG controls (Figure 3.14a). Oxidative damage was significantly increased following injury
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in adult hearts. IR injury in aged hearts also significantly increased oxidative damage further

when compared to aged sham hearts (Figure 3.14b).

Vascular density was also investigated in these same sections by quantifying CD31 expression
levels. There were no significant differences between the four experimental groups in terms
of vascular density except for a significant increase in CD31 expression in the aged injured
group when compared with the adult injured group (Figures 3.14c). Moreover, the merged
images (anti-CD31 antibody labelling with anti-DNA/RNA antibody labelling) demonstrated

that oxidative damage was not limited to vascular structures but also to CMs.

Flow cytometry on collagenase digested hearts, harvested at 150 minutes post-reperfusion,
was also performed to better quantitate the degree of oxidative damage on CMs and ECs.
CMs made up around 65% of the total cell population, with ECs making up around 7% in adult
hearts (Figures 3.15a-f). However, in aged hearts, CMs made up 55% of the total cell
population which was significantly reduced compared to adult hearts. ECs made up 10% of
the aged heart population which was not significantly different to the EC population in adult
hearts. Flow cytometry analysis confirmed the immunofluorescence findings of increased
oxidative damage with IR injury and ageing, as evidenced by a distinct shift to the right at the
peak of the histogram plots (Figures 3.16a). Adult sham CMs demonstrated oxidative damage,
albeit at very low levels. This significantly increased in adult injured CMs when compared to
adult sham CMs. Aged sham CMs also had significantly greater oxidative damage when
compared to adult sham CMs. However, the greatest degree of oxidative CM damage was
noted on aged injured CMs, which was significantly greater than both adult IR injured CMs
and aged sham CMs (Figure 3.16b). A similar pattern of oxidative damage was demonstrated

on coronary ECs (Figure 3.16c).
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The above flow cytometry data were collected after mice were culled at 150 minutes post-
reperfusion. To better understand when the oxidative damage took place, flow cytometry
experiments were also conducted on adult and aged injured hearts harvested at 0 (ischaemia
only), 30 and 150 minutes of reperfusion. Ischaemia alone induced oxidative damage in adult
CMs, albeit at very low levels. However, ischaemia significantly increased oxidative CM
damage in aged hearts when compared to adult CMs. Increased oxidative CM damage was
noted as early as 30 minutes post-reperfusion in both adult and aged hearts which was
significantly increased in aged CMs at both 30and 150 minutes post-reperfusion when
compared to oxidative damage in adult CMs at similar time points (Figures 3.17a-c). A similar
pattern of oxidative damage was demonstrated on coronary ECs, which only reached
statistical significance between the adult and aged hearts at 150 minutes post-reperfusion

(Figures 3.17d-f).

3.2.7. Myocardial Infarct Size does not Significantly Increase with Age

Dual Evans blue and TTC staining were used to determine the impact of IR injury on infarct
size in three layers of the adult and aged hearts (Figure 3.18a). Infarct size appeared slightly
larger in aged mice in all three layers of the heart when compared to adult mice, but this did
not attain statistical significance. There was a significant increase in infarct size between layer
1 and layer 3 in the aged IR injured heart (Figures 3.18b and 3.18c). Area at risk (AAR) and
area not at risk were not significantly different in the various layers within the same age group

nor between adult and aged injured hearts (Figure 3.18d and e).
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Figure 3.12. Intravital imaging demonstrated that IR injury decreased functional capillary density within the beating heart coronary microcirculation in
vivo. Sham or IR surgery was performed on adult and aged female mice. Fluorescently labelled antibody conjugated to bovine serum albumin (FITC-BSA;
green) was injected via the carotid cannula at 120 minutes post-reperfusion and imaged intravitally. Tissue paper was used to remove any liquid from the
stabilised region, which was imaged to detect leaked FITC-BSA. (A) Representative intravital images of FITC-BSA perfused coronary microvessels at 150 mins
in sham hearts or 150 mins post-reperfusion in Injured hearts. (B) Representative fluorescent images of FITC-BSA stained tissue paper (IRI). (C) Quantitative
analysis of intravital vascular perfusion data. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the
following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus aged IR injury, and adult IR injury versus aged IR injury.
Abbreviations - IRI: ischaemia reperfusion injury. *Areas not perfused with FITC-BSA. Scale bar indicates 100um. n < 5/group. Mean *SEM. ***p=<0.001,

*%%%0<0.0001.
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Figure 3.13. Age and IR injury increases expression of VCAM-1 as determined by immunofluorescence studies on frozen heart sections. Sham or IR surgery
was performed on adult and aged female mice. Mice were culled following 120 minutes of reperfusion, and hearts were harvested and snap frozen. The LV
was transversely sectioned using a cryostat into 10um sections and then immunostained with an anti-VCAM-1 antibody. Sections were imaged using a EVOS
microscope. (A) Representative images of VCAM-1 (blue) staining of frozen heart sections. Scale bar indicates 200um. (B) Quantitative analysis of the
immunofluorescent images of VCAM-1 expression. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between
the following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus aged IR injury, and adult IR injury versus aged IR

injury. Abbreviations - IRI: ischaemia reperfusion injury. n=4/group. Mean *SEM. *p<0.05, ***p<0.001, ****p<0.0001.
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Figure 3.14. Age and IR injury increases oxidative damage as determined by immunofluorescence studies on frozen heart sections. Sham or IR surgery was
performed on adult and aged female mice. Mice were culled following 120 minutes of reperfusion, and hearts were harvested and snap frozen. The LV was
transversely sectioned using a cryostat into 10um sections and then immunostained with an anti-DNA/RNA damage antibody and an anti-CD31 antibody.
Sections were imaged using a EVOS microscope. (A) Representative images of DNA/RNA damage (green) and CD31 (red) staining on frozen heart sections.
Scale bar indicates 200pum. Quantitative analysis of the immunofluorescent images of (B) DNA/RNA damage and (C) CD31 expression. Statistical analysis was
performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: adult sham versus adult IR injury, adult sham versus
aged sham, aged sham versus aged IR injury, and adult IR injury versus aged IR injury. Abbreviations - IRI: ischaemia reperfusion injury. n=4/group. Mean
+SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.15. Gating strategy for flow cytometry-based experiments on adult and aged collagenase digested hearts. Sham or IR surgery was performed on
adult and aged mice, and hearts were harvested and digested. The cell suspension was stained with anti-CD31, anti-cTnT, anti-DNA/RNA damage, and zombie
antibodies and acquisition was performed using a CyAn™ ADP cytometer (100,000 events captured). Representative density plots showing the (A) initial gate
drawn to capture the greatest number of cells whilst ensuring any debris was excluded, and (B) the second gate drawn to exclude potential duplicates.
Representative histogram of IgG controls for (C) cardiac myocytes, (D) endothelial cells, and (E) DNA/RNA damage. (F) Quantitative analysis of the CM and EC
population within the adult and aged samples. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the
following groups: cardiac myocytes versus endothelial cells, cardiac myocytes versus dead cells, and endothelial cells versus dead cells between the adult and
aged groups; as well as between adult versus aged cardiac myocytes, adult versus aged endothelial cells, and adult versus aged dead cells. Abbreviations —
FS: forward scatter, SS: side scatter. Mean +SEM. *p<0.05, ****p<0.0001.
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Figure 3.16. Age and IR injury increases oxidative damage on cardiac myocytes and endothelial cells as determined by flow cytometry of digested heart
tissue. Sham or IR surgery was performed on adult and aged female mice. Mice were culled following 150 minutes of reperfusion, and hearts were harvested
and digested. The cell suspension was stained with anti-CD31, anti-cTnT, and anti-DNA/RNA damage antibodies and acquisition was performed using a CyAn™
ADP flow cytometer. (A) Representative histogram of DNA/RNA damage marker showing a shift in expression in response to IR injury and age. Quantitative
analysis of DNA/RNA damage expression on (B) cardiac myocytes, and (C) endothelial cells. Statistical analysis was performed using a one-way ANOVA,
followed by a Tukey’s post-hoc test between the following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus aged
IR injury, and adult IR injury versus aged IR injury. Abbreviations - IRI: ischaemia reperfusion injury. n=3/group. Mean +SEM. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.17. IR injury induces oxidative damage to cardiac myocytes and endothelial cells within the first 30 minutes of reperfusion in adult and aged mice
as determined by flow cytometry of digested heart tissue. IR surgery was performed on adult and aged female mice. Mice were culled following 0, 30, or
150 minutes of reperfusion and hearts were harvested and digested. The cell suspension was stained with anti-CD31, anti-cTnT, and anti-DNA/RNA damage
antibodies and acquisition was performed using a CyAn™ ADP cytometer. Quantitative analysis of DNA/RNA damage on cardiac myocytes in (A) adult mice,
(B) aged mice, and (C) adult and aged mice. Quantitative analysis of DNA/RNA damage on endothelial cells in (D) adult mice, (E) aged mice, and (F) adult and
aged mice. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups (A, B, C, D): 0
minutes versus 30 minutes, 0 minutes versus 150 minutes, and 30 minutes versus 150 minutes - (E, F): 0 minutes adult versus aged, 30 minutes adult versus
aged, and 150 minutes adult versus aged. n=3/group. Mean +SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.18. Infarct size following IR injured is not worsened with age. IR surgery was performed on adult and aged female mice. Following 4-hours of
reperfusion, the left anterior descending artery was re-ligated, and Evans Blue was retrograde injected via the carotid artery. Mice were culled, and the heart
was harvested, sectioned, stained with TTC and imaged. (A) Representative images of the TTC stained adult and aged IR injured hearts within each layer.
Layer 1 represents the first layer below the ligature, and layer 3 represents the apex of the heart. Quantitative analysis of infarct size in (B) the individual
layers of the heart and (C) in all three layers of the heart. Statistical analysis was performed using a one-way ANOVA followed by a Tukey’s post-hoc test
between the following groups: layer 1 versus layer 2, layer 1 versus layer 3, and layer 2 versus layer 3 for each of the adult and aged IRI groups, as well as
adult IRl versus aged IRI for each of the three layers. Quantitative analysis of the area at risk in (D) the individual layers of the heart and (E) in all three layers
of the heart. Statistical analysis was performed using a Student’s unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n < 6/group. Mean +SEM.
**p<0.01.



3.2.8. Age Increases Oxidative Damage in Human Ventricular Samples

Oxidative damage was also investigated in the young and old human samples using a human
anti-DNA/RNA antibody. Oxidative damage was found to be constitutively present, albeit at
low levels, in newborn, infant/toddler and child hearts, as evidenced by a positive stain on
frozen tissue sections, which was not seen in the IgG controls (Figure 3.19a). Oxidative
damage was significantly increased in the adult hearts when compared with younger hearts

(Figure 3.19b).

CM density was also determined by quantifying cTnT expression levels. There were no
statistically significant differences between the groups, except for an increase in cTnT
expression in the child and older adult group when compared with the infant/toddler group

(Figures 3.19c).

Vascular density was also investigated by quantifying CD31 expression levels. There were no
statistically significant differences between the groups, other than a decrease in CD31
expression in the infant/toddler and older adult group when compared with the newborn

group (Figures 3.19d).
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Figure 3.19. Age increases oxidative damage in human tissue as determined by immunofluorescence studies on frozen heart sections. Clinical samples
were harvested and snap frozen from young and old patients following surgery. The ventricular sample was sectioned using a cryostat into 10um sections
and then immunostained with; the first column: anti-CD31 antibody, second, and third column: anti-cTnT antibody and anti-DNA/RNA damage. Sections were
imaged using a EVOS microscope. (A) Representative images of CD31 (red: first column), cTnT (red: second and third column), and DNA/RNA damage (blue:
second and third column) staining on frozen heart sections. Scale bar indicates 200um. Quantitative analysis of the immunofluorescent images of (C) DNA/RNA
damage, (D) cTnT, and (E) CD31 expression. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the
following groups: newborn versus infant/toddler, newborn versus child, newborn versus older adult, infant/toddler versus child, infant/toddler versus older
adult, and child versus older adult. n < 5/group. Mean +SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



3.3. Discussion

By 2030, it is expected that 20% of the population will be over 65 years old, and CVD is set
to account for 40% of the deaths within this age group [27]. Increased age is associated
with a worse prognosis post-MI and may be explained by biological characteristics such as
cellular senescence, immunosenescence, changes to many cell types and tissues, altered
intracellular communications, and metabolic changes [156]. Since the inflammaging
phenomenon can also explain the poor prognosis in the elderly, consideration of the
effects of ageing on the post-ischaemic coronary microcirculation, where inflammatory
events take place, is critical. In this chapter, we provide original contributions on the
architecture of the aged beating heart coronary microcirculation and how its response to
myocardial IR injury differs from younger hearts in vivo. The main results are summarised

in Table 3.1.

3.3.1. Overall Ventricular Blood Perfusion — a false indicator of all being

well?

Age-related differences in regional ventricular perfusion following myocardial IR injury
have not been studied directly in vivo. Therefore, we firstly sought to investigate the
effects of IR injury, as well as age, on overall blood perfusion of the LV. For this, large field
LSCI was applied to the beating mouse heart in vivo. LSCI has been widely used in both
pre-clinical and clinical studies to visualise perfusion in many organs. However, its use
within the beating heart has been limited so far to the Kalia group [32]. In both age groups,

flow resumed immediately upon reperfusion and was maintained throughout the duration
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of imaging. Indeed, in some individual adult mice, a transient reactive hyperaemic response
was also observed. However, although this returned to basal levels in adult mice, it

remained significantly below basal levels in aged mice.

On its own, this overall resumption of flow within a large region of the LV, be it to normal
or slightly below normal levels in adult and aged mice respectively, could have been
interpreted as blood flow being adequately re-established to repay the debt acquired
during ischaemia. Yet, despite this, we observed significant infarction in both adult and
aged mice. It was not until subsequent cellular level intravital studies were performed that
it became clear that this overall ventricular perfusion was poorly transmitted to the
coronary capillaries and thus did not correspond to adequate perfusion at a microvascular
level. Indeed, patchy areas with little or no perfused capillaries was observed intravitally.
Hence, there exists a mismatch between what looks like a global resumption of blood flow

during reperfusion and microcirculatory flow heterogeneity.

The poorer resumption of overall ventricular blood flow in injured adult and aged hearts
was most likely linked to the observed thromboinflammatory response, which was
markedly higher in aged hearts — this is discussed later. However, it well established that
ageing is also associated with a reduction in the ability of various resistance arterioles
(coronary, cerebral, femoral, carotid etc.) to respond to vasodilatory agonists both
experimentally and in humans [218]. Therefore, the ability of vasodilators and vasodilatory
metabolites, known to be released and accumulate during the ischaemic phase, may not
be as effective in dilating coronary arterioles and decreasing vascular resistance in the aged
heart compared to the adult heart. In addition to exacerbated thromboinflammatory

responses, this may also explain the poorer blood flow in reperfused aged hearts.
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Reduction in the synthesis and release of dilatory NO, increased activity of vasoconstrictive
prostanoids, poor diffusion of NO to smooth muscle because of increased intimal thickness,
and degradation of NO by ROS are all potential mechanisms that could also explain the
poorer resumption of blood flow in the aged hearts [218, 219]. One of the principal
coronary vasodilators is adenosine which plays an important role in maintaining coronary
blood flow post-ischaemic events. Its production is stimulated by low oxygen levels.
However, it is well established that the functional responses to adenosine are decreased
with age due to loss of adenosine receptors in the heart [220]. Collectively, these
perturbations may all contribute to the decreased ventricular perfusion in the aged heart,

as observed by LSCI.
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Adult sham

Aged sham

Adult IR injured Aged IR Injured

Laser speckle studies on the beating heart in vivo

Overall ventricular
perfusion

Good baseline
ventricular perfusion
prior to ischaemia

Baseline
perfusion is
significantly lower
than that in adult
sham mice

Perfusion returns to
pre-ischaemic levels
after initiation of
reperfusion

Perfusion
significantly lower
than pre-ischaemic
levels (particularly
during diastole) and

decreases with time

St.Dev. of the
inter-beat distance

Heart rate

Not significantly different

Not significantly different

Intravital studies

on the beating heart in vivo

of endothelial cells

Adherent OO
neutrophils Low levels N ™ and rising
Free-flowin ~30-40 circulating

it through the FOV at 2% N2V2 N7
neutrophils . .

each time point

Ac!herent pla?elet Low levels ~ ~ ~
microthrombi
FITC-BSA perfusion Good microvessel
to assess perfusion observed ¢ I N
functional capillary | at the end of 2 hours
density of reperfusion
Multiphoton studies on the excised heart ex vivo
Adherent Low levels A 2N A
neutrophils
Immunostaining of frozen heart sections in vitro
VCAM-1 Low levels N Ol IO
DNA/R.NA Low levels N NN MPN
oxidative damage
Flow cytometry studies on digested heart cells in vitro
Number of . .
T EEES Significantly reduced in aged hearts
A BTG Not significantly different
endothelial cells g 4
DNA/RNA
oxidative damage Low levels N ™ OO
of cardiomyocytes
DNA/RNA
oxidative damage Low levels N N PN

TTC / Evans Blue staining of heart sections in vitro

Infarct size

Higher in aged hearts than adult hearts but
not statistically significant

Table 3.1. Summary of the major observations between adult and aged sham and IR injured
female mouse hearts. Studies conducted were laser speckle and intravital microscopy in vivo
studies on the beating heart and multiphoton, flow cytometry, and immunostaining in vitro studies.

Abbreviation: FOV —

field of view
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3.3.2. Enhanced Thromboinflammatory Response with Age Alone

This study provides the first direct intravital evidence that ageing increases the
thromboinflammatory response of the coronary microcirculation to IR injury. However, it
is also the first to show that even ageing alone, in the absence of any injury, is associated
with a chronic low-grade inflammatory cell presence in otherwise healthy hearts. Indeed,
the impact of age alone on cellular recruitment to the coronary microcirculation was not
negligible. Our data showed an almost 5-fold enhanced basal neutrophil recruitment in the
microvasculature in aged but otherwise healthy coronary capillaries. This may be linked to
our observed age-related up-regulation of endothelial VCAM-1 and oxidative damage in
the heart or due to increased structural and functional changes in the neutrophils
themselves that have been observed by others [31, 32]. Indeed, neutrophils in aged
individuals have been shown to adopt a pre-activated state whereby they constitutively
secrete more neutrophil elastase and ROS in close proximity to the endothelium, which can
lead to vascular damage and promote their subsequent adhesion [221, 222]. Importantly,
our multiphoton data not only confirmed this increased basal neutrophil presence in aged
hearts but also showed that this was uniformly increased throughout all layers of the LV

from the outermost epicardial side to the innermost endocardial side.

This data are consistent with previous studies, which have shown that neutrophil counts in
tissues without injury are significantly increased in otherwise healthy aged patients, further
supporting the inflammaging phenomenon [223]. This was also identified recently
intravitally in the mouse cremaster muscle by Barkaway et al. (2021) who found a

significant increase in firmly adherent neutrophils in otherwise healthy mice as a result of
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age increasing from approximately 3 to 18 months [224]. Despite the increased basal
adhesion of neutrophils in adult and aged healthy hearts, they did not appear to obstruct
microvessels, as evidenced by the presence of free-flowing neutrophils circulating within
those same capillaries. This was also previously described intravitally by the Kalia group in
healthy sham adult hearts [42]. We speculate that adhesion in healthy hearts might also
be due to some trafficking neutrophils becoming trapped as blood vessels become
compressed during systole. Indeed, extravascular compression during isovolumetric
contraction markedly reduces coronary flow, something supported by our LSCI data which

clearly identified decreased myocardial blood flow during systole [225-227].

Interestingly, a marked reduction (almost 2-fold) in freely circulating neutrophils was also
observed in the aged hearts. This may be linked to the decreased tissue perfusion in the
aged heart that was noted during laser speckle imaging. Indeed, the decreased coronary

flow has also been observed in humans assessed using laser doppler [228].

In addition to inflammatory changes, platelet changes in sham aged hearts were also
observed. Rounded or elongated platelet aggregates were observed in the
microvasculature, something not observed in sham adult hearts. However, although there
was an approximate 7-fold increase between adult sham and aged sham hearts, overall,
the number of microthrombi was quite small. Unlike adherent neutrophils, these were
sometimes occlusive, as evidenced by the lack of circulating neutrophils passing through
affected microvessels. Interestingly, Culmer et al. (2013) and Dayal et al. (2013) both
showed an increase in platelet count in mice aged from 4 to 18 months. However, in the
absence of significant endothelial activation or endothelial denudation, this would not be

a likely explanation for why there was an increased microthrombus formation with age
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alone [229, 230]. Having said that, a dramatic increase in thrombogenicity in the elderly
population is well described. This has been thought to be due to increased thickness of
vessel walls, fragmentation of the internal elastic lamina, and vascular smooth muscle cells
hypertrophy within the vessel walls, all of which results in an endothelial injury that can
promote thrombosis. Ageing also alters the ratio of pro-coagulants to anti-coagulants in
favour of pro-coagulants, particularly von Willebrand factor, which can initiate platelet
adhesion to both endothelium and sub-endothelial surfaces [231]. Any one of these events
may explain the slightly increased presence of platelets within the aged, but otherwise
healthy coronary microcirculation. Elucidating the exact mechanisms involved would,

however, require further investigation.

Collectively, our intravital studies directly imaged the presence of a chronic low-
grade inflammation in the aged but otherwise healthy heart and also alluded to a mildly
pro-thrombotic state as well. Although an age-related capillary loss or rarefaction has been
described [232], no visible reduction in FCD or increased vascular leakage was noted in
non-injured aged hearts in the current study. The presence of a pre-existing, age-related
chronic thromboinflammatory presence likely increases the susceptibility of the coronary

microcirculation to an additional acute injurious insult such as an Ml / IR injury.

3.3.3. Additional Characteristics Noted in the Healthy Aged Heart

Flow cytometric analysis of digested mouse hearts demonstrated a decrease in CM number
in aged hearts. This may be linked to an age-related apoptosis and a decrease in left

ventricular mass [233, 234]. Indeed, a greater number of apoptotic myocytes in older
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hearts in both animal and human studies has previously been described [233, 234].
Although Anversa et al. (1986) showed a decrease in the number of rat CMs with age, which
was associated with CM hypertrophy [235], no age-related difference CM number in
human heart sections has been observed [236]. In contrast to CM number, the current
study showed no change in murine EC number when analysed flow cytometrically using
digested mouse hearts or when immunostaining murine heart sections. However,
immunostaining of human heart sections with an anti-CD31 antibody demonstrated a
significant decrease in EC number with increasing age. This is most likely the result of the
CM’s being larger in size in adults compared to neonates/infants, and so when using the
same imaging magnification, this would result in less vasculature being observed. Having
said that, studies in the brain have shown age-related decreases in capillary count (capillary
rarefaction) [237], but this has not been described so far in the heart. Whether our results
are actually indicative of an age-related capillary rarefaction also occurring in the ageing

human heart would require further investigation.

3.3.3.1. Mechanisms for Neutrophil Recruitment in the Aged Heart

Cellular senescence is a fundamental phenomenon of ageing, and ROS are implicated in its
development, alongside other SASPs, to clear away senescent cells from the tissue [238].
ROS, particularly generated by the high numbers of mitochondria in cardiomyocytes, can
enhance the expression of endothelial adhesion molecules, such as VCAM-1 and ICAM-1,
both of which are critical for leucocyte recruitment [239]. The anti-DNA/RNA antibody used
in the study binds with high specificity and affinity to 8-hydroxy-2'-deoxyguanosine, 8-oxo-
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7,8-dihydroguanine and 8-oxo-7,8-dihydroguanosine. These oxidative lesions serve as
excellent markers for DNA and RNA damage produced specifically by ROS. Flow cytometric
and immunofluorescence studies demonstrated a significant increase in the basal levels of
CM oxidative damage as a result of mouse ageing. Enhanced levels of CM oxidative damage
levels were also seen in clinical samples from aged patients when compared to younger
patients. Our data supports the recent observations of Rizvi et al. (2021), where they
showed a build-up of ROS in cardiomyocytes with age in both rat (6 vs 24 months old) and
human tissue (18-65 vs >65years old) [240]. Furthermore, the current study also showed
age-related increases in oxidative damage on ECs in mouse hearts, but with no difference
between ROS mediated damage to CMs and ECs. This may be linked to emerging evidence
suggesting that direct and indirect functional redox crosstalk between cardiomyocytes and
coronary ECs occurs during normal functioning of the heart as well as during
pathophysiological situations. For example, ROS generated by CMs during cardiac
hypertrophy communicate with ECs in order to promote angiogenesis [43]. The opposite
has also been observed whereby EC ROS increased CM fibrosis [43]. Hence, it is plausible
that increased CM ROS and EC ROS generation leads to pro-inflammatory phenotypic

changes in ECs through paracrine and autocrine cross-communication respectively.

Our results identified low levels of VCAM-1 expression in adult sham mice, which may
result from the surgical technique [241]. This basal VCAM-1 was significantly up-regulated
with age, which further supports the idea of a chronic low-grade inflammatory state in
ageing. These results also support the findings of Miller et al. (2007), who identified an up-
regulation in VCAM-1 on thoracic arteries from aged rats, as well as other groups who

noted similar changes in the aorta [242, 243]. Furthermore, Yousef and colleagues showed
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over 1,000 differentially expressed genes in aged brain ECs including those involved in cell
adhesion, immune cell activation, stress response and vascular remodelling. However,
among the proteins expressed in or related to the vasculature, soluble VCAM-1 correlated
most strongly with age, an observation they confirmed by immunostaining of brain
sections [244]. In the current study, while VCAM-1 expression was predominantly on
macrovessels in adult and aged sham hearts, some microvessels staining was noted on
aged sham hearts. The emergence of microvascular VCAM-1 staining could be a result of
prolonged low-grade inflammation in ageing. Bowden et al. (2002) suggested that VCAM-
1 staining is time-dependent when they showed increasing VCAM-1 expression from 3 —

24 hours on macrovessels from injured adult mice [245].

Overall, our flow cytometric and immunofluorescence mechanistic studies further
demonstrate the presence of chronic low-grade inflammation in the aged heart. These
basal disturbances in oxidative damage and adhesion molecule expression may explain the

heightened levels of inflammatory neutrophils within the aged coronary microcirculation.

3.3.4. Exacerbated Inflammatory and Perfusion Responses in Aged IR

Injured Mice

Reperfusion is often associated with inflammatory injury to cardiac tissue, which can lead
to heart failure and death through an uncontrolled inflammatory response [35, 246].
Moreover, MVO can cause no reflow, which can also induce excessive inflammatory

responses [52, 247]. However, current clinical imaging methods are unable to visualise
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these microcirculatory disturbances in the reperfusing heart. Our intravital data and
multiphoton data show an increase in neutrophil recruitment in the microvessels of adult
IR injured hearts, confirming previously published data by the Kalia group [32]. An
enhanced neutrophil presence is certainly involved in mediating lethal injury following
reperfusion [248]. However, for the first time we directly showed a remarkable
inflammatory cell presence in the coronary microvessels of aged IR injured beating hearts
in vivo. This was so striking that individual neutrophils were often difficult to demarcate,
with clusters observed occupying the full width of medium-sized vessels (which we assume
to be post-capillary venules) and capillaries. Larger coronary blood vessels were also lined
with individual adherent neutrophils, something not noted in adult injured hearts.
Activated neutrophils are well known to become stiff which contributes to their retention

specifically within capillaries that have a smaller diameter than their own [249].

Although neutrophil recruitment plateaued in the adult hearts, this was not the case in
injured aged hearts, where neutrophils continued to be recruited. Furthermore, our
multiphoton data showed that this increase was not limited to just the surface of the heart
but was consistent throughout all layers of the LV. There have been no previous intravital
or multiphoton microscopy studies on aged myocardial IR injured mice. However, a recent
study by Barkaway et al. (2021) using IVM on the mouse cremaster has shown similar
increases in neutrophil recruitment following IL-1B intrascrotal injury in aged mice when

compared to adult injury [224].

This significant presence of neutrophils in the aged injured heart has serious implications
with regards tissue damage, not simply because of the sheer numbers present.

Spontaneous ROS production from neutrophils has been shown to increase with age in
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elderly patients [250]. Furthermore, peripheral blood neutrophils from older 20-27-
month-old mice have been shown to have a greater tendency to release NETs either with
or without stimulation [251]. Such phenotypic changes, combined with the increased local
presence of these cells in the heart, can lead to increased microvascular and surrounding

tissue damage.

Increased platelet presence was also noted in the aged injured heart, but this was not
greater than that observed in adult injured hearts. Nor was the effect of age and injury on
platelets as remarkable as the effect on neutrophils. This was a surprising observation as a
greater presence of platelet microthrombi was expected in the aged injured hearts. Indeed,
their presence was not as remarkable as that previously described by the Kalia group when
male adult IR injured hearts were imaged intravitally [32]. Increased hypercoagulability of
the blood and an impaired fibrinolytic system in the elderly has been described [252].
Moreover, one of the most documented changes in platelet function during ageing is
platelet hyperactivity, decreased bleeding time and a greater sensitivity to aggregation
induced by classical agonists [253]. Therefore, the intravital observation in the current
study was somewhat surprising. This may be linked to the already heightened number of
adherent platelet aggregates present in the aged sham hearts, or it may be that a longer

reperfusion time is required to identify significant changes.

Ultimately, in both adult and aged hearts, these thromboinflammatory events resulted in
occlusion of flow, with the poorest coronary microcirculatory perfusion and microvascular
leakage (of FITC-BSA) noted in aged injured hearts where significantly more areas devoid
of flow were observed. Although overall ventricular perfusion plateaued in the reperfused

adult hearts, of concern for the aged heart was the LSCI observation that myocardial
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perfusion continued to decrease in the reperfusion phase. This age-related impairment
may result from the exacerbated number of thromboinflammatory cells within the
microvasculature and the capability of a high number of activated neutrophils to obstruct
capillaries [249, 254]. Our data supports the findings of Willems et al. (2005) who found
coronary flow post-reperfusion injury was much lower in the isolated hearts of aged (18-
28 month old) mice when compared to younger (2-4 month old) mice [255]. The current
study provides the first real-time demonstration of the rapid and debilitating impact of
reperfusion on the smallest blood vessels of the aged heart in vivo. This likely contributes
to the worsened outcomes in aged Ml patients and also the reduced myocardial tolerance
to IR injury previously demonstrated to occur as early as 12 months (middle-age) in mice

[255].

To identify potential underlying mechanisms behind explain these age-related
inflammatory exacerbations and perfusion perturbations, studies were performed to again
identify oxidative damage on CM/ECs and EC VCAM-1 expression following IR injury. Flow
cytometric and immunofluorescence studies demonstrated the greatest levels of VCAM-1
expression and oxidative damage occurred in aged IR injured hearts, which significantly
surpassed that noted in adult injured hearts. Although it is well documented that IR injury
increases levels of ROS and VCAM-1, as far as we are aware, this is the first demonstration
of this in the aged coronary microcirculation and heart tissue. As stated earlier, this could
be explained by the compromised antioxidant ability and chronic low grade inflammation
within aged hearts [165, 256]. Indeed, in a rat model, increased levels of oxygen free
radicals were detected under both normal and prolonged intense exercise conditions when

the age of the rat increased from 8 to 25 months [257].
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Interestingly, although previous studies have demonstrated significantly larger infarct size
in aged mice hearts compared to adult mice [2, 4], this was not the case in the current
study. Whilst infarct size was larger in aged injured hearts; this was not significantly
different. However, even a statistically non-significant small increase in infarct size or
scarring can have a significantly adverse effect on heart function and on the patient’s

prognosis [258].

3.3.5. Immediate Aftermath of Reperfusion — Early Intervention is Critical

A number of anti-inflammatories, shown to be successful in experimental studies, have
met with translational failure when used clinically in patients with Ml [259]. The major
outcome measured in such clinical trials is usually a long-term one, namely the ability to
prevent infarction, post-MI remodelling, a secondary non-fatal Ml, or death. We show
multiple microcirculatory perturbations take place in the reperfused heart, are enhanced
with age, and likely contribute to the reduced perfusion at the level of the microvessels.
Therefore, it is important to consider whether anti-inflammatories can actually protect and
keep patent the coronary microcirculation post-reperfusion. Furthermore, it is important

to know exactly when to intervene in order for therapies to be vasculoprotective.

The investigation of the immediate effects of reperfusion on thromboinflammatory
responses in vivo, tissue perfusion in vivo, and build-up of ROS is limited. If these
detrimental events occur early i.e., within minutes of reperfusion, it is possible that the
observed translational failure of tested therapeutics is linked to a lack of early benefit at

the level of the coronary microcirculation and is therefore dependent on the time of
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intervention. In order to study the immediate responses that occur during the onset of
reperfusion, the intravital imaging and stabilisation protocol was optimised to allow
imaging during the first 30 minutes of the reperfusion phase. We were successfully able to
image during this time period and noted a very rapid neutrophil and platelet infiltration as
soon as reperfusion commenced (only investigated in adult mice). It is possible that this
immediate recruitment is linked to the release of thromboinflammatory debris embolising
into the downstream coronary microcirculation from the occlusion site, where they have
been shown to accumulate [260]. Our data showed that platelet recruitment peaked
within 15 minutes and then plateaued during the remaining 150 minutes of reperfusion.
However, neutrophil infiltration experienced a much earlier peak, within 5 minutes of
reperfusion. This may be linked to the reactive hyperaemic response, noted in some mice

within minutes of reperfusion, which would have delivered more blood cells to the heart.

This very rapid neutrophil infiltration has serious implications — they can damage the local
microvascular environment, transmigrate into the myocardium and damage CMs, but also
their activation may predispose to subsequent thrombogenesis. Indeed, Darbousset et al.
(2012) demonstrated that neutrophils reached the site of injury before platelets in a mouse
study of laser-induced damage [261]. They further demonstrated that these neutrophils
were a key source of tissue factor (TF), a major in vivo initiator of coagulation, which
enhanced subsequent thrombotic processes. Moreover, in patients with MI, the
accumulation of neutrophils in the culprit artery led to the release of NETs decorated with
TF that was subsequently delivered to downstream microvessels [262]. Whether the

intense neutrophil presence in the reperfused aged mouse coronary microcirculation
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employs NETs and TF to mediate subsequent thrombosis in the coronary capillaries will

require further investigation.

As described earlier, this rapid thromboinflammatory recruitment could also be linked to
increased myocardial oxidative damage. Indeed, flow cytometric studies demonstrated a
significant early increase in the levels of DNA/RNA oxidative damage within 30 minutes of
reperfusion in both CMs and ECs of adult mice, which was heightened in aged cells. This
damage persisted even at 150 minutes of reperfusion and, in aged mice only, a gradual
increase was observed as the duration of reperfusion increased. This very rapid oxidative
damage may therefore explain the immediate thromboinflammatory and perfusion
perturbations which occur within the same time frame. These disturbances within the first
30 minutes of reperfusion highlight the importance of therapeutically targeting the period
immediately after re-opening of the occluded vasculature and suggest clinical studies

appropriately factor in the importance of this period.

3.3.6. Conclusion

In conclusion, we have shown that ageing is associated with a chronic low-grade
inflammatory environment in otherwise healthy hearts and that age has an additive
detrimental impact on the microvasculature in the presence of an acute IR injury [247].
We show that age alone is associated with heightened levels of oxidative damage on both
CMs and ECs in otherwise healthy hearts, as well as supporting an aggravated oxidative
damage response during reperfusion [165]. This chapter has demonstrated that

exacerbated age-related microvascular perturbations lead to areas devoid of perfusion
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within the injured LV and likely contribute to the infarction of the myocardium. This is in
part due to the very rapid thromboinflammatory cell accumulation within the coronary
microvasculature following injury. Importantly, we show that resumption of regional blood
flow in the ventricle is not a sure sign that all is well in the smallest blood vessels of the
heart. Collectively, our findings of enhanced coronary microcirculatory perturbations

associated with age may explain the poorer outcomes in elderly Ml patients.
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Chapter 4:
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* Part of this chapter makes up the published paper in the appendix
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4.1. Introduction

Studies have shown that approximately 50% of the final infarct size is a result of IR injury
[35, 246]. We have shown in the previous chapter this could be partly explained by the
multiple disturbances taking place in the coronary microcirculation post-reperfusion.
Moreover, these were remarkably increased in the reperfused aged heart resulting in a
number of areas in the LV myocardium that were devoid of perfusion. Therefore, a
potential therapeutic target for limiting infarct size (and subsequent ventricular
remodelling) could be to target these microvascular perturbations; specifically, the
significant pro-inflammatory response observed [60, 101]. Several experimental studies
and clinical trials have targeted the individual elements in the inflammatory leukocyte
adhesion cascade following myocardial IR. These have included targeting potent
inflammatory cytokines, such as IL-1 and IL-6 with humanized anti-IL-1 or anti-IL-6 receptor
antibodies or preventing neutrophil adhesion with a humanized P-selectin inhibitor
antibody (adhesion molecule between ECs and leukocytes or platelets) [109, 197, 263-265].
Although such treatments have been shown to be beneficial in preclinical animal models,
many of these studies failed to improve measurable outcomes or reduce infarct size when

used in humans.

Having said that, targeting inflammatory cytokines (e.g., IL-1 and IL-6) have produced the
most promising studies in enhancing long-term outcomes. Indeed, the large scale
canakinumab anti-inflammatory thrombosis outcomes study (CANTOS) trial provided
exciting evidence that targeting IL-1 was beneficial in preventing major adverse cardiac

events (death, another M, stoke etc) in the absence of lipid-lowering, although no effect
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on impact size was noted [12, 18-23]. Hence, cytokines are exciting targets due to their
potent effects on initiating inflammation, something the previous chapter has described to

be one of the prominent disturbances in the adult and aged heart post-reperfusion.

The interleukin-1 family (IL-1F) consists of 11 known pro- and/or anti-inflammatory
cytokines, some of which have been studied extensively, whilst others have received less
attention [266]. These are frequently the first upstream cytokines produced in response to
injury and so are considered good targets for intervention [267]. Since IL-1F members
critically mediate sterile inflammation, they may be key mechanistic contributors causing
myocardial microcirculatory disturbances post-reperfusion [266]. In the last decade, genes
encoding a novel cytokine cluster, namely interleukin-36 (IL-36), with structural and
functional similarities to IL-1, was discovered [116, 117]. Although we know the IL-
36/IL36R pathway is highly pro-inflammatory in the skin and lungs, we are still at a very
early stage in our current understanding of its in vivo biology in the heart. We do know that
IL-38 (an IL-1F member that shares 43% homology with IL-36Ra) can improve cardiac
remodelling [27] and IL-36R deficiency in rats improves cardiac function and protection of
CMs following cardiopulmonary bypass injury [28]. The downstream transcription factor
NF-kB is already a known mediator of coronary microvascular injury, as inhibition of NF-kB
in two independent rabbit models of myocardial IR injury reduced inflammation and the
no-reflow area [268, 269]. These studies suggest a potential novel role for IL-36 in
mediating myocardial injury. Therefore, in this chapter we focus on investigating whether
IL-36 and its receptor are present and functional within the IR injured adult and aged heart,
and whether targeting this novel pathway improves perturbations in the coronary

microcirculation.
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4.1.1. Hypotheses and Aims

In this chapter, we firstly investigate whether IL-36R and its cytokines are present in the
heathy uninjured heart and whether age, or IR injury impacts their expression. This was
assessed in vitro using immunofluorescence, Western blotting, multiphoton microscopy,
cell culture and flow cytometry-based studies. Secondly, in this chapter, we intravitally
investigate the functional capacity of the IL-36R within the heart in vivo following topical
application of IL-36 cytokines. Lastly, in this chapter, we aim to assess the vasculoprotective
ability of IL-36Ra therapy, specifically its effects on thromboinflammatory events, vascular
perfusion, and infarct size in both adult and aged hearts in vivo. This was assessed using
intravital and laser speckle imaging of the beating heart and in vitro using multiphoton

microscopy and TTC staining. We hypothesized:

5. Expression of IL-36 and IL-36R in the murine and human heart increases with age

6. Expression of IL-36 and IL-36R in the murine heart will increase as a result of IRI

7. Topical application of IL-36 (a, B and y) on a healthy heart will induce a
thromboinflammatory response

8. Microcirculatory perturbations and infarct size will be reduced following IL-36Ra
treatment leading to enhanced capillary perfusion

9. The above benefits will be mechanistically explained by the extent of VCAM-1
expression and oxidative damage on CMs, and ECs being decreased following IL-

36Ra treatment.
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4.2. Results
4.2.1. IL-36R is Expressed in the Murine Heart, and Expression Increased

with Age and IR injury

To determine the expression and localisation of IL-36R in the murine heart, frozen sections
from adult and aged mice were stained for IL-36R using immunofluorescence. IL-36R was
found to be expressed, albeit at very low levels, in sham adult hearts as evidenced by a
positive stain (Figure 4.1a), which was not seen in the IgG controls (Figure 2.4b). Expression
of IL-36R was significantly increased as a result of IR injury in adult hearts. Basal expression
was further significantly increased in aged sham hearts when compared to adult sham
hearts. Indeed, this increase was higher than that observed in adult IR injured hearts
(Figure 4.1b). Moreover, IL-36R expression was significantly higher in aged IR injured hearts

when compared to adult IR injured hearts (Figure 4.1b).

Staining of frozen heart sections for IL-36R demonstrated that this receptor was expressed
on all macrovessels regardless of IR injury and age (Figure 4.1a, 4.2). Microvascular co-
localisation was also identified. To confirm this vascular expression, sections were co-
stained with an anti-CD31 antibody. Multiphoton imaging of dual stained sections
identified that this expression was intense within the wall of larger blood vessels,
particularly in the tunica adventitial layer (Figures 4.2a-b). Coronary microvessels also
stained positive for the IL-36R (Figure 4.2c). IL-36R was also detected in CMs, particularly

in the aged groups (Figure 4.1a).

Staining of frozen heart sections for IL-36R was performed using an Alexa Fluor 488 (AF488)

secondary antibody. However, despite localisation with vascular structures, the staining
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did appear to be somewhat amorphous (Figures 4.1a and 4.2a-c). Therefore,
immunofluorescence staining was repeated, but in adult mice only, using a different
secondary antibody, namely an Alexa Fluor 647 (AF648) secondary antibody. Using IL-
36R/AF647, expression appeared to follow a similar pattern to IL-36R/AF488. However, the
background staining was markedly reduced, allowing better confirmation of the
localisation of IL-36R with microvessels (Figure 4.3a), macrovessels (Figure 4.3b) and CMs

(Figure 4.3a).

Western blotting was also performed to confirm and quantitate the presence of IL-36R in
tissue lysates from all four experimental groups. Again, a stepwise increase in IL-36R with
injury and ageing was observed as evidenced by changes in the density of the bands. The
molecular weight of IL-36R is approximately 65kDa, but it migrates to the position of
approximately 85kDa in denaturing protein gels [270]. Thus, the two bands observed
correspond to the 65kDa active protein due to cleavage of its signalling peptide and a less
potent 85kDa glycosylated form (Figure 4.4a). Again, adult sham hearts expressed very low
levels of IL-36R. This increased in adult IR injured hearts where the highest levels of the
glycosylated 85kDa protein was observed. However, significant increases in IL-36R protein
were identified in aged sham hearts when compared to adult sham hearts, particularly of
the more potent 65kDa protein (Figures 4.4b). This expression significantly increased
further in aged IR injured hearts when compared to adult IR hearts, which exhibited the
highest levels of the active 65kDa IL-36R protein (Figure 4.4b). B-actin bands appeared to
also increase with age and IR injury, and thus, normalisation of lysates using a BCA protein

assay kit to 2mg/ml was used instead of the housekeeping gene (Figure 4.4a).
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Flow cytometry was performed to better analyse IL-36R expression, specifically on CMs
and ECs in collagenase digested hearts from all four experimental groups. Flow cytometry
also showed IL-36R expression increasing with IR injury and ageing on CMs and ECs (Figures
4.4c-d). Both CMs and ECs expressed IL-36R, albeit at very low levels, in adult sham hearts.
On CMis, IL-36R expression significantly increased in adult IR injured tissue, and aged sham
tissue when compared to adult sham tissue, and in aged IR injured tissue when compared
with aged sham (Figure 4.4c). Similarly, ECs IL-36R expression significantly increased in
adult IR injured tissue when compared to adult sham tissue and in aged IR injured tissue

when compared with aged sham (Figure 4.4d).

The above flow cytometry data were obtained from mice culled after 150 minutes post-
reperfusion. Additional experiments were conducted to see if ischaemia alone, and an
earlier time point post-reperfusion, could increase IL-36R expression. Therefore, IL-36R
expression levels on adult and aged CMs and ECs following 0-, 30- and 150-minutes post-
reperfusion was investigated. Both adult and aged CMs and ECs expressed IL-36R, albeit at
very low levels in the adult heart, as a consequence of ischaemia alone (Figures 4.5a-f).
However, this was significantly higher on aged CMs and EC’s when compared to adult CMs
and ECs. Expression of IL-36R on adult and aged CMs and ECs was significantly increased as
early as 30 minutes post-reperfusion compared to cells investigated after ischaemia alone,
and further still by 150 minutes post-reperfusion. However, the expression of IL-36R was

always higher on aged CMs and ECs at all time points investigated (Figures 4.5a-f).
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4.2.2. IL-36R Expressed on Murine VCECs

Since IL-36R was highly expressed in the vasculature of the heart, we then sought to
determine whether IL-36R was expressed specifically on ECs. Immortalised murine VCECs
were cultured and stained for IL-36R in the absence of any pre-stimulation. However, IL-
36R expression was minimal on unstimulated VCECs (Figure 4.6a). In order to identify if IL-
36R expression was inducible using cytokine stimulation, VCECs were stimulated with
either TNFa (3, 30, or 300ng/ml) or individual IL-36 cytokine agonists (3, 30, or 300ng/ml)
for 4 hours. IL-36R was significantly up-regulated after stimulation with either TNFa, IL-
36a, IL-36B, or IL-36y but only at the highest dose for each cytokine (300ng/ml). Expression
levels with the high-dose cytokine treatments were not significantly different between
TNFa and IL-36 cytokines. Expression of IL-36R was on the surface of the VCECs as these

cells were not permeabilized (Figures 4.6a-b).

4.2.3. IL-36 Cytokines Expressed in the Murine Heart

Having seen that the receptor for IL-36 was expressed in the murine heart and murine ECs,
we then sought to identify whether the IL-36 cytokines (IL-36a and IL-36B) were also
present in the heart. Immunofluorescence staining was performed on adult and aged,
sham, and IR injured frozen heart sections using relevant antibodies. Generally, IL-36a and
IL-36 had a similar pattern of expression to IL-36R, such that staining was identified on
macrovessels and microvessels. CM expression was also noted, particularly within the aged

groups (Figures 4.7a and 4.8a). Similar to IL-36R, expression of IL-36a increased in a

163



Chapter 4: Targeting IL-36 in Myocardial IR Injury — A New Therapeutic Target

stepwise manner in adult IR injured tissue and aged sham tissue when compared to adult
sham tissue. Moreover, a significant increase in IL-36a expression was also seen between
the adult and aged IR injured groups (Figure 4.7b). Similarly, IL-36B expression increased
in a stepwise manner in adult IR injured tissue (NS) and aged sham tissue when compared
with adult sham tissue and in aged IR injured tissue when compared with aged sham. A
significant increase in IL-36P expression was also seen between the adult and aged IR

injured groups (Figure 4.8b).

4.2.4. IL-36 Cytokines Expressed on Murine VCECs

In order to investigate whether IL-36 cytokines were expressed specifically by ECs, VCECs
were again stained with the respective antibodies. In a similar manner to IL-36R, staining
for either IL-36a and IL-36B was not identified on unstimulated cells (Figure 4.7c and 4.8c).
To determine whether the generation of IL-36 cytokines was inducible, VCECs were again
pre-treated with either TNFa (3, 30, or 300ng/ml) or an IL-36 cytokine agonist (3, 30, or
300ng/ml). The only treatments that significantly increased expression of IL-36a on VCECs
were 300ng/ml TNFa, 300ng/ml IL-36B and 30ng/ml IL-36y (Figure 4.7d). IL-36B staining
was significantly enhanced when VCECs were stimulated with either 30 and 300ng/ml of
TNFa, 30ng/ml IL-36a, 30 or 300ng/ml IL-36 and 300ng/ml IL-36y (Figure 4.8d). Hence, IL-
363 expression could be stimulated by a larger range of cytokines and at lower
concentrations than IL-36a. However, the expression of the cytokines was not as

prominent as the expression of the receptor on these cells.
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4.2.5. Increased Expression of IL-36R/a/Bf with IR Injury and Age was

Observed Specifically on the Murine Coronary Microvessels

Having identified on frozen heart sections that vascular expression of IL-36R and its ligands
increased with IR injury and age, we sought to identify at which specific level of the
vasculature this increase was occurring on. To achieve this, the mean fluorescent intensity
of IL-36R, IL-36a, and IL-36@ on the microvessels and macrovessels was analysed
separately. Analysis of the macrovasculature revealed no significant differences between
the expression of IL-36R, IL-36q, or IL-36 between any of the four experimental groups
(Figure 4.9a). In contrast, IL-36a expression significantly increased in adult IR injured hearts
when compared to adult sham hearts. Moreover, there was a significant increase in the
basal expression levels of IL-36R , IL-36a and IL-36B as a result of age alone on the
microvasculature in sham hearts. IL-36R and IL-36B expression was also significantly
increased on aged IR injured microvessels when compared to microvessels in aged sham
mice. In the case of all three markers, staining in the microcirculation was significantly

higher in aged IR mice than in the respective adult IR mice (Figure 4.9b).

165



>

Macrovasculature Microvasculature

Control

Adult Sham

Adult IRI

50000 - _—
kA v

40000+ "

Aged Sham

30000

IL-36R
(Mean Fluorescence Intensity)
.

200004

10000 4

Aged IRI

Adult Adult Aged Aged
Sham IRI Sham IRI

Green :IL-36R

Figure 4.1. Age increases the expression of IL-36R within healthy, and IR injured heart. Sham or IRl inducing surgery was performed on adult
and aged female mice. Mice were culled following 120 minutes of reperfusion and hearts were harvested and snap frozen. The LV was
transversely sectioned using a cryostat into 10um sections and then immunostained with an antibody against IL-36R (AF488). Sections were
imaged using a EVOS microscope. (A) Representative images of IL-36R (green) staining of frozen heart sections, alongside the 1gG control. Scale
bar indicates 200um. (B) Quantitative analysis of the immunofluorescent images of IL-36R expression. Statistical analysis was performed using a
one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: adult sham versus adult IR injury, adult sham versus aged
sham, aged sham versus aged IR injury, and adult IR injury versus aged IR injury. Abbreviations - IRI: ischaemia reperfusion injury. n=4/group.
Mean +SEM. *p<0.05, ***p<0.001, ****p<0.0001.
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Figure 4.2. Expression of IL-36R is on both coronary macrovasculature and microvasculature. IRl inducing surgery was performed on adult
female mice. Mice were culled following 120 minutes of reperfusion and hearts were harvested and snap frozen. The LV was transversely
sectioned using a cryostat into 10um sections and then immunostained with an antibody against IL-36R (AF488). To determine whether IL-36R
(green) expression was vascular in nature, heart sections were co-stained with an anti-CD31 antibody (red) and imaged using a multiphoton
microscope. Representative image of (A-B) coronary macrovasculature and (C) microvasculature for an adult IR injured mouse. Scale bar
indicates 200um. n = 4.
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Figure 4.3. Cardiac expression of IL-36R confirmed using a different secondary antibody. IRl inducing surgery was performed on adult female
mice. Mice were culled following 120 minutes of reperfusion and hearts were harvested and snap frozen. The LV was transversely sectioned
using a cryostat into 10um sections and then immunostained with an antibody against IL-36R, namely Alex Fluor 647 (AF647). To determine
whether IL-36R (blue) expression was vascular in nature, heart sections were co-stained with an anti-CD31 antibody (red). A DNA/RNA oxidative
damage (green) detecting antibody was used to assess oxidative damage and imaged using a EVOS microscope. Representative image of (A)
coronary microvasculature, alongside the IgG control and (B) macrovasculature for an adult IR injured mouse. Scale bar indicates 200um. n = 4.
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Figure 4.4. Age increases expression of IL-36R within the healthy and IR injured heart. Sham
or IRl inducing surgery was performed on adult and aged female mice. (A-B) Mice were culled
following 120-minutes of reperfusion, and harvested hearts were lysed and normalised to
2mg/ml. Blot membranes were stained with an antibody against IL-36R (AF488) and protein
bands were visualized using ChemiDoc fluorescence detection system. (A) Representative
images of the western blots. The molecular weight of IL-36R is about 65kDa, but it migrates
to the position of about 85kDa in denaturing protein gels. Hence, two bands were observed
corresponding to 65kDa, the more active protein due to cleavage of its signalling peptide, and
85kDa, the less potent glycosylated form. (B) Quantitative analysis of the western blot of IL-
36R expression (both 65 and 85KDa). (C-D) Mice were culled following 150-minutes of
reperfusion and hearts were harvested and digested. Cell suspension was stained with an
anti-CD31, anti-cTnT, and anti-IL-36R (AF488) antibodies and acquisition was performed using
a CyAn™ ADP cytometer. Quantitative analysis of IL-36R expression on (C) cardiac myocytes
and (D) endothelial cells. Statistical analysis was performed using a one-way ANOVA, followed
by a Tukey’s post-hoc test between the following groups: adult sham versus adult IR injury,
adult sham versus aged sham, aged sham versus aged IR injury, and adult IR injury versus aged
IR injury. Abbreviations - IRI: ischaemia reperfusion injury. n=4/group. Mean *SEM. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.5. Age and IR injury increase IL-36R expression on cardiac myocytes and endothelial cells within the first 30 minutes of reperfusion.
IRl inducing surgery was performed on adult and aged female mice. Mice were culled following 0, 30 or 150-minutes of reperfusion and hearts
were harvested and digested. Cell suspension was stained with an anti-CD31, anti-cTnT, and anti-IL-36R (AF488) antibodies and acquisition was
performed using a CyAn™ ADP cytometer. Quantitative analysis of IL-36R expression on cardiac myocytes in (A) adult mice, (C) aged mice, and
(E) adult and aged mice. Quantitative analysis of IL-36R expression on endothelial cells in (B) adult mice, (D) aged mice, and (F) adult and aged
mice. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups (A-D): O
minutes versus 30 minutes, 0 minutes versus 150 minutes, and 30 minutes versus 150 minutes; (E-F): 0 minutes adult versus aged, 30 minutes
adult versus aged, and 150 minutes adult versus aged. n=3/group. Mean +SEM. *p<0.05, **p<0.01, ***p<0.001
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Figure 4.6. Expression of IL-36R on endothelial cells increases with TNFa or IL-36 cytokine stimulation. Murine vena cava endothelial cells
(VCECs) were cultured and stimulated for 4 hours with experimental media (vehicle control), an IL-36 cytokine (a, B or y) or TNFa. Cells were
stained with an antibody against IL-36R (AF488) and imaged using a multiphoton microscope. (A) Representative images of IL-36R (red)
expression on stimulated non-permeabilised cells (Hoechst 33342 stained nuclei in blue). Scale bar indicates 200um. (B) Quantitative analysis of
IL-36R expression on VCECs following stimulation. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc
test: control versus 3ng/ml, control versus 30ng/ml, control versus 300ng/ml, 3ng/ml versus 30ng/ml, 3ng/ml versus 300ng/ml, and 30ng/ml
versus 300ng/ml for each of the IL-36 cytokine (a, B or y) and TNFa as well as 300ng/ml between the various cytokines. n=3/group. Mean +SEM.
****p<0.0001.
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Figure 4.7. Age increases expression of IL-36a within the healthy and IR injured heart, which
can also be released from endothelial cells with TNFa, IL-36B, or IL-36y cytokine stimulation.
(A-B) Sham or IRl inducing surgery was performed on adult and aged female mice. Mice were
culled following 120 minutes of reperfusion and hearts were harvested and snap frozen. The
LV was transversely sectioned using a cryostat into 10um sections and then immunostained
with an antibody against IL-36a (AF488). Additional antibodies were also used to determine
whether the staining was vascular in nature (CD31) and co-localised with adhesion molecules
(VCAM-1). Sections were imaged using a EVOS microscope. (A) Representative images of IL-
36a (green), CD31 (red), and VCAM-1 (blue) staining of frozen heart sections. Scale bar
indicates 200um. (B) Quantitative analysis of the immunofluorescent images of IL-36a
expression. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s
post-hoc test between the following groups: adult sham versus adult IR injury, adult sham
versus aged sham, aged sham versus aged IR injury, and adult IR injury versus aged IR injury.
n=4/group. (C-D) Murine vena cava endothelial cells (VCECs) were cultured and stimulated
for 4 hours with experimental media (control), an IL-36 cytokine (a, B or y) or TNFa. Cells were
stained with an antibody against IL-36a (AF488) and imaged using a multiphoton microscope.
(A) Representative images of IL-36a (red) expression on stimulated non-permeabilised cells
(Hoechst 33342 stained nuclei in blue). Scale bar indicates 200um. (B) Quantitative analysis
of IL-36a expression on VCECs following stimulation. Statistical analysis was performed using
a one-way ANOVA, followed by a Tukey’s post-hoc test: control versus 3ng/ml, control versus
30ng/ml, control versus 300ng/ml, 3ng/ml versus 30ng/ml, 3ng/ml versus 300ng/ml, and
30ng/ml versus 300ng/ml for each of the IL-36 cytokine (a, B or y) and TNFa as well as
300ng/ml between the various cytokines. n=3/group. Abbreviations - IRI: ischaemia
reperfusion injury. Mean +SEM. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 4.8. Age increases expression of IL-363 within the healthy and IR injured heart, which
can also be induced released from endothelial cells with TNFa, or IL-36 cytokine stimulation.
(A-B) Sham or IRl inducing surgery was performed on adult and aged female mice. Mice were
culled following 120 minutes of reperfusion and hearts were harvested and snap frozen. The
LV was transversely sectioned using a cryostat into 10um sections and then immunostained
with an antibody against IL-363 (AF488). Additional antibodies were also used to determine
whether the staining was vascular in nature (CD31) and co-localised with adhesion molecules
(VCAM-1). Sections were imaged using a EVOS microscope. (A) Representative images of IL-
36B (green), CD31 (red), and VCAM-1 (blue) staining of frozen heart sections. Scale bar
indicates 200um. (B) Quantitative analysis of the immunofluorescent images of IL-36f3
expression. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s
post-hoc test between the following groups: adult sham versus adult IR injury, adult sham
versus aged sham, aged sham versus aged IR injury, and adult IR injury versus aged IR injury.
n=4/group. (C-D) Murine vena cava endothelial cells (VCECs) were cultured and stimulated
for 4 hours with experimental media (control), an IL-36 cytokine (a, B or y) or TNFa. Cells were
stained with an antibody against IL-36p (AF488) and imaged using a multiphoton microscope.
(A) Representative images of IL-36B (red) expression on stimulated non-permeabilised cells
(Hoechst 33342 stained nuclei in blue). Scale bar indicates 200um. (B) Quantitative analysis
of IL-36B expression on VCECs following stimulation. Statistical analysis was performed using
a one-way ANOVA, followed by a Tukey’s post-hoc test: control versus 3ng/ml, control versus
30ng/ml, control versus 300ng/ml, 3ng/ml versus 30ng/ml, 3ng/ml versus 300ng/ml, and
30ng/ml versus 300ng/ml for each of the IL-36 cytokine (a, B or y) and TNFa as well as
300ng/ml between the various cytokines. n=3/group. Abbreviations - IRI: ischaemia
reperfusion injury. Mean +SEM. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 4.9. Changes in the expression of IL-36 cytokines and its receptor occurs on the
coronary microvasculature and not on the large blood vessels. Sham or IRl surgery was
performed on adult and aged female mice. Mice were culled following 120-minutes of
reperfusion and hearts were harvested and snap frozen. The LV was transversely sectioned
using a cryostat into 10um sections and then immunostained with an antibody against IL-36R,
IL-36q, or IL-36[ (AF488). Sections were imaged using a EVOS microscope, and analysis of the
macrovasculature versus microvasculature was performed. Quantitative analysis of IL-36R, IL-
36a, and IL-36B expression is shown for the (A) macrovasculature and (B) microvasculature
of the adult and aged, sham and IR injured heart. Statistical analysis was performed using a
one-way ANOVA, followed by a Tukey’s post-hoc test: adult sham versus adult IR injury, adult
sham versus aged sham, aged sham versus aged IR injury, and adult IR injury versus aged IR
injury for each of the IL-36 (R, a or B). n=4/group. Abbreviations - IRI: ischaemia reperfusion
injury. Mean +SEM. *p<0.05, ****p<0.0001.



4.2.6. Age Increase Expression of IL-36R/a/B/y in Human Ventricular Samples.

All of the above studies were conducted on mouse tissue and cells. However, for the IL-36/II-
36R pathway to be considered a potential therapeutic target, its presence in human tissue
needs to be considered. Therefore, the impact of age on IL-36R/IL-360/B/y expression was
also investigated in samples of human heart from both young and adult / elderly patients (see
Table 2.5 for patient demographics). IL-36R/a/B/y was found expressed in newborn,
infant/toddler, child, and older adult hearts as evidenced by a positive stain on frozen tissue
sections (Figures 4.10a-4.13a) which was not seen in the IgG controls (Figure 2.4c). Expression
of IL-36R and IL-360/B/y significantly increased in stepwise pattern with age, with the highest
expression noted in older adults (Figures 4.10b-4.13b). Staining for IL-36R on frozen heart
sections clearly demonstrated that this receptor co-localised with vessels in the coronary
vasculature regardless of age. Moreover, IL-36R was also detected within CMs and co-

localised with oxidative damage, particularly in the older groups (Figure 4.10a).
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Figure 4.10. Age increases expression of IL-36R in human tissue. Clinical
following surgery. The ventricular sample was sectioned using a cryostat into 10um sections and then immunostained with an antibody against
IL-36R (AF488). Additional antibodies were also used; first column: anti-CD31 antibody, second, and third column: anti-cTnT antibody and anti-
DNA/RNA damage. Sections were imaged using a EVOS microscope. (A) Representative images of IL-36R (green), CD31 (red: first column), cTnT
(red: second and third column), and DNA/RNA damage (blue: second and third column) staining on frozen heart sections. Scale bar indicates
200um. (B) Quantitative analysis of the immunofluorescent images of IL-36R expression. Statistical analysis was performed using a one-way
ANOVA, followed by a Tukey’s post-hoc test between the following groups: newborn versus infant/toddler, newborn versus child, newborn
versus older adult, infant/toddler versus child, infant/toddler versus older adult, and child versus older adult. n <5/group. Mean *SEM. *p<0.05,
p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.11. Age increases expression of IL-36a in human tissue. Clinical samples were harvested and snap frozen from young and old patients
following surgery. The ventricular sample was sectioned using a cryostat into 10um sections and then immunostained with an antibody against
IL-36a (AF488). Additional antibodies were also used; first row: anti-CD31 antibody, second row: anti-cTnT antibody and anti-DNA/RNA damage.
Sections were imaged using a EVOS microscope. (A) Representative images of IL-36a (green), CD31 (red: first row), cTnT (red: second and third
row), and DNA/RNA damage (blue: second and third row) staining on frozen heart sections. Scale bar indicates 200um. (B) Quantitative analysis
of the immunofluorescent images of IL-36a expression. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-
hoc test between the following groups: newborn versus infant/toddler, newborn versus child, newborn versus older adult, infant/toddler versus
child, infant/toddler versus older adult, and child versus older adult. n < 5/group. Mean +SEM. *p<0.05, ****p<0.0001.
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Figure 4.12. Age increases expression of IL-36B in human tissue. Clinical samples were harvested and snap frozen from young and old patients
following surgery. The ventricular sample was sectioned using a cryostat into 10um sections and then immunostained with an antibody against
IL-36B (AF488). Additional antibodies were also used; first row: anti-CD31 antibody, second row: anti-cTnT antibody and anti-DNA/RNA damage.
Sections were imaged using a EVOS microscope. (A) Representative images of IL-36B (green), CD31 (red: first row), cTnT (red: second and third
row), and DNA/RNA damage (blue: second and third row) staining on frozen heart sections. Scale bar indicates 200um. (B) Quantitative analysis
of the immunofluorescent images of IL-36[3 expression. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-
hoc test between the following groups: newborn versus infant/toddler, newborn versus child, newborn versus older adult, infant/toddler versus
child, infant/toddler versus older adult, and child versus older adult. n < 5/group. Mean +SEM. *p<0.01, ****p<0.0001.
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Figure 4.13. Age increases expression of IL-36y in human tissue. Clinical samples were harvested and snap frozen from young and old patients
following surgery. The ventricular sample was sectioned using a cryostat into 10um sections and then immunostained with an antibody against
IL-36y (AF488). Additional antibodies were also used; first row: anti-CD31 antibody, second row: anti-cTnT antibody and anti-DNA/RNA damage.
Sections were imaged using a EVOS microscope. (A) Representative images of IL-36y (green), CD31 (red: first row), cTnT (red: second and third
row), and DNA/RNA damage (blue: second and third row) staining on frozen heart sections. Scale bar indicates 200um. (B) Quantitative analysis
of the immunofluorescent images of IL-36y expression. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-
hoc test between the following groups: newborn versus infant/toddler, newborn versus child, newborn versus older adult, infant/toddler versus
child, infant/toddler versus older adult, and child versus older adult. n < 5/group. Mean *SEM. *p<0.05, ****p<0.0001.



4.2.7. IL-36 Cytokine Application Induces an Inflammatory Response in vivo

4.2.7.1. Topical Application of IL-36 Cytokines Increases Neutrophil Presence

on the Surface of the Healthy Myocardium

We next sought to determine whether the IL-36R expressed in the heart was functional in
vivo. IVM was used to directly visualise the ability of topical IL-36 to elicit an inflammatory
response within the healthy adult and aged beating heart. This was initially investigated
intravitally following the topical application of a single dose of IL-36y (200ng/ml) on the
healthy, uninjured adult and aged heart. Neutrophil recruitment was enhanced at all time
points in the adult heart when compared to topical application of the vehicle control. The
increase in neutrophil adhesion was rapid, within 15 minutes of exposure, but plateaued
thereafter (Figures 4.14a-c). Both the number of free-flowing neutrophils and platelet
aggregation / microthrombi formation decreased in the adult heart in response to a single IL-
36y application (Figures 4.14d-g). Interestingly, in aged hearts exposed to a single application
of topical IL-36y (200ng/ml), neutrophil recruitment remained relatively unchanged when
compared to a vehicle control (Figures 4.15a-c). However, the number of free-flowing
neutrophils and platelet aggregation and microthrombi formation were again decreased

(Figures 4.15d-g).

During IR injury, inflammatory cytokine release is likely to be relatively continual, and so a
single application of IL-36 is not truly representative of the pathophysiological environment.
Therefore, the above experiments were repeated in separate adult and aged mice, but this
time IL-36 was topically applied and refreshed every 15 minutes throughout the 150 of

minutes of imaging. These experiments were performed with 200ng/ml of either IL-36q, IL-
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36B or IL-36y. In healthy adult hearts, all three IL-36 agonists were able to significantly
increase neutrophil recruitment at all time points imaged and to a similar degree, although
IL-36y was slightly more potent. This pro-inflammatory response was rapid and increased
gradually with time until a plateau was reached at approximately 60 minutes of topical
exposure (Figures 4.16a-b and 14.18a). Interestingly, in addition to neutrophil adhesion
within coronary capillaries, the involvement of more medium-sized blood vessels was also
observed. In the absence of a specific tag to label the vasculature, these medium sizes vessels
were not usually visible. However, they were clearly identified when they became delineated
with adherent neutrophils (Figure 4.16a). The number of free-flowing neutrophils
significantly decreased in response to all three IL-36 cytokine treatments in adult hearts
(Figures 4.16c and 14.18b). Platelet aggregates were occasionally observed in some of the
medium-sized vessels and significantly increased, particularly in response to IL-363 and IL-
36y, in adult hearts. These were mostly present in vessels where extensive clusters of

adherent neutrophils were observed (Figures 4.16a, d and 4.18c).

A similar response was also observed when cytokines were repeatedly topically applied to the
aged beating heart. However, the speed of neutrophil recruitment was slower than that seen
in adult mice. In addition, in aged hearts exposed to IL-36a and IL-36f3, neutrophil recruitment
continued to rise rather than reaching a plateau at the end of imaging period. Although
increases in neutrophil adhesion in response to all three IL-36 cytokines were significant in
aged hearts when compared to vehicle controls, the extent of recruitment was slightly less
than those noted in adult mice (Figures 4.17a-b and 4.18a). The number of free-flowing
neutrophils generally significantly decreased in response to all three IL-36 cytokine

treatments in aged hearts (Figure 4.17c and 4.18b). In aged hearts, the frequency of platelet

181



Chapter 4: Targeting IL-36 in Myocardial IR Injury — A New Therapeutic Target

aggregates/accumulation was significantly decreased after I1L-36B and IL-36y application

(Figures 4.17d and 4.18c).

We next compared the neutrophil dynamics between a single topical application of IL-36y
with the multiple/continuous topical application of IL-36y. In adult hearts, neutrophil
recruitment was enhanced at all time points following a continuous topical application of IL-
36y when compared to the single dose (Figures 4.19a-b). There was no difference in the
number of free-flowing neutrophils between single and multiple application (Figures 4.19c-
d), although platelet aggregation and microthrombi formation was enhanced in response to

continuous topical application of IL-36y when compared to the single dose (Figures 4.19e-f).

In aged hearts, neutrophil recruitment was again enhanced at most of the time points imaged
in response to continuous topical application of IL-36y when compared with the single-dose
in aged hearts (Figures 4.20a-b). There were no significant differences in the number of free-
flowing neutrophils (Figures 4.20c-d) or platelet aggregation and microthrombi formation
(Figure 4.20e-4.20f) in response to continuous topical application of IL-36y when compared

to the single dose.
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Figure 4.14. Topically applied single dose of IL-36y is pro-inflammatory in the adult beating heart in vivo. A single dose of IL-36y (200ng/ml) or
PBS was topically applied to the healthy adult beating heart LV following opening of the chest. (A) Representative intravital images of the beating
heart showing adherent neutrophils (green) and platelets (red) in the coronary microcirculation over a time course of 150 minutes post-
application. Scale bar indicates 100um. Quantitative time-course analysis of intravital data for (B) adherent neutrophils, (D) free-flowing
neutrophils, and (F) platelets. Area under the curve (AUC) analysis for (C) adherent neutrophils, (E) free-flowing neutrophils, and (G) platelets,
over a time course of 150 minutes post-application. Abbreviations - PBS: phosphate-buffered saline. n < 2/group. Mean +SEM.
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Figure 4.15. Topically applied single dose of IL-36y is pro-inflammatory in the aged beating heart in vivo. A single dose of IL-36y (200ng/ml) or
PBS was topically applied to the healthy aged beating heart LV following the opening of the chest. (A) Representative intravital images of the
beating heart showing adherent neutrophils (green) and platelets (red) in the coronary microcirculation over a time course of 150 minutes post-
application. Scale bar indicates 100um. Quantitative time-course analysis of intravital data for (B) adherent neutrophils, (D) free-flowing
neutrophils, and (F) platelets. Area under the curve (AUC) analysis for (C) adherent neutrophils, (E) free-flowing neutrophils, and (G) platelets,
over a time course of 150 minutes post-application. Abbreviations - PBS: phosphate-buffered saline. n < 2/group. Mean +SEM.
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Figure 4.16. Topically applied IL-36 is pro-inflammatory in the adult beating heart in vivo. IL-36a, IL-36B or IL-36y (200ng/ml) or PBS was
topically applied every 15 minutes to the healthy adult beating heart LV following opening of the chest. (A) Representative intravital images of
the beating heart showing adherent neutrophils (green) and platelets (red) in the coronary microcirculation over a time course of 150 minutes
post-application in the 3 adult IL-36 groups. Scale bar indicates 100um. Quantitative time-course analysis of intravital data for (B) adherent
neutrophils, (C) free-flowing neutrophils, and (D) platelets. Abbreviations - PBS: phosphate-buffered saline. n = 3/group. Mean +SEM.
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Figure 4.17. Topically applied IL-36 is pro-inflammatory in the aged beating heart in vivo. IL-36a, IL-368 or IL-36y (200ng/ml) or PBS was topically
applied every 15 minutes to the healthy aged beating heart LV following opening of the chest. (A) Representative intravital images of the beating
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>

E 5 2.3 ]

FEkEE

(48]

*
—
o

1
—

[a)

X

-

o
et
=
1

FEkEE

(Sum Intensity)

1x10™+

AUC - Adherent Neutrophils

FEREE

oL

1 I 1 T 1

Ad Ag Ad Ag Ad Ag Ad Ag

Control IL-360. IL-36@ IL-36y

AUC - Free Flowing

Neutrophils

6000 -

4000+

2000+

F*kk
b

e de e

B

# #

(NI

Ad Ag Ad Ag Ad Ag Ad Ag
Control IL-36a IL-368 IL-36y

AUC - Platelets
(Sum Intensity)

1x101°-

FhER

L L]

Ad Ag Ad Ag Ad Ag Ad Ag

Control IL-36a IL-36B IL-36y

Figure 4.18. Topically applied IL-36 is pro-inflammatory in the adult and aged beating heart in vivo. IL-36q, IL-368 or IL-36y (200ng/ml) or PBS
was topically applied every 15 minutes to the healthy adult and aged beating heart LV following opening of the chest. Area under the curve
(AUC) analysis for (A) adherent neutrophils, (B) free-flowing neutrophils, and (C) platelets, over a time course of 150 minutes post-application.
Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test. * compared to adult control; # compared to
= 3/group. Mean +SEM. */+/#p<0.05, **/++/##p<0.01, ***/+++/###p<0.001,

*AXK [ ++++ [HiHHHP<0.0001 with *vs adult control, +vs adult treated and #vs aged control.

aged control. Abbreviations - Ad: Adult; Ag: Aged. n



Adherent Neutrophils

AUC - Adherent Neutrophils

{Sum Intensity)

{Sum Intensity)

4x10°1
3x10°
2x10°4
1x10°4
0 T L] T T L] T T L] T T 1
0 15 30 45 60 75 90 105120 135 15
Minutes Post Reperfusion
410"+
1
3x1011
2x10114
1x10"1
0 T T T
Vehicle  Adult Single Adult
Control IL-36y Multiple
IL-36y

AUC - Free Flowing

601
£2 40
e
° o
(=1
23
22 201
U T L] T T T T T T T T 1
0 15 30 45 60 75 90 105 120 135 15
Minutes Post Reperfusion
6000+
»
= 40004
o
]
5 I
9 o
Z 2000
0 T T L]
Vehicle  Adult Single Adult
Control IL-36y Multiple
IL-36y

Platelets
{Sum Intensity)

AUC - Platelets

{Sum Intensity)

2.5x10%

2x10%4

1.5x1084

1x1024

5x1074

Adult Multiple IL-36y
Vehicle Control
Adult Single IL-36y

0 15 30 45 60 75 9l0 105120 135150

Minutes Post Reperfusion

2x10"0
1.5x101°4 |
1x10'0
5x10° T
0 T T L]
Vehicle  Adult Single Adult
Control IL-36y Multiple
IL-36y
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4.2.7.2. Topical Application of IL-36 Cytokines Increases Neutrophil Presence

within the Deeper Layers of the Healthy Myocardium

Using ex vivo multiphoton imaging of the depth of the ventricular wall, we sought to identify
if topical treatment of the murine heart with IL-36 cytokines was able to elicit a pro-
inflammatory response throughout the depth of the heart. The heart was vibratome
sectioned into four 300um sections and imaged from the outermost layer (site of topical
application) through to the innermost layer closest to the endocardium. Generally, neutrophil
presence decreased in both adult and aged mice from the outermost to the innermost layers
of the heart. However, neutrophil presence was increased in all four layers of the heart in
aged mice in response to all IL-36 isoforms when compared to adult mice (Figures 4.21 and
4.22a-c). Indeed, the AUC analysis showed significant increases in response to all IL-36
cytokine treatments in aged hearts when compared with the respective adult hearts (Figure
4.22d). Also, topical application of IL-36B and IL-36y were more potent in aged hearts, while
IL-36a and IL-36y were more potent in adult hearts (Figure 4.22d). In adult mice, this
increased neutrophil presence was restricted to the more superficial or outermost 300um
layer of the heart, whereas in age mice, an increased presence of neutrophils was observed
in both the outermost and more deeper layers of the heart (Figure 4.22e). This increase was
also seen on the surface layer for aged IL-36 and IL-36y, but not for IL-36a when compared

to their respective adult hearts (Figure 4.22¢).
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Figure 4.21. Topical application of IL-36 cytokines increases neutrophil presence within the deeper layers of the healthy myocardium. [L-36q,
IL-36B, IL-36y (all 200ng/ml) or PBS was topically applied every 15 minutes to the healthy adult and aged beating heart LV following opening of
the chest. Mice were culled following 150 minutes of application and hearts were harvested. The LV was vibratome sectioned into four 300um
sections and imaged using a multiphoton microscope. Representative z-stack multiphoton images of neutrophils (green) in the 4 layers of the LV
taken from the outermost layer closest to the epicardium (1), outer myocardial layer (2), inner myocardial layer (3) and the innermost layer
closest to the endocardium (4). n = 3/group. Mean +SEM.
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deeper layers of the healthy myocardium. IL-36q, IL-368, IL-36y (all 200ng/ml) or PBS were
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opening of the chest. Mice were culled following 150 minutes of application and hearts were
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4.2.7.3. Topical TNFa and not IL-1B3 Application Induces an Inflammatory

Response

Having shown that IL-36 agonists could elicit an inflammatory response in the adult and aged
mouse heart, we next sought to determine whether other well established pro-inflammatory
cytokines (IL-1B and TNFa) were able to induce a similar inflammatory response when
topically applied to the uninjured heart, and how this compared with IL-36 cytokines.
Surprisingly, in response to topical application of IL-1B, neutrophil recruitment, free-flowing
neutrophils, and platelet aggregates were not significantly different from the vehicle-treated
controls in both adult and aged mice, except for a significant decrease in platelet aggregation
and microthrombi formation in the aged IL-1B treated heart (Figures 4.23a-d, 4.24a-d and

4.25a-c).

In contrast, TNFa was able to significantly increase neutrophil recruitment at all time points
imaged in the adult heart. This pro-inflammatory response was rapid but plateaued after 30
minutes of topical exposure (Figure 4.23a-b and 4.25a). A similar response was also observed
when it was topically applied to the aged beating heart. However, the speed of the response
was not as fast as that seen in adult mice, although in the aged heart, neutrophil recruitment
continued to rise (Figure 4.24a-b and 4.255a). The number of free-flowing neutrophils was
not significantly different from the controls in both adult and aged mice exposed to TNFa
(Figure 4.23c. 4.24c and 4.25b). Moreover, platelet aggregates were significantly increased in
adult exposed TNFa hearts, while a significant reduction was seen in aged hearts (Figures

4.23d, 4.24d and 4.25c).
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Figure 4.23. Topically applied TNFa is pro-inflammatory in the adult beating heart in vivo. TNFa, IL-1B or IL-36y (200ng/ml) or PBS was topically
applied every 15 minutes to the healthy adult beating heart LV following opening of the chest. (A) Representative intravital images of the beating
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4.2.8. IL-36R Inhibition Reduced Myocardial Inflammation in vivo in Adult and

Aged IR Injured Hearts

We next sought to investigate whether inhibiting the IL-36R in vivo using an IL-36 receptor
antagonist (IL-36Ra) could prevent microcirculatory perturbations in the IR injured adult and
aged heart. A significant reduction in adherent neutrophils was observed in both adult IR
injured and aged IR injured mice who received IL-36Ra when compared with their respective
untreated IR injured groups. These reductions did not reach sham levels and remained
significantly elevated in both adult IR + IL-36Ra and aged IR + IL-36Ra mice when compared
to healthy sham hearts. Although capillary neutrophil presence was mostly inhibited, in some
adult and aged mice, neutrophil adhesion could still be observed within the medium-sized
coronary vessels, but this was much lower compared to non-treated groups (Figures 4.26a-b,
4.27a-b and 4.28a). The number of free-flowing neutrophils significantly increased with IL-
36Ra treatment in adult IR injured hearts when compared with untreated IR injured hearts
but still remained significantly lower than adult healthy sham mice (Figures 4.26c and 4.28b).
No change was observed in free-flowing neutrophils in the aged IR + IL-36Ra treated group
(Figures 4.27c and 4.28b). No significant impact of IL-36Ra treatment on the presence of
platelet microthrombi within adult or aged IR injured hearts was observed (Figures 4.26d,

4.27d and 4.28c).

The ability of IL-36Ra to modify thromboinflammatory events immediately post-reperfusion
in the adult mouse beating heart was also determined. Prior to reperfusion, little, or no
neutrophil and platelet microthrombi presence was observed within the coronary
microcirculation. However, within the first 30 minutes of reperfusion, neutrophil presence

was significantly increased and continued to rise over the remainder of the reperfusion phase
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(Figures 4.29, 4.30a-b). Platelet presence increased rapidly upon reperfusion but did not

increase further during the rest of the imaging period (Figures 4.29, 4.30c-d).

These data were then compared to the data obtained from adult IR injured untreated mice.
During the first 30 minutes of reperfusion, intravital imaging of thromboinflammatory events
in the beating heart identified a significant reduction in adherent neutrophils in adult IR mice
who received IL-36Ra when compared with the non-treated IR injured group. Over the entire
reperfusion period, this reduction was maintained as a significant reduction in adherent
neutrophils was observed in adult IR mice who received IL-36Ra when compared with the
non-treated IR injured group (Figures 4.31a-c). There was no significant change in platelet
microthrombi during the first 30 minutes of reperfusion in adult IR mice who received IL-36Ra
when compared with non-treated mice. However, over the entire reperfusion period, a
significant increase in platelet microthrombi was observed in adult IR mice who received IL-

36Ra when compared with the non-treated IR injured group (Figures 4.31d-f).

Intravital imaging captures microvascular thromboinflammatory events from first 50-60um of
the beating heart. To determine whether changes in recruitment were mirrored throughout
the thickness of the ventricular wall, multiphoton microscopy was performed on hearts
harvested at the end of intravital experiments. Ex vivo multiphoton imaging of the depth of
the ventricular wall confirmed the ability of IL-36Ra to mediate an anti-inflammatory
response throughout the depth of the tissue. Indeed, a significant reduction in neutrophil
presence was observed in both adult IR injured and aged IR injured mice who received IL-36Ra
treatment when compared with their respective non-treated IR injured group (Figures 4.32a-

c).
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4.2.9. IL-36R Inhibition Increases Functional Capillary Density within the

Beating Heart Coronary Microcirculation in vivo

In order to assess microvascular perfusion following IL-36Ra treatment of adult and aged IR
injured mice, FITC-BSA was administered via the carotid artery at the end of the imaging
period. In adult IR injured mice, IL-36Ra resulted in an improvement in the presence of FITC-
BSA perfused capillaries, although this was slightly less than that seen in healthy, uninjured
hearts. Similarimprovements were noted in aged mice, although there was also less perfusion
than in healthy aged mice. Indeed, a few areas devoid of perfusion were still noted in both
treated adult and aged IR injured hearts. Of note, medium-sized vessels were still readily

visible and well perfused in both adult and aged IL-36Ra treated hearts (Figures 4.33a-b).
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Figure 4.26. IL-36R inhibition reduces myocardial inflammation in vivo in the IR injured adult heart. IRl inducing surgery was performed on
adult female mice. Fluorescently labelled antibodies against neutrophils and platelets were injected via the carotid cannula 5 minutes before
reperfusion and imaged intravitally. Additionally, an IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-
reperfusion and 60 mins post-reperfusion in adult mice. (A) Representative intravital images of the beating heart showing adherent neutrophils
(green) and platelets (red) in the coronary microcirculation over a time course of 150 minutes post-reperfusion. Scale bar indicates 100um.
Quantitative time-course analysis of intravital data for (B) adherent neutrophils, (C) free-flowing neutrophils, and (D) platelets. n<5/group. Mean

*SEM.
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Figure 4.27. IL-36R inhibition reduces myocardial inflammation in vivo in the IR injured aged heart. IRl inducing surgery was performed on
aged female mice. Fluorescently labelled antibodies against neutrophils and platelets were injected via the carotid cannula 5 minutes before
reperfusion and imaged intravitally. Additionally, an IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-
reperfusion and 60 mins post-reperfusion in aged mice. (A) Representative intravital images of the beating heart showing adherent neutrophils
(green) and platelets (red) in the coronary microcirculation over a time course of 150 minutes post-reperfusion. Scale bar indicates 100um.
Quantitative time-course analysis of intravital data for (B) adherent neutrophils, (C) free-flowing neutrophils, and (D) platelets. n<5/group. Mean

*SEM.
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Figure 4.28. IL-36R inhibition reduces neutrophil recruitment, and platelet accumulation in vivo in the IR injured adult and aged heart. IRI
inducing surgery was performed on adult and aged female mice. Fluorescently labelled antibodies against neutrophils and platelets were injected
via the carotid cannula 5 minutes before reperfusion and imaged intravitally. Additionally, an IL-36 receptor antagonist (IL-36Ra; 15ug/mouse)
was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion in adults and aged mice. Area under the curve (AUC)
analysis for (A) adherent neutrophils, (B) free-flowing neutrophils, and (C) platelets, over a time course of 150 minutes post-reperfusion.
Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: sham versus IRI,
sham versus IRl + IL-36Ra, and IRI versus IRl + IL-36Ra for both adult and aged groups. Abbreviations - IRIl: ischaemia reperfusion injury.

n<5/group. Mean +SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.29. IL-36R inhibition reduces neutrophil recruitment in vivo in the IR injured adult heart. Representative intravital images following IR
injury on adult female mice in the coronary microcirculation over a time course of 150 minutes post-reperfusion. An IL-36 receptor antagonist
(IL-36Ra; 15pg/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion in adult mice. Fluorescently labelled
antibodies against neutrophils (green) and platelets (red) were injected via the carotid cannula 10 minutes before reperfusion and imaged
intravitally. Scale bar indicates 100um. n=6.
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Figure 4.30. IL-36R inhibition reduces neutrophil recruitment in vivo in the IR injured adult heart. IRl inducing surgery was performed on adult
female mice. Fluorescently labelled antibodies against neutrophils and platelets were injected via the carotid cannula 10 minutes before
reperfusion and imaged intravitally. Additionally, IL-36Ra (15pug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins
post-reperfusion in adult mice. Quantitative time-course analysis of intravital data in the first 30 minutes for (A) adherent neutrophils, and (C)
platelets and over the 150 minutes post-reperfusion for (B) adherent neutrophils, and (D) platelets. n=6/group. Mean +SEM.
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Figure 4.31. IL-36R inhibition reduces myocardial inflammation in vivo in the IR injured adult heart. IR injury was induced on adult female mice.
Fluorescently labelled antibodies against neutrophils and platelets were injected via the carotid cannula 10 minutes before reperfusion and
imaged intravitally. Additionally, an IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and
60 mins post-reperfusion in adults and aged mice. Quantitative time-course analysis of intravital data for (A) adherent neutrophils, and (D)
platelets in the first 30 minutes. Area under the curve (AUC) analysis in the first 30 minutes for (B) adherent neutrophils, and (E) platelets and
over the 150 minutes post-reperfusion for (C) adherent neutrophils, and (F) platelets. Statistical analysis was performed using a Student’s
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unpaired t-test. Abbreviations—s - IRI: ischaemia reperfusion injury. n=6/group. Mean +SEM. **p<0.01, ****p<0.0001.
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Figure 4.32. IL-36R inhibition reduces neutrophil presence within the deeper layers of the
IR injured myocardium. IR injury was induced in adult and aged female mice. Fluorescently
labelled antibodies against neutrophils and platelets were injected via the carotid cannula 5
minutes before reperfusion and imaged intravitally. Additionally, IL-36Ra (15ug/mouse) was
injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion in adult and
aged mice. Mice were culled following 150-minutes of reperfusion and hearts were
harvested. The LV was vibratome sectioned into four 300um sections and imaged using a
multiphoton microscope. (A) Representative z-stack multiphoton images of neutrophils
(green) in the 4 layers of the LV taken from the outermost layer closest to the epicardium (1),
outer myocardial layer (2), inner myocardial layer (3) and the innermost layer closest to the
endocardium (4). Quantitative analysis of the multiphoton data at various depths for (B)
adherent neutrophils and corresponding (C) area under the curve (AUC) for adherent
neutrophils for all layers. Statistical analysis was performed using a one-way ANOVA, followed
by a Tukey’s post-hoc test between the following groups: sham versus IRI, sham versus IRl +
IL-36Ra, and IRl versus IRl + IL-36Ra for both adult and aged groups. Abbreviations - IRI:
ischaemia reperfusion injury. n<5/group. Mean *SEM. *p<0.05, **p<0.01.
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Figure 4.33. IL-36R inhibition non significantly increases capillary density within the beating heart coronary microcirculation in vivo. IRI
inducing surgery was performed on adult and aged female mice. Fluorescently labelled antibody against bovine serum albumin (green) was
injected via the carotid cannula at 120-minutes post reperfusion and imaged intravitally. Additionally, an IL-36 receptor antagonist (IL-36Ra;
15pg/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion in adults and aged mice. (A) Representative
intravital images of FITC-BSA perfused coronary microvessels at 150 mins in IRl and IRI + IL-36Ra hearts. (B) Quantitative analysis of intravital
vascular perfusion data. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following
groups: adult sham versus adult IRI, adult sham versus adult IRl + IL-36Ra, adult IRl versus adult IRl + IL-36Ra, aged sham versus aged IRI, aged
sham versus aged IRI + IL-36Ra, and aged IRI versus aged IRl + IL-36Ra. Abbreviations - IRI: ischaemia reperfusion injury. *Areas not perfused
with FITC-BSA. Scale bar indicates 100um. n < 5/group. Mean +SEM. **p=<0.01, ***p<0.001.



4.2.10. IL-36R Inhibition Increases Perfusion in Adult and Aged Beating

Heart Coronary Circulation in vivo

LSCI was used to investigate the overall perfusion of the left ventricular myocardium in
response to IL-36Ra treatment in IR injured adult and aged mice. High and low points were
calculated from flux recordings and were attributed to diastolic and systolic events
respectively (Figures 4.34a-b). Systolic events were used for comparative purposes between
different experimental groups. As expected, in both adult and aged IL-36Ra treated hearts,
ischaemia decreased tissue perfusion following LAD artery ligation. This was rapidly reversed
as soon as the artery was untied. In adult untreated injured mice, reperfusion resulted in
ventricular perfusion returning to the basal levels seen prior to ischaemia. However, in adult
IL-36Ra treated injured mice, perfusion was significantly higher than in the non-treated adult
injured mice. Indeed, this hyperaemic response preceded a slow but gradual return to a
normal baseline flow (Figures 4.34a and 4.35a-b). In aged untreated injured mice, reperfusion
also resulted in ventricular perfusion, but this failed to reach the basal levels seen prior to
ischaemia. However, in aged IL-36Ra treated injured mice, perfusion was significantly higher

than in the non-treated aged injured mice (Figure 4.34b and 4.36a-b).

LSCl also allowed ventricular arrhythmia to be investigated from the flux recordings using the
standard deviation of the inter-beat distance as a means to identify irregularity in the rhythm
of the heartbeat. Both ischaemia and reperfusion resulted in an arrhythmic response in adult
and aged injured mice. Although this was significantly reduced in adult IL-36Ra treated injured
mice when compared to untreated adult injured mice, there was no difference in treated aged
mice when compared to untreated aged injured mice (Figures 4.35c-d and 4.36¢-d). Heart

rate was not significantly altered in response to either ischaemia or reperfusion between
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adult or aged IL-36Ra treated injured mice and the respective untreated injured mice (Figures

4.35e-f and 4.36e-f).

To determine whether IL-36Ra treatment impacted perfusion differently during systole and
diastole, the average flux during these two phases of the cardiac cycle in IL-36Ra treated and
untreated adult and aged injured mice was compared. As expected, ischaemia decreased
ventricular perfusion during systole and diastole in both adult and aged mice treated and
untreated injured mice. However, there was no significant difference in the ischaemic
ventricular perfusion during systole and diastole between treated and untreated adult and
aged injured mice. Again, reperfusion resulted in a resumption of ventricular perfusion in
systole and diastole in both treated and untreated adult and aged injured mice. However,
perfusion was improved in both systolic and diastolic phases in adult and systolic and diastolic
phases in aged IL-36Ra treated injured mice when compared to untreated injured mice

(Figures 4.37a-f).

4.2.11. IL-36R Inhibition Decreases Infarct Size in Adult Hearts

Evans blue and TTC staining was used to determine the impact of IL-36Ra on infarct size in
adult and aged IR injured mice. There were no statistically significant differences in infarct
size in the various layers of the adult and aged IL-36Ra treated injured hearts. However,
infarct size was significantly reduced in all three layers (layer 1 — p<0.001; layer 2 — p<0.0001;
layer 3 — p<0.0001) of the adult IL-36Ra treated injured heart when compared to the
untreated injured group (Figures 4.38a-c). A similar significant decrease in infarct size in all

three layers (layer 1 — p<0.001; layer 2 — p<0.0001; layer 3 — p<0.0001) was observed in aged
209
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IL-36Ra treated hearts (Figures 4.39a-c). Area at risk (AAR) and area not at risk were not
significantly different in treated and untreated adult and aged hearts (Figures 4.38d-f and

4.39d-f).

4.2.12. IL-36R Inhibition Reduced Endothelial and Cardiac Myocyte

Oxidative Damage and VCAM-1 Expression in the IR Injured Heart

To determine whether IL-36Ra treatment conferred vasculoprotection via mechanisms
involving attenuation of oxidative stress, we performed flow cytometry on collagenase
digested adult and aged hearts, and immunofluorescence on frozen heart sections. IL-36Ra
treatment reduced ROS mediated oxidative damage on CMs in both adult and aged hearts
when compared with untreated injured hearts as determined by flow cytometry (Figure
4.40a). A similar reduction was also seen on coronary ECs in both adult and aged hearts,
although this did not attain statistical significance (Figure 4.40b). Reductions in oxidative
damage were also confirmed using immunofluorescence on both adult and aged IL-36Ra
treated hearts (Figures 4.40c-d). This was noted as punctate staining on both CD31* vascular
and non-vascular structures (Figure 4.40c). Expression of VCAM-1 was also investigated using
immunofluorescence on frozen heart sections. Expression of this endothelial adhesion

molecule was also decreased in adult and aged IL-36Ra treated mice (Figures 4.41a-b).
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Figure 4.34. IL-36R inhibition increases perfusion in adult and aged beating heart coronary circulation in vivo. IRl inducing surgery was
performed on adult and aged female mice. An IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-
reperfusion and 60 mins post-reperfusion. Video captures were obtained throughout the surgery using laser speckle contrast imaging (LSCI).
Representative images of LSCI at various time points showing the flux heat map, still image of the beating heart, and analysis graph in (A) adult
female and (B) aged female mice. Baseline capture prior to ischaemia was used as the baseline reading; indicating good perfusion. n = 6/group.
Mean +SEM.
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Figure 4.35. IL-36R inhibition increases perfusion in adult beating heart coronary circulation in vivo. IRl inducing surgery was performed on
adult female mice. An IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-
reperfusion. Video captures were obtained throughout the surgery using laser speckle contrast imaging (LSCI). Quantitative time-course analysis
of LSCI data for (A) flux unit (perfusion), (C) standard deviation of the inter-beat distance (arrythmia), and (E) heart rate. Area under the curve
(AUC) analysis for (B) flux unit, (D) standard deviation of the inter-beat distance, and (F) heart rate over a time course of 150 minutes post-
reperfusion. Statistical analysis was performed using a Student’s unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n = 6/group.

Mean #SEM.***p<0.001, ****p<0.0001.
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Figure 4.36. IL-36R inhibition increases perfusion in aged beating heart coronary circulation in vivo. IRI inducing surgery was performed on
aged female mice. An IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-
reperfusion. Video captures were obtained throughout the surgery using laser speckle contrast imaging (LSCI). Quantitative time-course analysis
of LSCI data for (A) flux unit (perfusion), (C) standard deviation of the inter-beat distance (arrythmia), and (E) heart rate. Area under the curve
(AUC) analysis for (B) flux unit, (D) standard deviation of the inter-beat distance, and (E) heart rate over a time course of 150 minutes post-
reperfusion. Statistical analysis was performed using a Student’s unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n = 6/group.
Mean +SEM.****p<0.0001.
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Figure 4.37. IL-36R inhibition reduces systole and diastole anomalies following IR injury in vivo. IRl inducing surgery was performed on adult
and aged female mice. An IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins
post-reperfusion. Video captures were obtained throughout the surgery using laser speckle contrast imaging (LSCI). Baseline capture prior to
ischaemia was used as the baseline reading; indicating good perfusion. Quantitative systole and diastole time-course analysis of LSCI data for
flux unit (perfusion) in (A) adult IRI, (B) adult IRl + IL-36Ra, (D) aged IRI, and (E) aged IRI + IL-36Ra mice. Area under the curve (AUC) analysis for
systole and diastole flux unit in the ischaemia and reperfusion phases for (C) adult and (F) aged mice. Statistical analysis was performed using a
one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: systole IRl versus systole IRl + IL-36Ra for each of ischaemia
and reperfusion, and diastole IRI versus diastole IRl + IL-36Ra for each of ischaemia and reperfusion in both adult and aged mice. Abbreviations
- IRI: ischaemia reperfusion injury. n = 6/group. Mean +SEM. ****p<0.0001.



A B = Adult IRl C
=3 Adult IRl +IL-36Ra

804 PrTT ] 40 ke
ook ok °
*
Adult IRI Adult IRI + IL-36Ra Z 604 . l T 201
o & o &
- & S5
£ 5 401 5 20
= = = O L
e < & <
£y =™ um
20- o 104
: |l| |l| y |_'_ii=_|
0 T r T T T T 0 T T
Red : Area at risk Layer 1 Layer 2 Layer 3 Adult IRI Adult IRI +
Blue : Area not at risk IL-36Ra
D E F
804 70+ 70-
= 604 .5 s0- R = =7 604 .
35 Z3 g2
= 2 %2 3 ~ [
e g2 501 o® 5§ %
[ g © o =
<9 R @5
&£ 204 = 40- O < ® 404
[ ]
n
0 T T T T T T 30 T T 30 T T
Layer 1 Layer 2 Layer 3 Adult IRI Adult IRl + Adult IRI Adult IRl +
IL-36Ra IL-36Ra

Figure 4.38. IL-36R inhibition decreases infarct size in adult hearts. IRl inducing surgery was performed on adult female mice. An IL-36 receptor
antagonist (IL-36Ra; 15pg/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion. Following 4-hours of
reperfusion, the left anterior descending artery was re-ligated, and Evans Blue was injected. Mice were culled, and the heart was harvested,
sectioned, stained with TTC and imaged. (A) Representative images of the TTC stained adult hearts. Quantitative analysis of (B) infarct size and
(C) area at risk in the various layers of the heart. Layer 1 represents the first layer below the ligature, and layer 3 represents the apex of the
heart. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: adult IRI
versus adult IRl + IL-36Ra in each of the 3 layers, as well as layer 1 versus layer 2, layer 1 versus layer 3, and layer 2 versus layer 3 for each of
adult IRl and adult IRl + IL-36Ra groups. Quantitative analysis of the overall (D) infarct size, (E) area at risk, and (F) area not at risk throughout all
the layers. Statistical analysis was performed using a Student’s unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n < 6/group.
Mean #SEM.***p<0.001, ****p<0.0001.



1004
Aged IRI Aged IRl + IL-36Ra = 80
"
&% 60
£ 3
&< 404
[
- 0
3 20
0
Red : Area at risk
Blue : Area not at risk
D E
60+ 65+
=3 T 80
_— -}
v
= 8 40 Z& 55
[ S
- T ° J
5 e g2
&5 204 <38 45
B £
404
0 T —L 35
Layer 1 Layer 2 Layer 3

Figure 4.39. IL-36R inhibition decreases infarct size in aged hearts. IRl inducing surgery was performed on aged female mice. An IL-36 receptor
antagonist (IL-36Ra; 15pg/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion. Following 4-hours of
reperfusion, the left anterior descending artery was re-ligated, and Evans Blue was injected. Mice were culled, and the heart was harvested,
sectioned, stained with TTC and imaged. (A) Representative images of the TTC stained adult hearts. Quantitative analysis of (B) infarct size and
(C) area at risk in the various layers of the heart. Layer 1 represents the first layer below the ligature, and layer 3 represents the apex of the
heart. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: aged IRI
versus aged IRl + IL-36Ra in each of the 3 layers, as well as layer 1 versus layer 2, layer 1 versus layer 3, and layer 2 versus layer 3 for each of aged
IRI and aged IRI + IL-36Ra groups. Quantitative analysis of the overall (D) infarct size, (E) area at risk, and (F) area not at risk throughout all the
layers. Statistical analysis was performed using a Student’s unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n < 6/group. Mean

+SEM. ***p<0.001, ****p<0.0001.
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Figure 4.40. IL-36R inhibition decreases expression of DNA/RNA damage on cardiac
myocytes and endothelial cells. IRl inducing surgery was performed on adult and aged female
mice. An IL-36 receptor antagonist (IL-36Ra; 15pg/mouse) was injected intra-arterially at 10
mins pre-reperfusion and 60 mins post-reperfusion. (A-B) Mice were culled following 150-
minutes of reperfusion and hearts were harvested and digested. Cell suspension was stained
with an anti-CD31, anti-cTnT, and anti-DNA/RNA damage antibodies and acquisition was
performed using a CyAn™ ADP cytometer. Quantitative analysis of DNA/RNA damage
expression on (A) cardiac myocytes, and (B) endothelial cells. n=3/group. (C-D) Mice were
culled following 120-minutes of reperfusion and hearts were harvested and snap frozen. The
LV was transversely sectioned using a cryostat into 10um sections and then immunostained
with an anti-DNA/RNA damage, anti-CD31, and anti-VCAM-1 antibodies. Sections were
imaged using a EVOS microscope. (C) Representative images of DNA/RNA damage (green),
VCAM-1 (blue), and CD31 (red) staining of frozen heart sections. Scale bar indicates 200um.
(D) Quantitative analysis of the immunofluorescent images of DNA/RNA damage expression.
n=4/group. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s
post-hoc test between four groups: adult IRI versus adult IRl + IL-36Ra, aged IRI versus aged
IRI + IL-36Ra, and adult IRl + IL36Ra versus aged IRI + IL-36Ra. Abbreviations - IRI: ischaemia
reperfusion injury. Mean +SEM. *p<0.05, **p<0.01.
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Figure 4.41. IL-36R inhibition decreases expression of VCAM-1. IRI inducing surgery was performed on adult and aged female mice. An IL-36
receptor antagonist (IL-36Ra; 15pg/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion. Mice were
culled following 120-minutes of reperfusion and hearts were harvested and snap frozen. The LV was transversely sectioned using a cryostat into
10um sections and then immunostained with an anti-VCAM-1 antibody. Sections were imaged using a EVOS microscope. (A) Representative
images of VCAM-1 (blue) staining of frozen heart sections. Scale bar indicates 200um. (B) Quantitative analysis of the immunofluorescent images
of VCAM-1 expression. n=4/group. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between four
groups: adult IRl versus adult IRl + IL-36Ra, aged IRl versus aged IRl + IL-36Ra, and adult IRI + IL36Ra versus aged IRI + IL-36Ra. Abbreviations -

IRI: ischaemia reperfusion injury. Mean +SEM. ***p<0.001.
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Table 4.1. Summary of the major observations on IL-36R/IL-36 expression and between IL-36Ra
treated and untreated adult and aged IR injured female mouse hearts. Studies conducted were
intravital microscopy and laser speckle in vivo studies on the beating heart and multiphoton, flow
cytometry, and immunostaining in vitro studies.
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4.3. Discussion

In the last decade, IL-36, a newly discovered pro-inflammatory member of the IL-1
superfamily, has been shown to be highly pro-inflammatory in a range of conditions.
However, its role in diseases of the heart, particularly Ml, has yet to be studied [118, 137-
139]. In light of the significant inflammatory response observed intravitally in the
reperfused beating heart coronary microcirculation, an understanding of the potential role
of IL-36 in the post-ischaemic heart is essential. In this chapter, we provide original
contributions on the pathophysiological roles the IL-36/IL-36R pathway play following
myocardial IR injury in both an adult and aged environment. It also provides the first
evidence that IL-36Ra may be a novel therapeutic target that remains effective in an aged
heart where the microcirculatory perturbations are worse than in the adult heart. The main

results are summarised in Table 4.1.

4.3.1. Expression of IL-36R Increases with Age and IR Injury

IL-36 has recently been identified as being one of the most upstream and up-regulated
cytokines released upon tissue injury and cellular necrosis and is thus critical in driving
subsequent inflammatory processes through the synthesis and release of a multitude of
inflammatory mediators [269]. Whether the receptor is expressed in the heart, where and
whether it is functional has not previously been investigated in detail. Moreover, whether
the heightened inflammatory response in aged hearts is linked to greater expression of the
IL-36R is not known. Indeed, currently, there is a paucity of literature on whether cytokine

receptor number and their cell surface distribution changes with ageing, except for that of
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IL-2 receptor [271]. Our novel data suggest that IL-36R is present on vascular and non-
vascular cells of the healthy adult murine heart, albeit at very low levels. A basal expression
of IL-36R was also supported by Towne et al. (2004) who showed IL-36R expression in
human hearts using quantitative polymerase chain reaction (QPCR) [272]. Our Western blot
results identified 2 distinct bands for IL-36R at approximately 65kDa and 85kDa, with the
smaller but biologically active, version identified predominantly in aged healthy and aged
injured hearts. The observation of two bands is consistent with previous findings by other
groups on non-cardiac tissues and cells. Indeed, Yi et al. (2016) showed two bands in HEK

293T cells transfected with the IL-36R using western blotting [126].

Importantly, we show that IL-36R expression levels increased simply as a result of the
advancing mouse age (from approximately 3 to 18 months) in the absence of any injury.
Similarly, an increase in IL-36R expression was also observed in clinical samples (increasing
from newborn to 65 years) in which the young heart samples were from relatively healthy
and not diseased hearts. This increased expression with age could be due to a potential
increase in vascular density in larger older hearts. However, when healthy sham adults and
aged tissues were stained with CD31, no significant change in CD31 expression was noted
with age (previously discussed in chapter 3). This suggests that the increases in IL-36R
observed with ageing are not a result of an increase in vascular density. Although there are
no studies identifying a reduction in capillary density in the heart with ageing, similar
studies in the brain have shown an age-related decrease in capillary count (capillary
rarefaction) [237]. However, our data does not suggest that age-related capillary

rarefaction occurs in the ageing heart.
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Further increases in IL-36R expression were observed on adult and aged IR injured hearts
when compared to adult and aged healthy sham hearts. This could be due to the persistent
low-grade inflammation associated with ageing (inflammaging) increasing the
susceptibility of the aged heart to an acute injury [165]. Indeed, our flow cytometric data
confirmed that both age and IR injury increased IL-36R expression on adult CMs and ECs,
and that this happened within 30 minutes of reperfusion on both cell types. These results
indicate that increases in IL-36R expression can occur fairly immediately after myocardial
reperfusion, and this can, therefore, likely explain the rapid thromboinflammatory and
microvascular perfusion perturbations which occur within this time frame. Having said this,
it has been suggested that the receptor number on cell surface is not that critical but rather
their capability for transducing the signal from the receptor to the nucleus, and that this

ability is actually reduced with ageing [273].

4.3.2. Expression of IL-36 also Increases with Age and IR Injury

Although cytokine receptor changes have not been studied extensively with age, there are
several studies to show enhanced age-related production of cytokines such as IL-6 [271,
274]. In the current study, both IL-36a and IL-36 were identified in healthy sham adult
hearts and their levels also significantly increased with age in the absence of any injury.
Interestingly, we also identified increases in IL-36q, IL-36[, and IL-36y expression in clinical
samples (increasing from approximately newborn to 65 years). These results suggest a link
between ageing and the production of pro-inflammatory members of the IL-36 subfamily.

An increase in basal levels of pro-inflammatory cytokines in response to age (independent
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of injury) is a well-established phenomenon. An age-related increase in IL-6 concentration
has been found in serum, plasma, and mononuclear cell supernatants from elderly patients
free of any age-related diseases [271]. Yang et al. showed that ageing could significantly
enhance basal production of IL-6 in mouse aorta [165, 275]. It is the persistence of this
chronic inflammatory stimulus over time that favours a heightened inflammatory response

when an acute injurious stimulus, such as an Ml, occurs.

Our results also show an increase in IL-36a staining as a result of IR injury in adult hearts
and an increase of IL-36 as a result of IR injury in aged hearts. These results indicate that
IL-36a may play a more predominant role in adults, while IL-36f may be the most
important IL-36 cytokine in aged organisms. However, this would require further
investigation. Expression levels of IL-36R, IL-36a, and IL-36B were all significantly increased
in aged IR injured hearts when compared to their respective adult hearts. Expression of IL-
36 agonists have been shown to increase at both the mRNA and protein level in murine
kidney tissue following renal IR injury [276]. Additionally, IL-363 mRNA expression
increased in lung homogenates 24 hours after allergic lung inflammation [277]. Our study
examined IL-36 after a much shorter duration of injury, so the full extent of IL-36
upregulation may not have been observed. Enhanced expression of these cytokines
suggests a more pro-inflammatory environment in aged IR injury, which could contribute
to the age-related increases in myocardial damage and worsened prognosis following Ml

[160, 161].

223



Chapter 4: Targeting IL-36 in Myocardial IR Injury — A New Therapeutic Target

4.3.3. Vascular Localisation of IL-36R and IL-36

IL-36 and IL-36R expression was observed on the majority of coronary capillaries as
evidenced by co-localisation with CD31* endothelial cells. Moreover, it was only on
microvessels that an age- and injury-related increase in cytokine and receptor expression
was observed. This elevated age-related expression, specifically on microvessels, increases
the likelihood of this signalling pathway exacerbating IR injury through specific actions at
the level of the coronary microcirculation in elderly patients with MI. Thus MVO, which is
largely driven by the inflammatory cascade, could potentially be targeted through IL-36
antagonism in the microvasculature [28, 52]. While other studies have shown an increase
in inflammatory cytokines in the microvessels following inflammation or obstruction, there
have been no studies reporting cytokine differences between the coronary micro and

macro-vasculature [278].

Having seen all three IL-36 members co-localise on microvessels, specific expression on
endothelial cells was confirmed using VCECs. We show that IL-36R, IL-36q, or IL-36 had a
little constitutive expression on VCECs. EC expression of IL-36 was also recently shown by
Bridgewood et al. (2016) on human umbilical vein and dermal lymphatic ECs where it was
functionally important in mediating up-regulation of ICAM-1/VCAM-1 and chemokine
production in response to IL-36 stimulation [136]. We further demonstrated that all three
IL-36 agonists, as well as TNFa, could up-regulate endothelial surface expression of their
receptor. Levels of upregulation observed between different treatments were not
significantly different from each another. This suggests that at similar doses, IL-36
cytokines are as potent at driving IL-36R expression on VCEC as the well characterised

inflammatory cytokine TNFa. These data provide what we believe to be new insights into
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the fundamental biology of this cytokine. The ability of some cytokines to increase the
expression of their receptor is not new. Indeed, Takii and colleagues showed that IL-1
could enhance gene and surface expression of its own receptor in pulmonary fibroblast
cells within 2 hours (45). Autoregulation forms a positive feedback loop, which drives a
strengthened activation of the signalling pathway of a given cytokine. Here we show that
IL-36 cytokines may also utilise this autoregulatory phenomenon to enhance their own

activity.

Interestingly, expression of IL-36 cytokines on VCECs was not as prominent as the IL-36
receptor. This may be linked to the fact that these cells were not permeabilised, and so the
labelling antibody was likely not able to enter the cell where the cytokine was located. It is
possible that there was some cytokine ‘secreted’ onto the surface of the cells when the
cells were stimulated with TNFa or IL-36, but this was at low concentrations as evident
from the immunofluorescence images. Unlike other cytokines, IL-36 cytokines are not
released by viable cells via the classical ER-Golgi export pathway and is, instead liberated
by triggers that promote cell necrosis [112]. Indeed, early studies demonstrated that IL-36
could only be secreted by stimulating macrophages with LPS/ATP, or keratinocytes with
the poly(l:C), a viral mimic. In lung macrophages, IL-36 was observed to be secreted in a
Golgi-independent manner within vesicles and exosomes [112]. In this respect and others,

IL-36 acts very much like a classical DAMP.

Interestingly, intense IL-36/1L-36R staining was noted on the outer tunica adventitial layer
of larger blood vessels. Inflammatory responses are generally considered to be initiated in
an ‘inside-out’” manner through the capture of circulating leukocytes by the endothelial

surface. However, growing evidence supports a ‘outside-in” model in which the adventitia,
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previously considered an inert layer that simply provides structural support, acts as an
injury ‘sensor’ within the vessel wall and subsequently directs responses to a wide array of
stimuli, including ischaemia. In this model, it is proposed that resident adventitial cells such
as fibroblasts become activated and secrete inflammatory cytokines and chemokines,
which leads to expression of endothelial surface adhesion markers such as VCAM-1 and
subsequent neutrophil recruitment to the intimal layer [279]. Although recent studies have
extended IL-36 and IL-36R expression to include stromal cells such as fibroblasts, further
studies will be required to determine whether their presence in the adventitial vascular
layer is of significance in mediating inflammatory responses in the heart post-reperfusion

injury.

4.3.4. Topical IL-36 Cytokine can induce an Inflammatory Response in the

Beating Murine Heart in vivo

A common finding in diseases where IL-36 cytokines contribute to pathology is the
significant presence of neutrophils. Indirect evidence supporting the ability of IL-36 to
recruit neutrophils has been obtained primarily from histological or flow cytometric studies
in which inhibiting IL-36R signalling reduced recruitment in diseases such as psoriasis and
colitis. Recent findings by Koss and colleagues also identified IL-36 as an early and upstream
driver of acute and chronic pulmonary inflammation by promoting neutrophil recruitment
and production of pro-inflammatory IL-1 family cytokines and IL-6 [280]. However, the
ability of IL-36 cytokines to directly promote the recruitment of inflammatory cells in vivo

in any vascular bed, let alone the heart, has not previously been shown by real-time
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imaging. To directly demonstrate that IL-36 could be pro-inflammatory in the heart, we
topically applied agonists within the centre of the attached water-tight stabiliser ring. Our
novel results showed that all IL-36 isoforms significantly and quickly enhanced neutrophil
recruitment in the stimulated region of the beating LV in both adult and aged mice when
applied topically. Neutrophil recruitment was observed in both coronary capillaries and

PCVs.

Unexpectedly, aged mice appeared to have a slower ‘reaction’ and a reduced degree of
neutrophil recruitment when compared to adult mice. For instance, the inflammatory
response was rapid and appeared to plateau beyond 60 minutes in adult hearts. Although
it was slower and less potent in aged hearts, neutrophil recruitment did continue to rise
beyond 150 minutes. This could be due to reduced neutrophil responsiveness with age or
as a consequence of inflammaging, where the already heightened basal inflammatory state
seen in ageing requires a more substantial cytokine application before it is able to promote
additional recruitment [165, 168, 281]. It is possible that with a more prolonged imaging
period, these inflammatory responses may have reached similar, or exceeded, the maximal
levels observed in adult mice. It is also possible that increases in the expression of IL-36R
in aged mice may be associated with concomitant increases in circulating levels of the
endogenous inhibitor IL-36Ra. This would act to protect the balance of IL-36 signalling in
aged mice by inhibiting the engagement of IL-36 cytokines with their receptor. This could
also explain why the same dose of topical IL-36 was unable to elicit similar or greater
inflammatory responses in aged compared to adult hearts. Indeed, this has been shown to

be true for IL-1Ra where higher circulating levels of this endogenous inhibitor are detected
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in elderly patients and have been suggested to play a role in the decline in the inflammatory

response with age [239].

Interestingly, we also showed that topical application of IL-36 was more potent than similar
concentrations of topical IL-13 and TNFa at stimulating neutrophil recruitment in both
adult and aged hearts. However, making simple comparisons between different cytokines
is complex due to differing pharmacokinetics. Indeed, Dangerfield et al. (2004) showed that
30ng of IL-1B or 300ng of TNF-a is needed to induce neutrophil recruitment and

transmigration in the cremaster intravital mouse model [282].

Free-flowing neutrophils decreased in response to all three IL-36 cytokine treatments in
adult hearts and in response to IL-36B and IL-36y in aged hearts. The number of free-
flowing neutrophils circulating through the coronary microcirculation acts as an indirect
marker of blood flow or hypoperfusion and can be attributed to events such as
vasoconstriction or loss of vascular density. Whether IL-36 can change vascular tone is not
known and would require further investigation. However, it is plausible that reduced blood
flow, and thus free-flowing leukocytes, was due to the enhanced neutrophil (and in some
cases, platelet) recruitment, reducing the ability of blood to flow in the imaged area.
Previous studies have shown a reduction in blood flow as a result of neutrophil recruitment
[283]. Indeed, in mouse models of Alzheimer’s disease, increased neutrophil adhesion was
demonstrated to slow and / or transiently inhibit flow in capillary segments. Interestingly,
this study also showed that inhibition of blood flow in just 2% of capillaries due to
neutrophil adhesion could dramatically reduce cerebral blood flow. This was explained by
the fact that each occluded capillary decreased blood flow in both up and downstream

vessels, and so a small number of occluded capillaries had an ‘outsized’ impact on cerebral
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blood flow [284]. It is likely that a similar phenomenon also occurs in the inflamed heart in

response to neutrophil adhesion within coronary capillaries.

Platelet aggregation / microthrombi formation were also enhanced following topical
treatment with IL-36B and IL-36y in adult hearts but were reduced in aged hearts. This
opposing effect with ageing may be a result of structural and functional age-related
changes in platelets and neutrophils [221, 222, 285]. It is not known whether the pro-
thrombotic effect on platelets is driven through a direct response of IL-36 on platelets
which would need to be investigated further. Indeed, IL-1 has been shown to directly
activate platelets [286]. It is also possible that circulating platelets simply became trapped
in vessels downstream of regions where significant occlusive neutrophil adhesion
occurred. Collectively, these studies provided a rationale for exploring the therapeutic
potential of IL-36 signalling blockade to attenuate microcirculatory disturbances associated

with injury.

4.3.5. Vasculoprotective Effect of IL-36R Inhibition

The existence of three endogenous agonists but also two naturally occurring receptor
antagonists, namely IL-36Ra and IL-38, underpins the importance of careful management
of IL-36 pathway. Both of the endogenous inhibitors competitively bind the IL-1Rrp2
component of the heterodimer receptor, preventing recruitment of the accessory co-
receptor IL-1RAcP and thus inhibiting subsequent intracellular signalling [116]. Given the
potential role of IL-36 cytokines in cardiac inflammation, we sought to identify potential

vasculoprotective effects of systemically injected IL-36Ra. We identified a significant
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reduction (~50%) in neutrophil recruitment in IL36Ra treated adult and aged IR injured
hearts. Multiphoton data showed this decrease was not limited to the surface of the heart
but was reduced throughout the depth of the myocardial tissue. While there have been no
previous studies which have looked at the effect of IL-36Ra on neutrophil recruitment
within the heart, there have been several studies in other organs. A recent study by
Contreras at al. (2016) showed reduced neutrophil recruitment in the gut following
intestinal damage in IL-36R knockout mice [287]. IL-36Ra has also been shown to have anti-
inflammatory effects in psoriasis [288]. Although in the heart, we observed no anti-platelet
effect, IL-36Ra treatment still led to a significant decrease in infarct size in both adult and
aged mice (around a two-fold and three-fold decrease, respectively). Since one dose of IL-
36Ra was administered during the ischaemic period, it is plausible that IL-36 administration
could be implemented during PCl procedures and be therapeutically efficacious in a clinical

setting.

We and others have shown myocardial reperfusion is associated with an inability to return
perfusion to pre-ischaemia levels particularly in the aged heart, which can lead to coronary
vascular and non-vascular dysfunction [255]. Therefore, we sought to investigate the
effects of IL-36Ra on overall ventricular perfusion using LSCI. The impact of IL-36Ra
treatment on coronary perfusion was not negligible. Indeed, our data showed that in
treated adult and aged mice, perfusion temporarily exceeded pre-ischaemic levels as soon
as the LAD artery was unclamped, something not noted in untreated mice. Even after this
hyperaemic response, blood flow throughout the duration of reperfusion remained
elevated, during both systole and diastole, in treated adult and aged hearts compared to

untreated hearts. Imaging of FITC-BSA also demonstrated an improvement in FCD at the
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level of the coronary microcirculation. Improved overall perfusion and FCD may be linked
to the fact that IL36Ra treatment decreased neutrophil recruitment as early as in the first
10 minutes of reperfusion, thus attenuating the build-up of activated and potentially
occlusive inflammatory cells [249, 254]. These findings further highlight the importance of

early anti-inflammatory interventions.

ROS are implicated in the pathogenesis of various cardiac disorders, including Ml and heart
failure and can promote the expression of endothelial adhesion molecules, such as ICAM-
1 and VCAM-1, that are critical for neutrophil recruitment [289]. Therefore, whether IL-
36Ra mechanistically conferred vasculoprotection by limiting endothelial ROS damage and
VCAM-1 expression was considered in both adult and aged hearts. The anti-DNA/RNA
antibody used in the study binds with high specificity and affinity to 8-hydroxy-2'-
deoxyguanosine, 8-oxo07,8-dihydroguanine and 8-oxo-7,8-dihydroguanosine. These
oxidated nucleotides serve as excellent markers for DNA and RNA damage produced
specifically by ROS. Flow cytometric and immunofluorescence studies demonstrated a
significant decrease in IR injury mediated oxidative damage in the presence of IL-36Ra.
Importantly, this decrease was evident in both adult and the more damaged aged hearts.
Our data support the recent observation of reduced oxidative stress (measured using
spectrophotometry of superoxide dismutase and malondialdehyde activity) in IL-36R
knockout rats undergoing cardiopulmonary bypass [152]. However, we further detail that
the anti-oxidative effects of IL-36Ra occur specifically on both coronary ECs and CM. It has
recently been shown that IL-36 can up-regulate VCAM-1 and ICAM-1 on dermal ECs in vitro
and that this can be reversed by the presence of an IL-36Ra [136]. Similarly, we were able

to demonstrate the ability of IL-36Ra to decrease VCAM-1 expression in the IR injured
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coronary microcirculation. Again, more importantly, this benefit was also observed in aged
hearts where basal VCAM-1 expression was high. Collectively, our data provide novel
mechanistic insights into how inhibition of IL-36/IL-36R signalling attenuates oxidative
stress and VCAM-1 expression in adult and aged hearts, potentially preventing subsequent
excessive neutrophil recruitment in the coronary microcirculation, which ultimately leads

to decreased infarct size post-reperfusion.

4.3.6. Conclusion

New therapies need to be designed and optimised that are effective in improving the
current poor prognosis of the ageing population post-MIl. We and others have
recommended that this must involve specific protection of the delicate coronary
microcirculation from IR injury. Although studies on age-related changes in the
inflammatory and immune systems have gathered pace, this study is the first, as far as we
know, to explore the impact of age on the coronary microcirculation in vivo in both health
and post-reperfusion injury. It is likely that the increased thromboinflammatory activation
and microcirculatory perturbations that we have observed intravitally in the aged injured
heart may inhibit the therapeutic efficacy of existing and future cardiovascular drugs in the
elderly. However, our finding that IL-36Ra was not only vasculoprotective but importantly
remained beneficial in the setting of an age-related heightened inflammation in the
coronary microvessels makes it a candidate worth pursuing clinically in elderly patients

undergoing PCI for MI. In support of this is the recent work by Luo and colleagues, who
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demonstrated experimentally that deficiency of IL-36 receptor protected cardiomyocytes

in the setting of cardiopulmonary bypass [67].

A number of anti-inflammatories, shown to be successful in experimental studies, have met
with translational failure when tested in patients with Ml [5]. The major outcome measured
in such clinical trials (and indeed experimental studies) is usually a long-term one — namely,
the ability to prevent post-MI remodelling, a secondary non-fatal Ml or death. Whether these
anti-inflammatories can also protect and keep patent the coronary microcirculation in the
immediate aftermath of PCl/reperfusion has received much less interest. However, this is
imperative in order to improve long-term patient outcomes. It is, therefore, possible that
translational failure is linked to a lack of early benefit at the level of the coronary
microcirculation. In Chapter 3, we showed multiple microcirculatory perturbations, ultimately
resulting in poor myocardial perfusion within minutes of reperfusion. Therefore, it is also
important that the design of an anti-inflammatory therapy involves administration
immediately before interventions designed to mediate reperfusion commence (e.g., PCl).
However, not all clinical trials have delivered anti-inflammatories prior to reperfusion, with
some administered days later [290]. Again, this may explain the lack of success of such
compounds in clinical trials. Our data highlights a notable benefit to the coronary
microcirculation and infarct size with early administration of IL-36Ra, which importantly is
maintained in the presence of an aged co-morbidity. This indicates that early intervention

with an IL-36R inhibitor is worth considering for future clinical investigations.
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5.1. Introduction

Previous research on intravital imaging of the beating heart by the Kalia group has always
been conducted on male mice. However, the studies presented in this thesis so far were
conducted on female mice because of the ease with which this sex of aged mice could be
purchased. Interestingly, it was noted that platelet aggregation and microthrombus
formation was not observed in the coronary microcirculation of adult female IR injured
mice to the same extent as that previously noted by the Kalia Group in adult male IR injured
mice. For this purpose, in this chapter, additional studies were conducted on adult male
mice to determine whether there was a sex-dependent difference in the response of the

coronary microcirculation to myocardial IR injury in vivo.

Clinically with regards to M, it is well documented that women have a higher risk of
hospitalized death and adverse events during an M, and a greater incidence of mortality
at 1 year follow up [174, 175]. Matetic and colleagues recently presented the results of the
largest study of >7 million Ml admissions in the USA and reported sex-based differences in
the management and adverse outcomes over 12 years [175]. Although they noted that
women were less likely to be offered a PCl, when they were, their outcome remained
worse than men. They suggested that this could be linked to women consistently being
older and having a higher risk profile and greater comorbidity burden (diabetes,

hypertriglyceridemia, and metabolic syndrome) than men on presentation [291].

Sex differences could also be explained by the fact that cardiac function is significantly
impacted by sex steroidal hormones, such as oestrogen and testosterone. While oestrogen

is considered to be cardioprotective, which explains the low incidence of MI in pre-
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menopausal women, excessive testosterone is seen to have detrimental effects on the
heart [177]. Circulating levels of oestrogen are much lower in males and post-menopausal
females than in pre-menopausal women, while levels of testosterone are found to be 10-
fold higher in males than in females [177]. Moreover, and in terms of functional sex
differences, the average adult heart rate in males is around 70-72 beats per minute (bpm),
whereas females average around 78-82 bpm [292]. This is broadly linked to heart size, with
females having a smaller heart, thus pumping less blood with each beat, and in turn,
requiring a higher bpm than males. Females also have a different intrinsic rhythm to their

heart which can underlie differences in bpm [292].

Sex differences in both the innate and adaptive immune response in various diseases is
also a well-established phenomenon and have been seen to change with age. In general,
innate, and adaptive immune responses are stronger in adult females than in males. As a
result, pathogens are cleared faster in adult females, but this increases their susceptibility
to autoimmune diseases and inflammation [188]. However, little is known about how
biological sex impacts the thromboinflammatory responses in the coronary
microcirculation in vivo in health and whether it increases the likelihood of microvascular
disturbances post-reperfusion injury. This chapter will therefore focus on investigating
whether there are any differences in the microcirculatory disturbances in adult males and

adult females in response to myocardial IR injury.
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5.1.1. Hypotheses and Aims

This chapter firstly aimed to compare the coronary microcirculatory responses to
myocardial IR injured between adult male and female hearts using intravital and
multiphoton microscopy. Furthermore, we sought to assess the impact of sex on overall
ventricular perfusion, infarct size, IL-36/IL-36R/VCAM-1 expression and oxidative stress
using LSCI, dual TTC/Evans blue staining, immunofluorescence, and flow cytometry studies.
Lastly, we investigated whether the therapeutic benefits of IL-36Ra pre-treatment,
demonstrated in the previous chapter, were similar in male and female mice. For the work

included in this chapter, we hypothesised:

10. Coronary microcirculatory perturbations in vivo will differ following myocardial IR
injury between adult male and female IR injured hearts

11. Expression of IL-36R, IL-36a, IL-36B and VCAM-1, and the degree of oxidative
damage will differ between adult males and females within healthy, and IR injured
hearts

12. Therapeutic efficacy and mechanisms of action of IL-36Ra treatment will differ

between adult male and female IR injured hearts

5.2. Results

5.2.1. General Observations

Some general differences were present between adult male mice and adult female mice.

During animal handling, male mice tended to be more aggressive, and they required more
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anaesthetic in the form of frequent top-ups. The average weight of male mice was also

greater than females when controlled for age.

5.2.2. Sex-Related Differences in Thromboinflammatory Disturbances

within the IR Injured Coronary Microcirculation in vivo

IVM studies were conducted to assess the impact of sex on thromboinflammatory events
post-reperfusion in the beating mouse heart. Generally, more platelet microthrombi were
observed adherent within the coronary capillaries of adult male injured hearts, and more
adherent neutrophils were observed in adult female injured hearts. In some adult male
injured mice, adherent neutrophils were also observed within the larger blood vessels
appearing as clusters, as well as within the coronary capillaries, something not noted in
adult female injured hearts (Figure 5.1). When analysed, a significant increase in adherent
neutrophils was observed in female injured hearts when compared with their male
counterparts (Figures 5.2a-b). However, the number of free-flowing neutrophils
significantly decreased in injured male hearts when compared to their female counterparts
(Figures 5.2c-d). A significant increase in the presence of small aggregates of platelets
within capillaries was also observed in adult male injured hearts when compared to adult

female injured hearts (Figures 5.2e-f).

The surgical and stabilisation protocol was optimised to allow the impact of IR injury on
thromboinflammatory events in the immediate aftermath of reperfusion to be assessed
rather than after just 15 minutes of reperfusion. In adult male injured hearts, prior to

reperfusion, a few neutrophils and platelet microthrombi were observed within the

238



Chapter 5: Intravital Investigations of the Role of IL-36 in Mediating Sex-Specific Changes

coronary microcirculation, with neutrophil adhesion increasing with the duration of
reperfusion (Figure 5.3). In both sexes, neutrophil presence increased within the first 30
minutes of reperfusion and continued to gradually increase over the remainder of the
reperfusion phase. However, whilst no significant sex-related differences were observed
within the first 30 minutes, adult female injured hearts showed significantly greater
neutrophil presence as the duration of reperfusion progressed (Figures 5.4a,c,e). Similarly,
platelet microthrombi presence also increased within the first 30 minutes of reperfusion,
but more so in adult male injured hearts, although this failed to reach statistical
significance. However, as the reperfusion period progressed, a significantly higher number
of platelets aggregates were noted in the adult male injured coronary microcirculation

(Figures 5.4b,d,f).

To determine whether these neutrophil events were mirrored throughout the thickness of
the ventricular wall, multiphoton microscopy was performed on hearts harvested at the
end of intravital experiments. Neutrophil presence was identified in both adult male and
female injured hearts throughout the depth of the left ventricular wall when imaged ex
vivo using multiphoton microscopy. In both sexes, the greatest presence of neutrophils was
noted in the outermost layers of the heart closest to the epicardium and decreased with
depth. However, in adult female injured hearts, a significantly greater presence of
neutrophils was observed in all the layers of the heart when compared to adult male

injured hearts (Figures 5a-e).
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Figure 5.1. Sex-related differences in thromboinflammation within the IR injured coronary microcirculation in vivo. Representative intravital
images following myocardial IR surgery in adult (A) male and (B) female mice over a time course of 150 minutes post-reperfusion. Fluorescently

labelled antibodies against neutrophils (green) and platelets (red) were injected via the carotid cannula 5 minutes before reperfusion and imaged
intravitally. Scale bar indicates 100pum. n<5/group.
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Figure 5.2. Sex-related differences in thromboinflammation within the IR injured coronary microcirculation in vivo. Myocardial IR surgery was
performed on adult male and adult female mice. Fluorescently labelled antibodies against neutrophils and platelets were injected via the carotid
cannula 5 minutes before reperfusion and imaged intravitally. Quantitative time-course analysis of intravital data for (A) adherent neutrophils,
(C) free-flowing neutrophils, and (E) platelets. Area under the curve (AUC) analysis for (B) adherent neutrophils, (D) free-flowing neutrophils,
and (F) platelets over a time course of 150 minutes post-reperfusion. Statistical analysis was performed using a Student’s unpaired t-test.

Abbreviations - IRI: ischaemia reperfusion injury. n<5/group. Mean +SEM. *p<0.05, *p<0.01.
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Figure 5.3. IR injury induces a thromboinflammatory response immediately after reperfusion in the adult male mouse beating heart coronary
microcirculation in vivo. Representative intravital images following IR surgery in adult male mice over a time course of 150 minutes post-
reperfusion. Fluorescently labelled antibodies against neutrophils (green) and platelets (red) were injected via the carotid cannula 10 minutes
before reperfusion and imaged intravitally. Scale bar indicates 100um. n<5/group.
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Figure 5.4. Sex-related differences in thromboinflammation within the IR injured coronary microcirculation only become apparent after the
first 30 minutes of reperfusion in vivo. IR surgery was performed on adult male and female mice. Fluorescently labelled antibodies against
neutrophils and platelets were injected via the carotid cannula 10 minutes before reperfusion and imaged intravitally. Quantitative time-course
analysis of intravital data in the first 30 minutes of reperfusion for (A) adherent neutrophils, and (B) platelets. Area under the curve (AUC) analysis
in the first 30 minutes for (C) adherent neutrophils, and (D) platelets and over the 150 minutes post-reperfusion for (E) adherent neutrophils,
and (F) platelets. Statistical analysis was performed using a Student’s unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury.

n<5/group. Mean +SEM. *p<0.05, *p<0.01.
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Figure 5.5. Adult female IR injured mice have an increased neutrophil presence within the deeper layers of the myocardium when compared
to male mice. IR surgery was performed on male and female adult mice. Fluorescently labelled antibodies against neutrophils and platelets were
injected via the carotid cannula 5 minutes before reperfusion and subsequently imaged intravitally. Mice were culled following 150-minutes of
reperfusion, and hearts were harvested. The LV was vibratome sectioned into four 300um sections and imaged using a multiphoton microscope.
(A) Representative Z-stack multiphoton images of neutrophils (green) in the 4 layers of the LV in the adult male IR injured mouse taken from the
outermost layer closest to the epicardium (1), outer myocardial layer (2), inner myocardial layer (3) and the innermost layer closest to the
endocardium (4). (B) Quantitative analysis of the multiphoton data at various depths for adherent neutrophils and (C) corresponding area under
the curve (AUC) for all layers. (D) AUC for adherent neutrophils for the first layer, and (E) AUC for adherent neutrophils from layer 2-4. Statistical

analysis was performed using a Student’s unpaired t-test. n < 5/group. Mean +SEM. ****p<0.0001.



5.2.3. No Sex-Related Differences in Functional Capillary Density within the IR

Injured Coronary Microcirculation in vivo

FITC-BSA was injected systemically and intravitally imaged to assess microvascular perfusion
at the level of the coronary capillaries following IR surgery in adult male and female mice. An
extensive network of FITC-BSA perfused capillaries was observed in both male and female
sham mice, paralleling the arrangement of muscle fibres with cross-connections along their
length. Focussing up and down on the field of view showed no areas devoid of perfused
capillaries. Well perfused medium-sized vessels were also visible in some fields of view (Figure
5.6a). In contrast, IR injury was associated with an increase in the number of areas with no
perfusion, evidenced by a lack of FITC-BSA fluorescence, resulting in a poorer vascular
reperfusion score in both female and male injured hearts when compared to the appropriate
sex sham hearts. This patchy FITC-BSA appearance suggests reduced FCD in both sexes.
However, there were no significant differences in microvascular perfusion scores between

adult male and female IR injured hearts (Figure 5.6b).

To determine vascular leakage, a piece of tissue paper was used to collect liquid within the
centre of the stabilizer between captures and was later imaged to detect FITC-BSA
fluorescence. Both male and female sham hearts had little or no leakage throughout the
duration of the surgery, which was evident by the use of only one tissue paper section being
required to collect fluid every 15 minutes (data not presented). In contrast, IR injury of male
and female hearts were associated with a similar degree of extensive leakage, whereby
multiple (around 3-6) tissue paper sections had to be used every 15 minutes to collect leaked

fluid.
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Figure 5.6. No sex-related differences in functional capillary density within the IR injured coronary microcirculation in vivo. IR surgery was
performed on male and female adult mice. Fluorescently labelled antibody against bovine serum albumin (green) was injected via the carotid
cannula at 120-minutes post-reperfusion and imaged intravitally. (A) Representative intravital images of FITC-BSA perfused coronary
microvessels in the injured hearts. Scale bar indicates 100um. (B) Quantitative analysis of intravital vascular perfusion data. Statistical analysis
was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between four groups: adult male sham versus adult male IR injury,
adult male sham versus adult female sham, adult female sham versus adult female IR injury, and adult male IR injury versus adult female IR
injury. Abbreviations - IRI: ischaemia reperfusion injury. *Areas not perfused with FITC-BSA. n < 3/group. Mean +SEM. *p=<0.05, ***p<0.001.



5.2.4. Sex-Related Differences in Overall Ventricular Perfusion within the IR

Injured Beating Heart in vivo

LSCl was used to investigate the overall myocardial perfusion of the LV in response to IR injury
in adult male and female mice. As expected, ischaemia immediately decreased flow following
ligation of the LAD artery in both male and female hearts. This decrease in flow was reversed
as soon as reperfusion commenced in both male and female hearts. However, unlike in female
hearts, perfusion failed to return to baseline pre-ischaemic levels in male hearts. Indeed,
blood flow was significantly lower in IR injured male hearts when compared to IR injured

female hearts (Figures 5.7a,b and 5.8a-b).

LSCI also allowed ventricular arrhythmia to be investigated from the flux recordings using the
standard deviation of the inter-beat distance as a means to identify irregularity in the rhythm
of the heartbeat. Both ischaemia and reperfusion resulted in an arrhythmic response in adult
male and female IR injured mice; however, there was no significant difference between the
two sexes (Figures 5.7c and 5.8c-d). Heart rate was not significantly changed in response to
either ischaemia or reperfusion in female IR injured mice. However, a significant decrease in
heart rate was seen in the male IR injured mice during reperfusion when compared to female

IR injured hearts (Figures 5.7d and 5.8e-f).

To determine whether sex was associated with differences in overall ventricular perfusion,
specifically during systole and diastole, the average flux during these two phases of the
cardiac cycle in adult male and adult female injured mice was compared. As expected,
ischaemia decreased ventricular perfusion during systole and diastole in both sexes.

However, there was no significant difference in the ischaemic ventricular perfusion during
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systole and diastole between the sexes. Again, reperfusion resulted in resumption of
ventricular perfusion in systole and diastole in both adult male and female injured mice.
However, perfusion was significantly decreased in both systolic and diastolic phases in adult

male hearts when compared to adult females (Figures 5.9a-d).

5.2.5. Sex-Related Differences in Myocardial Infarct Size with Females having

Larger Infarcts

Dual Evans blue and TTC staining was used to determine the impact of myocardial IR injury
on the infarct size in adult male and female hearts. Overall infarct size in adult female IR
injured mice were significantly larger when compared with adult male IR injured mice,
particularly in layer 2 and layer 3 of the heart (Figures 5.10a-c). The overall AAR and area not
at risk was not significantly different between male and female IR injured hearts (Figures 10d-

f).
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Figure 5.7. Typical LSCI readings from an adult male mouse undergoing myocardial IR injury showing perfusion not returning to baseline
values after reperfusion is commenced. IR surgery was performed on adult male mice. Video captures were obtained throughout the surgery
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perfusion. Quantitative time-course analysis of LSCl data for (B) flux unit (perfusion), (C) standard deviation of the inter-beat distance (arrythmia),
and (D) heart rate. Mean +SEM. n = 6/group.
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Figure 5.9. Sex-related differences in overall ventricular perfusion within the IR injured
beating heart in vivo with adult mice having decreased overall perfusion than females. IR
surgery was performed on adult male and female mice. Video captures were obtained
throughout the surgery using laser speckle contrast imaging (LSCI). Baseline capture prior to
ischaemia was used as the baseline reading; indicating good perfusion. Quantitative systole
and diastole time-course analysis of LSCI data for flux unit (perfusion) in (A) female and (B)
male adult mice. (C) Area under the curve (AUC) analysis for systole and diastole flux unit in
the ischaemia and reperfusion phases. Statistical analysis was performed using a one-way
ANOVA, followed by a Tukey’s post-hoc test between the following groups: systole female
versus systole male for each of ischaemia and reperfusion, and diastole female versus diastole
aged for male of ischaemia and reperfusion. (D) Quantitative analysis of LSCI baseline capture
prior to ischaemia. Statistical analysis was performed using a Student’s unpaired t-test.
Abbreviations - IRI: ischaemia reperfusion injury. n = 6/group. Mean *SEM. *p<0.05,
**p<0.01.
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Figure 5.10. Sex-related differences in myocardial infarct size with adult injured female mice having larger infarcts. IR surgery was performed
on male and female adult mice. Following 4-hours of reperfusion, the left anterior descending artery was re-ligated, and Evans Blue was injected.
Mice were culled, and the heart was harvested, sectioned, stained with TTC and imaged. (A) Representative images of the TTC stained adult
male and female IR injured hearts. Quantitative analysis of (B) infarct size in the various layers and (C) in the overall of the heart. Layer 1
represents the first layer below the ligature and layer 3 represents the apex of the heart. Quantitative analysis of (D) area at risk in the various
layers, (E) area at risk, and (F) area not at risk throughout all the layers. (B, D) Statistical analysis was performed using a one-way ANOVA, followed
by a Tukey’s post-hoc test between the following groups: adult male IRI versus adult female IRl in each of the 3 layers, as well as layer 1 versus
layer 2, layer 1 versus layer 3, and layer 2 versus layer 3 for each of the sexes. (C, E, F) Statistical analysis was performed using a Student’s
unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n < 6/group. Mean *SEM. *p<0.05.



5.2.6. Sex-Related Differences in IL-36R Expression, but not VCAM-1, with

Females Having a Higher Expression both Basally and after IR injury

To determine the expression and localisation of IL-36R in adult male and female mouse
hearts, frozen sections were stained for IL-36R using immunofluorescence. IL-36R was found
to be expressed in adult male sham hearts, albeit at very low levels, as evidenced by a positive
stain on frozen tissue sections, which was not seen in the IgG controls (Figure 5.11a). Basal
expression of IL-36R was significantly higher in adult female sham hearts when compared to
adult male sham hearts. Expression of IL-36R was further significantly increased due to IR
injury in both adult male and adult female hearts. However, IR injury on adult female hearts
increased IL-36R expression to levels significantly higher than those seen in adult male injured

hearts (Figure 5.11b).

Expression of VCAM-1 was also assessed in male and female hearts. VCAM-1 was expressed
on the larger vasculature rather than on coronary capillaries in all 4 groups in the murine
heart. Basal VCAM-1 expression was not significantly different between the sexes. Expression
was seen to significantly increase in response to IR injury in both male and female mice when
compared to their respective sham groups. However, there was no significant differences in

VCAM-1 expression between the sexes (Figure 5.11a and 5.11c).

Flow cytometry was also performed to determine IL-36R expression specifically on CMs and
ECs in collagenase digested hearts. CMs made up the largest portion of the cell population
(around 70%), followed by ECs which made up around 15%. Dead cells made up around 0.05%
of the total cell population in adult hearts. Interestingly, in male hearts, the percentage of

cells that were CMs was significantly higher than in female hearts, but there were no
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differences between EC percentages in males and females (Figure 5.12a). Flow cytometry
analysis firstly confirmed the immunofluorescence results of an overall increased expression
of IL-36R on CMs and ECs in response to IR injury on adult male hearts. However, it further
showed that this increased expression took place on both CMs and ECs as early as 30 minutes
post-reperfusion and this increase was maintained at 150 minutes (Figures 5.12b-c). When
compared to IL-36R expression on female hearts, female CM expression was higher at both
time points post-reperfusion, although this failed to attain statistical significance. However,
IL-36R expression on female ECs was significantly higher at both 30 and 150 minutes post-

reperfusion when compared to the expression on male ECs (Figures 5.12d-e).

5.2.7. Sex-Related Differences in IL-36a and IL-36f3 Expression, with Females

Having a Higher Expression Basally and after IR Injury

Immunofluorescence staining for IL-36a. and IL-363 was also performed on heart sections,
and expression was compared between the two sexes. Generally, IL-36a and IL-36f had a
similar pattern of receptor expression. Both cytokines were expressed on large blood vessels
and a substantial number of microvessels, and also on CMs (Figure 5.13a). IL-36a was present
in male and female sham hearts albeit at very low levels. However, this basal expression of
IL-36a was significantly higher in female sham hearts when compared to male sham hearts.
Expression of IL-36a was significantly increased due to IR injury in both male and female
hearts. However, IR injury on female hearts increased IL-36R expression to levels significantly
higher than those seen in male IR injured hearts (Figure 5.13b). A similar pattern of events

was observed for IL-36p (Figure 5.13c).
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Figure 5.11. Sex-related differences in IL-36R expression, but not VCAM-1, with adult females having a higher expression basally and after IR
injury compared to adult male hearts. Sham or IR surgery was performed on adult male and female mice. Mice were culled following 120-
minutes of reperfusion, and hearts were harvested and snap frozen. The LV was transversely sectioned using a cryostat into 10um sections and
then immunostained with an antibody against IL-36R (AF488). To determine whether IL-36R (green) expression was vascular in nature and co-
localised with adhesion molecules, heart sections were co-stained with an anti-CD31 antibody (red) and anti-VCAM-1 (blue) respectively.
Sections were imaged using a EVOS microscope. (A) Representative images of IL-36R staining of frozen adult male heart sections. Scale bar
indicates 200um. Quantitative analysis of the immunofluorescent images of (B) IL-36R, and (C) VCAM-1 expression. Statistical analysis was
performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between four groups: adult male sham versus adult male IR injury, adult
male sham versus adult female sham, adult female sham versus adult female IR injury, and adult male IR injury versus adult female IR injury.
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Figure 5.12. Sex-related differences in IL-36R expression, with females having a higher
expression particularly on ECs. IR surgery was performed on adult male and female mice.
Mice were culled following 0, 30 or 150-minutes of reperfusion and hearts were harvested
and digested. Cell suspension was stained with an anti-CD31, anti-cTnT, and anti-IL-36R
(AF488) antibodies and acquisition was performed using a CyAn™ ADP cytometer. (A)
Quantitative analysis of the cell population within the male and female samples. Quantitative
analysis of IL-36R expression in adult male mice on (B) cardiac myocytes, and (C) endothelial
cells. Quantitative analysis of IL-36R expression between male and female mice on (D) cardiac
myocytes, and (E) endothelial cells. Statistical analysis was performed using a one-way
ANOVA, followed by a Tukey’s post-hoc test between the following groups (A): cardiac
myocytes versus endothelial cells, cardiac myocytes versus dead cells, and endothelial cells
versus dead cells between the male and female groups; as well as between male versus
female cardiac myocytes, male versus female endothelial cells, and male versus female dead
cells - (B-C): sham versus 0 minutes, sham versus 30 minutes, sham versus 150 minutes, 0
minutes versus 30 minutes, 0 minutes versus 150 minutes, and 30 minutes versus 150
minutes — (D-E): adult male sham versus adult female sham, adult male 0 minute versus adult
female 0 minute, adult male 30 minutes versus adult female 30 minutes, and adult male 150
minutes versus adult female 150 minutes. n=3/group. Mean +SEM. */+/#p<0.05,
** [++/##p<0.01, ***/+++/###p<0.001 with *vs adult male sham, +vs adult male 0 minutes,
#vs adult male 30 minutes, Avs adult male 150 minutes.
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Figure 5.13. Sex-related differences in IL-36a and IL-36[3 expression with females having a higher expression basally and after IR injury
compared to adult male hearts. Sham or IR surgery was performed on adult male and female mice. Mice were culled following 120-minutes of
reperfusion, and hearts were harvested and snap frozen. The LV was transversely sectioned using a cryostat into 10um sections and then
immunostained with an antibody against either IL-36a or IL-36 (AF488). Sections were imaged using a EVOS microscope. (A) Representative
images of IL-36a and IL-36B staining of frozen adult male heart sections. Scale bar indicates 200um. Quantitative analysis of the
immunofluorescent images of (B) IL-36a, and (C) IL-36f expression. Statistical analysis was performed using a one-way ANOVA, followed by a
Tukey’s post-hoc test between the following groups: adult male sham versus adult male IR injury, adult male sham versus adult female sham,
adult female sham versus adult female IR injury, and adult male IR injury versus adult female IR injury. Abbreviations - IRI: ischaemia reperfusion
injury. n=4/group. Mean +SEM. *p<0.01, ***p<0.001, ****p<0.0001.



5.2.8. Sex-Related Differences in DNA/RNA Oxidative Damage, with Males

having Greater Oxidative Damage, Particularly on Cardiomyocytes

Oxidative damage was determined on both CMs and ECs by using flow cytometry of
collagenase digested hearts from all four groups. Significant oxidative damage took place on
both CMs and ECs as early as 30 minutes post-reperfusion in adult male injured hearts when
compared to adult male sham hearts. This oxidative damage remained significantly elevated
on CMs and ECs even at 150 minutes post-reperfusion when compared to adult male sham
hearts, but was no different to that seen at 30 minutes post-reperfusion (Figures 5.14a-b).
This was then compared to oxidative damage on adult female hearts. Oxidative damage on
adult male CMs was significantly higher in healthy sham hearts, at 0 minutes post-reperfusion,
30 minutes post-reperfusion and 150 minutes post-reperfusion when compared to adult
female CMs (Figure 5.14c). Even on ECs, oxidative damage on male ECs was significantly
higher in healthy sham hearts and at 0 minutes post-reperfusion, but not at 30- or 150-

minutes post-reperfusion when compared to adult female CMs (Figure 5.14d).
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Figure 5.14. Sex-related differences in DNA/RNA Damage, with males having greater
damage, particularly on cardiomyocytes. IR surgery was performed on adult male and
female mice. Mice were culled following 0, 30 or 150-minutes of reperfusion and hearts were
harvested and digested. Cell suspension was stained with an anti-CD31, anti-cTnT, and anti-
DNA/RNA damage antibodies and acquisition was performed using a CyAn™ ADP cytometer.
Quantitative analysis of DNA/RNA damage in adult male mice on (A) cardiac myocytes, and
(B) endothelial cells. Quantitative analysis of DNA/RNA damage between male and female
mice on (C) cardiac myocytes, and (D) endothelial cells. Statistical analysis was performed
using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups
(A-B): sham versus 0 minutes, sham versus 30 minutes, sham versus 150 minutes, 0 minutes
versus 30 minutes, 0 minutes versus 150 minutes, and 30 minutes versus 150 minutes — (C-
D): adult male sham versus adult female sham, adult male 0 minute versus adult female 0
minute, adult male 30 minutes versus adult female 30 minutes, and adult male 150 minutes
versus adult female 150 minutes. n=3/group. Mean *SEM. */+/#p<0.05, **/++/##p<0.01,
*EX [+++/###p<0.001 with *vs adult male sham, +vs adult male 0 minutes, #vs adult male 30
minutes, Avs adult male 150 minutes.
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5.2.9. No Sex-Related Differences in the Ability of IL-36R Inhibition to Reduce

Myocardial Inflammation in vivo

In the previous chapter, we showed that the IL-36Ra could reduce inflammatory events in the
adult (and aged) female injured heart. In this chapter, we looked to see if this inhibitor could
also prevent thromboinflammatory perturbations in the adult male injured heart. This was
assessed using the modified stabilisation protocol that allowed the coronary microcirculation
to be imaged immediately after reperfusion was initiated. IL-36Ra significantly reduced
neutrophil adhesion within the first 30 minutes of reperfusion as well as during the remaining
150 minutes of reperfusion when compared to untreated adult injured mice (Figures 5.15 and
5.16a-c). This anti-neutrophil effect was no different to that noted in adult female injured

mice pre-treated with IL-36Ra (Figures 5.17a-c).

In adult male injured mice treated with the IL-36Ra, there were no significant changes in
platelet microthrombi formation during the first 30 minutes of reperfusion. However, over
the entire 150 minutes reperfusion period, a significant increase in platelet microthrombi
presence was when compared with non-treated adult injured mice (Figures 5.15 and 5.16d-
f). This lack of ability to prevent platelet presence in the first 30 minutes was also noted in
adult female injured mice pre-treated with IL-36Ra. Also, the increased presence of platelet
microthrombi over the remainder of the reperfusion phase was also noted in adult female
injured mice pre-treated with IL-36Ra, although this increase was significantly higher in IL-
36Ra treated adult male injured mice when compared to female injured mice (Figures 5.17d-

f).
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To determine whether these anti-neutrophil events were mirrored throughout the thickness
of the ventricular wall, multiphoton microscopy was performed on hearts harvested at the
end of intravital experiments. Ex vivo multiphoton imaging of the depth of the ventricular wall
confirmed the ability of IL-36Ra to mediate a significant anti-inflammatory response
throughout the depth of the tissue (Figures 5.18a-e). Although this was also noted in female
mice, the ability of IL-36Ra to reduce neutrophil presence was better in adult male injured
mice, as significantly lower neutrophils were observed in the adult male injured heart when

compared to the adult female injured heart (Figures 19a-d).

5.2.10. IL-36R Inhibition Increases Functional Capillary Density, with

Improvements More Notable in Female Mice in vivo

In order to assess microvascular perfusion following IL-36Ra treatment of adult male and
female IR injured mice, FITC-BSA was administered via the carotid artery at the end of
imaging. In adult male injured mice, IL-36Ra resulted in some improvement in the presence
of FITC-BSA perfused capillaries when compared to untreated adult male injured mice.
However, this still remained lower than that seen in healthy uninjured male sham hearts.
Indeed, areas devoid of perfusion were still noted in IL-36Ra treated adult male injured hearts.
In adult female injured mice, the improvements observed were more notable. Medium-sized
vessels were still readily visible and well perfused in both adult male and female IL-36Ra

treated hearts (Figures 5.20a-b).

To determine vascular leakage, a piece of tissue paper was used to collect liquid within the

centre of the stabilizer between captures and was later imaged to detect FITC-BSA
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fluorescence. Both male and female IL-36Ra treated hearts had reduced leakage throughout
the duration of the surgery when compared with their respective non-treated IR injured
group. This was evident by the use of only two to four tissue paper sections every 15 minutes

in contrast to around three to six in the IR injured groups.

5.2.11. IL-36R Inhibition Increases Overall Left Ventricular Perfusion in

the Adult Male Beating Heart Coronary Circulation in vivo

LSCI was used to investigate the overall perfusion of the left ventricular myocardium in
response to IL-36Ra pre-treatment in adult male and female mice. High and low points were
extrapolated from flux analysis recordings and were attributed to diastolic and systolic left
ventricular events, respectively (Figure 5.21a-b). Analysis was performed on systolic events
for comparative purposes. As expected, in adult male IL-36Ra treated mice, ischaemia
decreased tissue perfusion following LAD artery ligation. This was rapidly reversed as soon as
the artery was untied. In adult male untreated injured mice, although flow returned, it
remained below pre-ischaemic baseline values throughout reperfusion. However, in IL-36Ra
treated mice, reperfusion was accompanied by a transient reactive hyperaemic response,
which plateaued but remained above pre-ischaemic baseline values at all-time point post-
reperfusion (Figures 5.21b and 5.22a). Indeed, AUC analysis showed that perfusion was
significantly better in male IL-36Ra treated injured hearts when compared to non-treated

adult IR hearts (Figures 5.22b).
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LSCl also allowed ventricular arrhythmia to be investigated from the flux recordings using the
standard deviation of the inter-beat distance as a means to identify irregularity in the rhythm
of the heartbeat. Both ischaemia and reperfusion resulted in arrhythmic responses in
untreated male injured mice which was significantly reduced in treated adult male mice
(Figures 5.22c-d). Interestingly, heart rate was significantly increased in response to
reperfusion in adult IL-36Ra treated injured mice when compared to non-treated mice

(Figures 5.22e-f).

To determine whether IL-36Ra treatment impacted perfusion differently during systole and
diastole, the average flux during these two phases of the cardiac cycle in IL-36Ra treated and
untreated adult male mice was compared. As expected, ischaemia decreased ventricular
perfusion during systole and diastole in treated and untreated adult male injured mice.
However, there was no significant difference in the ischaemic ventricular perfusion during
systole and diastole. Again, reperfusion resulted in resumption of ventricular perfusion in
systole and diastole in both treated and untreated adult male injured mice. However,
perfusion was improved in both systolic and diastolic phases in adult male IL-36Ra treated

injured mice when compared to untreated injured mice (Figures 5.23a-c).

5.2.12. IL-36R Inhibition Decreases Infarct Size in Adult Hearts

Dual Evans blue and TTC staining was used to determine the impact of IL-36Ra on infarct size
in male and female IR injured mice. There were no statistically significant differences in infarct
size in the various layers of the adult male IL-36Ra treated injured hearts. However, infarct

size was significantly decreased in all three layers (layer 1 — p<0.05; layer 2 — p<0.05; layer 3
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— p<0.05) of the male IL-36Ra when compared with the non-treated male IR injured hearts.
Overall infarct size in all layers was also significantly reduced in male hearts when compared
to non-treated male IR injured hearts, something which was also seen in female hearts
(Figures 5.24a-d). AAR were not significantly different either in the various layers of the make

heart or overall in all layers (Figures 5.24e-f).
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Figure 5.15. IL-36R inhibition reduces myocardial inflammation in vivo in the IR injured adult male heart. Representative intravital images
following IR surgery on adult male mice in the coronary microcirculation over a time course of 150 minutes post-reperfusion. An IL-36 receptor
antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion in adult male mice.
Fluorescently labelled antibodies against neutrophils (green) and platelets (red) were injected via the carotid cannula 10 minutes before
reperfusion and imaged intravitally. Scale bar indicates 100um. n<5.
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Figure 5.16. IL-36R inhibition reduces myocardial inflammation in vivo in the IR injured adult male heart. IR surgery was performed on adult
male mice. Fluorescently labelled antibodies against neutrophils and platelets were injected via the carotid cannula 10 minutes before
reperfusion and imaged intravitally. Additionally, an IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-
reperfusion and 60 mins post-reperfusion in adult male mice. Quantitative time-course analysis of intravital data for (A) adherent neutrophils,
and (D) platelets in the first 30 minutes. Area under the curve (AUC) analysis in the first 30 minutes for (B) adherent neutrophils, and (E) platelets
and over the 150 minutes post-reperfusion for (C) adherent neutrophils, and (F) platelets. Statistical analysis was performed using a Student’s
unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n<5/group. Mean +SEM. **p<0.01, ****p<0.0001.
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Figure 5.17. No Sex-related differences in the ability of IL-36R inhibition to reduce myocardial inflammation in vivo. IR surgery was performed
on adult male and female mice. Fluorescently labelled antibodies against neutrophils and platelets were injected via the carotid cannula 10
minutes before reperfusion and imaged intravitally. Additionally, an IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially
at 10 mins pre-reperfusion and 60 mins post-reperfusion in adult male and female mice. Quantitative time-course analysis of intravital data for
(A) adherent neutrophils, and (D) platelets in the first 30 minutes. Area under the curve (AUC) analysis in the first 30 minutes for (B) adherent
neutrophils, and (E) platelets and over the 150 minutes post-reperfusion for (C) adherent neutrophils, and (F) platelets. Statistical analysis was
performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: adult male IRI versus adult male IRI + IL-
36Ra, adult female IRI versus adult female IRl + IL-36Ra, adult male IRl + IL-36Ra versus adult female IRl + IL-36Ra. Abbreviations - IRIl: ischaemia

reperfusion injury. n<5/group. Mean +SEM. **p<0.01, ****p<0.0001.



A B D 1% Layer

Adult Male IRI Adult Male IRI
3000000 Adult Male IRI + IL-36Ra
Epicardial 210

End

* ¥

2000000 = 15x10%

1102 ——

Neutrophils
(Sum Intensity)

1000000 +

AUC - Neutrophils
(Sum Intensity)

5x1074

0 T T T 0 T T
! 2 3 4 Adult Male Adult Male
Tissue Layer IRI IRl + IL-36Ra

Epicardial end to Endocardial end

C All Layers E 20 _ 4™ | aver

Ax 1054 23 3x10% * K

1=10%

~
*
ey
=]
oo

3x10%

2x10°4

(Sum Intensity)
o
x
5
=
-

AUC - Neutrophils
(Sum Intensity)
AUC - Neutrophils

1=10°

Adult Male Adult Male
IRI IRl + IL-36Ra

Adult Male Adult Male
Endocardial IRI IRI + IL-36Ra
End

Green : Neutrophils

Figure 5.18. IL-36R inhibition reduces neutrophil presence within the deeper layers of the IR injured male myocardium. IR surgery was

performed on adult male mice. Fluorescently labelled antibodies against neutrophils and platelets were injected via the carotid cannula 5
minutes before reperfusion and imaged intravitally. Additionally, an IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially
at 10 mins pre-reperfusion and 60 mins post-reperfusion in adult male mice. Mice were culled following 150-minutes of reperfusion, and hearts
were harvested. The LV was vibratome sectioned into four 300um sections and imaged using a multiphoton microscope. (A) Representative z-
stack multiphoton images of neutrophils (green) in the 4 layers of the LV taken from the outermost layer closest to the epicardium (1), outer
myocardial layer (2), inner myocardial layer (3) and the innermost layer closest to the endocardium (4). Quantitative analysis of the multiphoton
data at various depths for (B) adherent neutrophils and corresponding (C) area under the curve (AUC) for adherent neutrophils for all layers. (D)
AUC for adherent neutrophils for the first layer, and (E) AUC for adherent neutrophils from layer 2-4. Statistical analysis was performed using a
Student’s unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n < 5/group. Mean +SEM. **p<0.01, ***p<0.001.
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Figure 5.19. IL-36R inhibition reduces neutrophil presence within the deeper layers of the
IR injured male and female myocardium. IR surgery was performed on adult male and
female mice. Fluorescently labelled antibodies against neutrophils and platelets were injected
via the carotid cannula 5 minutes before reperfusion and imaged intravitally. Additionally, an
IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-
reperfusion and 60 mins post-reperfusion in adult male and female mice. Mice were culled
following 150-minutes of reperfusion, and hearts were harvested. The LV was vibratome
sectioned into four 300um sections and imaged using a multiphoton microscope. Quantitative
analysis of the multiphoton data at various depths for (A) adherent neutrophils and
corresponding (B) area under the curve (AUC) for adherent neutrophils for all layers. (C) AUC
for adherent neutrophils for the first layer, and (D) AUC for adherent neutrophils from layer
2-4. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-
hoc test between the following groups: adult male IRI versus adult male IRl + IL-36Ra, adult
female IRI versus adult female IRl + IL-36Ra, adult male IRl + IL-36Ra versus adult female IRl +
IL-36Ra. Abbreviations - IRI: ischaemia reperfusion injury. n<5/group. Mean *SEM. *p<0.05,
**p<0.01, ****p<0.0001.
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Figure 5.20. IL-36R inhibition increases functional capillary density within the beating heart coronary microcirculation in vivo, with
improvements more notable in adult injured female mice than adult injured male mice. IR surgery was performed on adult male and female
mice. Fluorescently labelled antibody against bovine serum albumin (green) was injected via the carotid cannula at 120-minutes post reperfusion
and imaged intravitally. Additionally, an IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion
and 60 mins post-reperfusion in adult male and female mice. (A) Representative intravital images of FITC-BSA perfused coronary microvessels
at 150 mins in IRl and IRl + IL-36Ra adult male and female hearts. (B) Quantitative analysis of intravital vascular perfusion data. Statistical analysis
was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: adult male sham versus adult male
IRI, adult male sham versus adult male IRl + IL-36Ra, adult male IRI versus adult male IRI + IL-36Ra, adult female sham versus adult female IRI,
adult female sham versus adult female IRI + IL-36Ra, and adult female IRI versus adult female IRl + IL-36Ra. (1) outermost layer closest to the
epicardium, (2) outer myocardial layer, (3) inner myocardial layer, and (4) the innermost layer closest to the endocardium. n = 3/group. Mean

+SEM. *p<0.05, ***p<0.001.
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Figure 5.21. IL-36R inhibition increases perfusion in adult male beating heart coronary circulation in vivo. IR surgery was performed on adult
male mice. An IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-
reperfusion. Video captures were obtained throughout the surgery using laser speckle contrast imaging (LSCI). (A) Representative images of LSCI
at various time points showing the flux heat map, still image of the beating heart, and analysis graph in adult male mice. Baseline capture prior
to ischaemia was used as the baseline reading; indicating good perfusion. Quantitative time-course analysis of LSCI data for (B) flux unit
(perfusion), (C) standard deviation of the inter-beat distance (arrythmia), and (D) heart rate. n = 6/group. Mean SEM.
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Figure 5.22. IL-36R inhibition increases perfusion in adult male beating heart coronary circulation in vivo. IR surgery was performed on adult
male. An IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion.
Video captures were obtained throughout the surgery using laser speckle contrast imaging (LSCI). Quantitative time-course analysis of LSCI data
for (A) flux unit (perfusion), (C) standard deviation of the inter-beat distance (arrythmia), and (E) heart rate. Area under the curve (AUC) analysis
for (B) flux unit, (D) standard deviation of the inter-beat distance, and (F) heart rate over a time course of 150 minutes post-reperfusion.
Statistical analysis was performed using a Student’s unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n = 6/group. Mean +SEM.
*p<0.05, ***p<0.001.
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Figure 5.23. IL-36R inhibition reduces systole and diastole anomalies following IR injury in vivo. IR surgery was performed on adult male. An
IL-36 receptor antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion. Video
captures were obtained throughout the surgery using laser speckle contrast imaging (LSCI). Baseline capture prior to ischaemia was used as the
baseline reading; indicating good perfusion. Quantitative systole and diastole time-course analysis of LSCI data for flux unit (perfusion) in (A)
male IRl and (B) male IRI + IL-36Ra mice. (C) Area under the curve (AUC) analysis for systole and diastole flux unit in the ischaemia and reperfusion
phases. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between the following groups: systole
male IRl versus systole male IRl + IL-36Ra for each of ischaemia and reperfusion, and diastole male IRl versus diastole male IRl + IL-36Ra for both
ischaemia and reperfusion. (D) Quantitative analysis of LSCI baseline capture prior to ischaemia. Statistical analysis was performed using a
Student’s unpaired t-test. Abbreviations - IRI: ischaemia reperfusion injury. n = 6/group. Mean +SEM. *p<0.05, **p<0.01.
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Figure 5.24. IL-36R inhibition decreases infarct size in adult male and female hearts. IR
surgery was performed on male and female adult mice. Following 4-hours of reperfusion, the
left anterior descending artery was re-ligated, and Evans Blue was injected. An IL-36 receptor
antagonist (IL-36Ra; 15pg/mouse) was injected intra-arterially at 10 mins pre-reperfusion and
60 mins post-reperfusion. Mice were culled, and the heart was harvested, sectioned, stained
with TTC and imaged. (A) Representative images of the TTC stained adult male IR injured + IL-
36Ra hearts. Quantitative analysis of infarct size (B) in the various layers and (C) in the overall
of the heart, and (D) between males and females throughout all the layers. Layer 1 represents
the first layer below the ligature and layer 3 represents the apex of the heart. Quantitative
analysis of the area at risk (E) in the various layers, and (F) in the overall of the heart. Statistical
analysis was performed using (B, E) a one-way ANOVA, followed by a Tukey’s post-hoc test
between the following groups: adult male IRl versus adult male IRl + IL-36Ra in each of the 3
layers, as well as layer 1 versus layer 2, layer 1 versus layer 3, and layer 2 versus layer 3 for
adult IRI + IL-36Ra, (C, F) Student’s unpaired t-test, (D) one-way ANOVA, followed by a Tukey’s
post-hoc test between the following groups: adult male IRI versus adult male IRI + IL-36Ra,
adult female IRI versus adult female IRl + IL-36Ra, adult male IRI + IL-36Ra versus adult female
IRI + IL-36Ra. Abbreviations - IRI: ischaemia reperfusion injury. n < 6/group. Mean *SEM.
*p<0.05, **p<0.01, ***p<0.001.
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5.2.13. IL-36R Inhibition Reduced Endothelial and Cardiac Myocyte

Oxidative Damage and VCAM-1 Expression in the Male IR Injured Heart

To determine whether IL-36Ra treatment conferred vasculoprotection via similar
mechanisms in male and female hearts, flow cytometry of collagenase digested hearts, as
well as immunofluorescent staining on frozen heart sections was performed. IL-36Ra
treatment significantly decreased ROS mediated oxidative damage on CMs from both adult
male and adult female injured hearts when compared with non-treated injured hearts as
determined by flow cytometry (Figure 5.25a). A reduction in oxidative damage was also seen
on coronary ECs in both treated adult male and female injured hearts but did not reach

statistical significance (Figure 5.25b).

Significant reductions in oxidative damage were also confirmed by immunofluorescent
staining for oxidized DNA/RNA on both adult male and adult female IL-36Ra treated. This was
noted as punctate staining on both CD31* vascular and non-vascular structures (Figures 5.25c-

d).

Expression of VCAM-1 was also investigated by immunofluorescence on frozen heart sections.
Expression of this endothelial adhesion molecule was significantly decreased in adult male

and adult female IL-36Ra treated injured mice (Figures 5.26a-b).
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Figure 5.25. IL-36R inhibition decreases expression of DNA/RNA damage on cardiac
myocytes and endothelial cells. IR surgery was performed on adult male and female mice.
An IL-36 receptor antagonist (IL-36Ra; 15pg/mouse) was injected intra-arterially at 10 mins
pre-reperfusion and 60 mins post-reperfusion. (A-B) Mice were culled following 150-minutes
of reperfusion, and hearts were harvested and digested. Cell suspension was stained with an
anti-CD31, anti-cTnT, and anti-DNA/RNA damage antibodies and acquisition was performed
using a CyAn™ ADP cytometer. Quantitative analysis of DNA/RNA damage expression on (A)
cardiac myocytes, and (B) endothelial cells. n=3/group. (C-D) Mice were culled following 120-
minutes of reperfusion, and hearts were harvested and snap frozen. The LV was transversely
sectioned using a cryostat into 10um sections and then immunostained with an anti-
DNA/RNA damage, anti-CD31, and anti-VCAM-1 antibodies. Sections were imaged using a
EVOS microscope. (C) Representative images of DNA/RNA damage (green), VCAM-1 (blue),
and CD31 (red) staining of frozen heart sections. Scale bar indicates 200um. (D) Quantitative
analysis of the immunofluorescent images of DNA/RNA damage expression. n=4/group.
Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc
test between four groups: adult male IRl versus adult male IRl + IL-36Ra, adult female IRI
versus adult female IRl + IL-36Ra, and adult male IRl + IL36Ra versus adult female IRl + [L-36Ra.
Abbreviations - IRI: ischaemia reperfusion injury. Mean +SEM. *p<0.05, **p<0.01.
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Figure 5.26. IL-36R inhibition decreases expression of VCAM-1. IR surgery was performed on adult male and female mice. An IL-36 receptor
antagonist (IL-36Ra; 15ug/mouse) was injected intra-arterially at 10 mins pre-reperfusion and 60 mins post-reperfusion. Mice were culled
following 120-minutes of reperfusion, and hearts were harvested and snap frozen. The LV was transversely sectioned using a cryostat into 10um
sections and then immunostained with an anti-VCAM-1 antibody. Sections were imaged using a EVOS microscope. (A) Representative images of
VCAM-1 (blue) staining of frozen heart sections. Scale bar indicates 200um. (B) Quantitative analysis of the immunofluorescent images of VCAM-
1 expression. n=4/group. Statistical analysis was performed using a one-way ANOVA, followed by a Tukey’s post-hoc test between four groups:
adult male IRl versus adult male IRI + IL-36Ra, adult female IRl versus adult female IRl + IL-36Ra, and adult male IRl + [L36Ra versus adult female
IRl + IL-36Ra. Abbreviations - IRI: ischaemia reperfusion injury. Mean +SEM. *p<0.05, **p<0.01, ***p<0.001.
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Table 5.1. Summary of the major sex-related differences between adult male and female IR
injured mouse hearts. Studies conducted were intravital microscopy and laser speckle in vivo
studies on the beating heart and multiphoton, flow cytometry and immunostaining in vitro studies.
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5.3. Discussion

Sex differences in the onset of CVD and outcomes have been widely studied and have been
associated with differences in cardiac structure and function, sex hormones, innate and
adaptive immune responses, risk factors, and age [172]. Therefore, consideration of the
effects of sex on the post-ischaemic heart, particularly on the cardiac microcirculation, is
critical. This chapter provides original contributions on sex-related differences in the
response of the coronary microcirculation to myocardial IR injury and IL-36 targeted

therapy in vivo. The main results are summarised in Table 5.1.

Briefly, although thromboinflammatory disturbances were noted in both sexes, a greater
burden of thrombotic disease was noted in adult male injured coronary microvessels whilst
a greater inflammatory or neutrophil presence was identified in adult female injured
hearts. FCD was reduced in the coronary microcirculation of both sexes but slightly more
so in male hearts. LSCI also detected sex specific differences in overall left ventricular
perfusion. Unlike female injured mice, male injured mice were unable to restore
ventricular perfusion to pre-ischaemic baseline values as soon as the LAD artery was
untied. Interestingly, IL-36R and IL-36 cytokine expression was higher in female hearts,
particularly on coronary ECs. These various differences were directly or indirectly
associated with infarct size being larger in female hearts than in male hearts. Despite these
various differences, the use of the IL-36Ra resulted in similar beneficial effects with regards
to decreasing oxidative CM/EC damage, decreasing VCAM-1 expression, and improving
thromboinflammation in both male and female injured mice. Ultimately, this resulted in a

reduction in the infarct size to a relatively similar degree in both sexes. Interestingly, this
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was despite the fact that IL-36Ra resulted in increased platelet adhesion within male and

female hearts, but significantly more so in male hearts.

5.3.1. Sex-Related Thromboinflammatory and Perfusion Perturbations

Following Myocardial IR Injury in vivo

5.3.1.1. Increased Neutrophils in IR Injured Female Hearts

The innate and adaptive immune responses are stronger in adult females than in males. As
aresult, pathogens are cleared faster in adult females, but this increases their susceptibility
to inflammatory and autoimmune diseases [188]. In the current study, the innate immune
response was certainly stronger in female hearts, and so the impact of sex on the coronary
microcirculation was notable. Our novel in vivo data showed an approximately 4-fold
increased neutrophil recruitment following IR injury in the female microvasculature
compared to their male counterparts. These differences were also confirmed in our
multiphoton studies, which showed neutrophil presence was not only uniformly increased
throughout all layers of the LV in female IR injured hearts but was also significantly higher
than in male hearts. It is well recognised that neutrophils are critically involved in tissue
injury following reperfusion. Moreover, activated neutrophils are well known to become
stiffer, which contributes to their retention, specifically within capillaries that have a
smaller diameter than their own [249]. Therefore, our demonstrated enhanced neutrophil
recruitment observed in females may drive worsened IR injury, and thus the larger infarct

size noted in female mice [248].
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The sex differences in neutrophil presence in the injured heart may be due to inherent
differences in the neutrophils themselves. Indeed, a recent study by Gupta et al. (2020)
performed mRNA-sequencing on isolated human neutrophils and demonstrated significant
differences in gene expression between female and male neutrophils, with 106 genes up-
regulated and 128 genes down-regulated in females compared to male neutrophils. They
also showed neutrophils in females existed in a basally activated state leading to greater
proinflammatory responses, including greater ability to form NETs [293]. Such neutrophil
differences have also been shown in mice where male mouse neutrophils appeared to have
more degranulation activity, as evidenced by higher levels of the neutrophil protein

elastase and females exhibited more NETosis [294].

Sex-related differences in neutrophil recruitment have also been demonstrated in other
types of injuries and tissues/organs. Madalli et al. (2015) showed a greater number of
adherent neutrophils in the male mesenteric microcirculation in a model of intestinal IR
injury in rats at early (30 minutes) and late (120 minutes) time points post-reperfusion
[295]. Gwak et al. (2007) showed that the number of neutrophils identified following
gastrectomy surgical intervention was significantly higher in females than in males [296].
These contrasting results may be explained by differences in the species used, injury model

and the vascular bed studied.
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5.3.1.2. Increased Platelets in IR Injured Male Hearts

An approximately 3-fold increase in platelet presence was noted in the male injured
coronary microcirculation compared to their female counterparts. These appeared as
rounded and elongated aggregates or microthrombi, which seemed to occlude the affected
microvessels, which was evidenced by the lack of circulating neutrophils passing through
affected microvessels. Although this increased platelet presence may be explained by sex
differences in platelet function, our results do not conform to the current general
consensus that females have a more hypercoagulable profile. For example, females have
been shown to have a higher platelet count than in males [297]. Leng and colleagues
conducted the first study using mouse platelets and showed that platelets of female mice
were more sensitive to agonists such as ADP and CRP than platelets of males [298].
However, Coleman et al. later found that although human female platelets had an
increased activation (and aggregation) response to ADP stimulation, male platelets had a
greater response to PAF stimulation, suggesting sex-dependent activation and receptor
responses. [299]. Whether the involvement or presence of platelet agonists and their
receptors differs in male and female mice in response to myocardial IR injury is not known

and would require further investigation.

A recent study by Kim and colleagues showed that during health, human female platelets
were more reactive to three different agonists, namely ADP (activates P2Y1, receptor),
TRAP-4 (activates PAR-1 receptor) and U46619 (activates thromboxane receptor).
However, contrary to these observations in health, when platelets from patients with Ml
were tested, male platelets were 2.7-fold more reactive to TRAP-4 and 1.6-fold more

reactive to ADP, with no difference to U46619. They confirmed their human data in
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platelets from healthy and MI mice [300]. This increased responsiveness of male platelets
to agonists in disease situations like Ml compared to health may explain our findings of
increased microthrombus presence within the coronary microcirculation of male IR injured

mice.

Intravitally, we noted that in the actual coronary microvessels occupied by platelet
aggregates, no free-flowing neutrophils could be observed passing through them. This
suggests these microthrombotic events were likely occlusive. This may explain why overall
ventricular perfusion was not able to return to pre-ischaemic levels once the LAD was
untied and also why there was a greater lack of FITC-BSA perfusion (and thus decreased
FCD) in male injured hearts. In contrast, in female IR injured hearts, where there was a
much higher inflammatory presence, ventricular blood flow was able to return to baseline
levels upon reperfusion, suggesting that neutrophils, even though present in high numbers,
may not have necessarily been occlusive. Although decreased FITC-BSA perfusion was
observed in female mice intravitally, perfusion at a microscopic level was mildly better than
in male hearts. As far as we are aware, there have been no studies that have investigated
sex-related myocardial perfusion disturbances post-MIl. However, a recent study by
Nickander et al. (2020) identified a significant decrease in myocardial perfusion following
adenosine-induced stress in male participants compared to their female counterparts

[301].
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5.3.2. Sex-Related Changes in VCAM-1 and Oxidative Damage

Since VCAM-1 is critical for recruiting leukocytes to the vascular endothelium during an
inflammatory response; we investigated whether differences in the expression of this
adhesion molecule could explain the increased recruitment of neutrophils in females
hearts. Basal expression was low in male and female sham mice, and there were no
significant sex-related differences. This low-level basal expression may be the result of the
surgical technique [241]. Levels of VCAM-1 increased in both males and females following
IR injury. Although females had higher levels VCAM-1, this did not attain statistical
significance. Whether this mild difference was biologically sufficient enough to contribute
to the enhanced number of recruited neutrophils within the coronary microcirculation
would need further investigation. Although there were no clear basal or injury-induced
differences in VCAM-1 in the current study, others have shown oestrogen to be
cardioprotective in pre-menopausal women due to its ability to suppress TNFa induced
VCAM-1 (and ICAM-1) expression on human aortic ECs an thus subsequent monocyte
recruitment. Hence, it is capable of exerting an anti-inflammatory response [302]. In
contrast, testosterone has been shown to increase VCAM-1 mRNA in a dose- and time-
dependent manner in HUVECS [303]. Such sex-related differences, however, were not
apparent in the current study in either the healthy or IR injured coronary vasculature and

so may not mechanistically explain the differences in the neutrophil recruitment.

It is possible that differences in thrombotic and inflammatory events could be due to sex-
related differences in CM/EC oxidative damage. Indeed, flow cytometric and
immunofluorescence studies demonstrated a significant increase in CM/EC oxidative

damage, both basally and during the ischaemic period, in male mice when compared to
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female mice. This oxidative damage continued to be significantly higher throughout
reperfusion on male CM’s but was similar on ECs between the two sexes. Several studies
have shown a similar enhanced response in males. Barp et al. showed an increase in
myocardial oxidative stress, as assessed by lipid peroxidation, and a decrease in critical
antioxidants such as superoxide dismutase, in male rats versus females and suggested this
to be related to the anti-oxidant role of oestrogen in the heart, while the same was not
true for testosterone [304]. The pro-oxidant / anti-oxidant balance being in favour of anti-
oxidants in female hearts was also noted in human tissue, where male individuals had
evidence of higher basal levels of in vivo markers of oxidative stress than females of the
same age [305]. Vascular oxidative stress is well known to be associated with elevated
thrombosis due to suppressed bioavailability of anti-thrombotic NO [306]. Therefore, the
higher presence of platelet microthrombi in male hearts that had higher EC oxidative
damage is understandable. However, why this is also not associated with greater
neutrophil recruitment (or why there was increased neutrophil presence in female hearts
when they demonstrated significantly less CM/EC oxidative damage) is not clear and would

require further investigation.

5.3.3. Sex-Related Changes in IL-36R and IL-36

Following MI, cytokine production drives the initial inflammatory response after the
ischaemic phase. IL-36 is typically one of the most upstream and up-regulated cytokines
released upon tissue injury and cellular necrosis, and is critical in triggering the subsequent

synthesis and release of a multitude of inflammatory mediators [269]. We investigated
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basal IL-36R, IL-36a, and IL-36B expression was low in both sexes, supporting the
observation of Towne et al. (2004) who also showed minimal IL-36 expression in human
and murine hearts using qPCR [272]. Interestingly, immunofluorescence studies showed
basal expression of all three to be significantly higher in female hearts whereas flow
cytometry showed no differences between sexes or less expression on male CMs/ECs.
Differences in basal expression does not seem to be unique to this particular cytokine. In
the GTEX study, RNA-sequencing data were obtained from the left ventricle of 46 non-
diseased deceased donors and showed 178 differentially expressed genes, of which 124
were up-regulated in females and 54 in males [307]. Importantly, this study showed that
under basal conditions, the female heart over expressed genes involved in inflammatory
pathways. For example, females over expressed TNFAIP3, a gene involved in immune and
inflammatory responses signalled by TNFa and IL-1f3, as well as chemokines CX3CL1 and

CCL4, adhesion molecule VCAM1 and the transcription factor NFkB.

We further showed, both by tissue staining and flow cytometry, that although IL-36 and IL-
36R expression was increased in both sexes after IR injury, this was more pronounced in
injured female hearts. As far as we are aware, this is the first demonstration that members
of this novel cytokine pathway are expressed differentially in injured male and female
hearts. There is a plethora of data on inflammatory cytokines (not so much on their
receptors) and how their synthesis / release varies between sexes during different
diseases. Some of these studies show increased release in males, but most confirm our
results of increased production in females. For example, IL-1la and IL-13 have both
previously been shown to be secreted at higher levels from female peripheral blood

mononuclear cells than in males, both basally and in response to LPS stimulation [308].
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Increased expression of inflammatory IL-36 / IL-36R in injured female hearts may explain
the increased levels of neutrophils within the coronary microcirculation of female rather

than male hearts and warrants further investigation.

5.3.4. Vasculoprotective Effect of IL-36R Inhibition

To date, several clinical trials have been conducted which target inflammatory cytokines
post-MI - mainly IL-1, IL-6, and TNF-a [103, 109, 197-200]. In the case of IL-36, there have
been no studies on the use of the endogenous antagonist IL-36Ra in myocardial IR injury,
and thus we sought to identify if systemic administration of IL-36Ra was protective against
the deleterious effects of IR. In addition, there have been no previous studies which have
looked at potential sex-related differences in the response to myocardial anti-
inflammatory therapies post-Ml. This is clearly important in light of our demonstrated
differences in the microvascular perturbations exhibited by male and female mice post-
reperfusion. However, it is also important given that many studies have shown sex-related
differences in the efficacy of drugs with anti-inflammatory properties [309]. Our novel data
shows administration of IL-36Ra is associated with a 30% and 50% reduction in neutrophil
recruitment in both adult male and female IR injured hearts respectively, but the number
of adherent neutrophils at the end of imaging was similar in both sexes. This suggests the
IL-36Ra, at the dose used, can only inhibit neutrophil adhesion to a certain level. While
there have been no previous studies that have looked at the effect of IL-36Ra on neutrophil
recruitment within the heart, there have been several studies on other organs. A recent
study by Contreras at al. (2016) showed neutrophil recruitment to be reduced following

intestinal damage in IL-36R knockout mice, further suggesting its benefit in promoting
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resolution [287]. Indeed, IL-36Ra has been demonstrated to have anti-inflammatory effects

in many inflammatory conditions, such as psoriasis and rheumatoid arthritis [288].

Somewhat worrying was the observed increase in the presence of platelet microthrombi
following IL-36Ra treatment in both sexes, with a greater increase in male mice. It was
anticipated that thrombosis would have decreased in the coronary microvessels once
neutrophil recruitment was inhibited, especially since NETs, the web-like structures
released by neutrophils, can act as a scaffold for entrapping platelets and contributing to
their adhesion, activation, and aggregation. We speculate that this increased platelet
presence may be linked to the significant intravascular neutrophil accumulation being
reduced, which may have enabled enhanced microvascular entry of platelets, facilitating
microthrombi formation on any damaged microvascular surfaces. Indeed, previous studies
have shown activated inflammatory cells can obstruct the microvasculature [249, 254] and
so we propose that their removal would have increased the surface area available for
platelet adhesion. Whilst there have been no previous studies that have shown similar
results, unpublished data by Kobkaew Bumroongthai from the Kalia Group has also shown
an increase in myocardial platelet presence following stem cell treatments which reduce

neutrophil presence post-myocardial IR injury (UoB, PhD thesis).

We and others have shown myocardial reperfusion to be associated with a worsening of
coronary flow to the heart [255]. In the current study, LSCI showed this to be worse in adult
male injured mice compared to adult female injured mice. However, our novel data
demonstrated that IL-36Ra treatment not only improved blood to reperfused LV, but
actually transiently enhanced it above baseline values in both male and female mice. This

hyperaemic response was accompanied by a sustained increase in perfusion than in the
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non-treated mice, highlighting the importance of timely anti-neutrophil interventions. Our
data supports the observations of Kerckhoven et al. (2004) who also showed that the use
of an anti-inflammatory, namely methylprednisolone, could improve FCD following
myocardial IR injury in rats [310]. However, this was quantitated by staining ECs with lectin
in paraffin sections in recovery mice at 21 days MI. LSCI provides a functional readout of
dynamic blood flow in the beating heart in vivo. Although IL-36Ra treatment was associated
with improvements in overall ventricular perfusion in both sexes, at a microvascular level,
areas of no-reflow were still present, albeit at lower levels than in non-treated injured
hearts. As neutrophil reduction was accompanied by an increase in platelet accumulation,
this may potentially explain the lack of FITC-BSA presence in some microvessels following

IR injury in IL-36Ra treated animals.

Mechanistically, our study demonstrated reduced neutrophil recruitment could be due to
the associated significant decrease in CM/EC oxidative damage and VCAM-1 expression
following IR injury in the presence of the IL-36Ra. Our data support recent observations of
reduced oxidative stress in IL-36R knockout rats undergoing cardiopulmonary bypass [152].
Importantly we show that similar mechanisms are targeted by IL-36Ra in both sexes post-

IR injury.

5.3.5. Infarct Size Reduction with IL-36R Inhibition

Despite the increased platelet microthrombi presence in treated mice, and the varying
level of neutrophil presence within male and female hearts, IL-36Ra treatment still led to

a significant decrease in infarct size in both sexes. Since infarct size is strongly associated
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with prognosis [311], the ability of IL-36Ra to reduce this to equal levels in both sexes
suggests targeting the IL-36 pathway may be beneficial to both sexes. This benefit is likely
linked to the anti-neutrophil effect of IL-36R antagonism, but whether there are other
additional cardioprotective effects of IL-36Ra is not yet known. Having said that, we noted

significantly reduced oxidative damage of CMs and ECs in IL-36Ra treated mice.

Myocardial IR injury appears within minutes of reperfusion, and so it is essential that any
novel cardioprotective therapy is administered prior to myocardial reperfusion in order for
it to be effective. The design of a number of clinical trials involved administering a
therapy after reperfusion had already taken place. Since one dose of IL-36Ra was
administered during the ischaemic period, it permitted an immediate anti-neutrophil
effect as evidenced by decreased neutrophil adhesion in both sexes within 30 minutes of
reperfusion. This opens up the possibility of targeting IL-36 during PCI procedures and it
thus being therapeutically efficacious in a clinical setting. IL-36 is a relatively newly
discovered member if the IL-1 superfamily, and even targeting IL-1 with an IL-1Ra has been

associated with a reduction in infarct size [104].

5.3.6. Conclusion

There remains an unmet need to discover novel therapeutic strategies, particularly
vasculoprotective therapies, which are capable of preventing myocardial IR injury and
reducing infarct size. This is critical in order to preserve LV systolic function and prevent
the onset of heart failure in patients with Ml undergoing reperfusion following PCI.

Importantly, these strategies need to be effective in both males and female patients. We
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have shown for the first time that notable sex-related differences exist with regards to the
microcirculatory perturbations that take place in the IR injured beating coronary
microcirculation in vivo. The higher neutrophil presence in IR injured female hearts may be
linked to the raised levels of IL-36, IL-36R and VCAM-1 in the female myocardium and
coronary microcirculation compared to males. Our study does not really shed light on why
the male injured coronary microcirculation had a greater presence of microthrombi

compared to females, and this warrants further investigation.

Sex differences in the coronary microcirculatory response to IR injury may explain why
younger women who suffer from an acute MI are at a higher risk of mortality than age-
matched men [176]. Our study highlights an important pathophysiological role for
neutrophils. We further provide novel mechanistic insights into how inhibition of IL-36/IL-
36R signalling ultimately decreases infarct size post-reperfusion, most likely mediated by
reducing ROS damage, decreasing VCAM-1, and decreasing neutrophil recruitment.
Importantly, we show that similar vasculoprotective mechanisms are at play in both sexes
and emphasise the importance of targeting the thromboinflammatory cellular events that

occur immediately upon reperfusion.
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6.0. General Discussion

6.1. Summary of Main Findings

CVDs still remain the leading cause of global mortality, with IHD accounting for 49% of the
total global burden [4, 6]. Age is a major risk factor for IHD, with patients exhibiting
worsened cardiac damage and resulting in poorer outcomes, independent of ‘traditional’
risk factors [215-217]. Biological sex also plays a major role in determining patient
prognosis [172]. Treatment of Ml focuses on rapidly re-establishing perfusion following a
blockage in one or more of the coronary arteries. Restoring perfusion is primarily achieved
by patients undergoing a primary PCl using a coronary stent to open the culprit artery [10].
Despite these interventions, which do largely re-establish perfusion within the heart, a
significant proportion of patients still incur extensive muscle damage and develop heart
failure post-Ml [212]. This is partly due to reperfusion paradoxically leading to additional

inflammation and tissue damage, a condition termed IR injury.

The IL-1 family are the first and most upstream inflammatory cytokines produced in
response to injury and so are considered good targets for intervention in models of IR
[115]. While targeting these and other elements in the inflammatory cascade has shown
some benefits in pre-clinical animal models, they have not demonstrated significant
improvements in the clinical setting [109, 197, 263-265]. These discrepancies have largely
been attributed to poor/sub-optimal choices of animal models, varying efficacies of anti-
inflammatories used, differing involvement of MVO, and clinical applicability of the time of
intervention used in experimental models [60]. Interestingly, the ability of the heart to

respond to cardioprotective interventions is also diminished with ageing [158, 312].
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Therefore, timely therapeutic strategies which target myocardial IR injury, particularly the
microvasculature, and retain therapeutic efficacy in aged organisms are needed. In the last
decade, genes encoding a novel cytokine cluster, namely IL-36, were discovered [116, 128].
These cytokines appear to act as regulators of the innate and adaptive immune response
in several disorders. Their importance in some inflammatory disorders is thought to
surpass that of IL-1, a classic IL-1F inflammatory mediator [121]. Therefore, this thesis
explored the potential role of IL-36 as a therapeutic agent, with a focus on coronary
microvascular cardioprotection and efficacy in IR models incorporating comorbidities / risk

factors and early intervention.

One of the main aims of this thesis was to identify any age- and sex-related differences in
microcirculatory responses to myocardial IR injury. Of particular interest was the
immediate aftermath of reperfusion. A number of studies suggest that IR injury is self-
exacerbating, and early intervention may be critical in ensuring treatments are efficacious.
Therefore, we optimised IVM and LSCI protocols in order to be able to visualise the
coronary microcirculation in vivo before reperfusion commences. In turn, we were able to
understand the immediate kinetics of endogenous thromboinflammatory cells and
perfusion perturbations that follow myocardial IR injury. Our novel data provides not only
new insight into how age and sex impact the IR injured coronary microcirculation but also
identifies subtle changes in healthy hearts too. We show that the most significant
perturbation in aged (female) IR injured mice was the remarkable recruitment of
neutrophils, which was associated with a (non-significant) increase in infarct size. In adult
female mice, we again noted that neutrophil recruitment was the more obvious

perturbation when compared to male mice, in part due to the raised levels of IL-36 and
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VCAM-1 in the female coronary microcirculation, and this was again associated with the
greater infarct size in females. This suggests that this particular microcirculatory
perturbation is critical and one that needs to be successfully targeted. It is therefore
unfortunate that contemporary treatment of Ml in patients undergoing PCl only involves

an anti-platelet strategy.

To this effect, we identified the recently discovered IL-36/IL-36R pathway as a novel target
capable of effectively alleviating the neutrophil disturbances in both adult and aged, male,
and female hearts post-IR injury. We supplement this data by providing mechanistic
insights into how targeting this signalling pathway may confer cardio- and
vasculoprotection. Critical to this was the age- and IR injury-related increase in IL-36R
expression, as well as increased pro-inflammatory IL-36a and IL-36B cytokine expression
within the coronary microvasculature. We also demonstrated that all three IL-36 cytokines
can drive an inflammatory response in the adult and aged heart, with IL-36y appearing to
drive the most potent response in aged hearts. We showed cardioprotective effects of IL-
36Ra through decreases in neutrophil recruitment, enhancement of FCD/perfusion, and
reduced infarction via attenuation of ROS mediated endothelial and CM oxidative damage
and vascular adhesion molecule expression. Importantly, the ability of the heart to respond
to IL-36Ra was not lost with ageing or when tested in different sexes. This makes it an ideal

candidate for consideration in future clinical trials.

In this thesis, the major work was conducted using IVM of the healthy and IR injured
beating hearts. This has allowed, for the first time, the microcirculation of the adult and
aged heart to be imaged and has shown the potential impact of inflammaging on the

coronary microcirculation in vivo. Previous studies have shown neutrophils found in aged
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animals to exist in a pre-activated state and constitutively secrete ROS and neutrophil
elastase in close proximity to endothelium [221, 222], which can subsequently contribute
to enhanced endothelial VCAM-1 expression [31, 32]. However, we have complemented
these existing studies by showing that these events are associated with increased active
neutrophil recruitment and/or non-active physical retention primarily within the coronary
capillaries, as well as a concomitant decrease in the number of free-flowing neutrophils
circulating through the heart. These dynamic events have not been previously seen
experimentally and certainly not in human studies due to clinical tools not being able to
resolve coronary microvessels <200um. Understanding the kinetics of neutrophil
recruitment in real-time in vivo, specifically in the heart, is important as it allows the
interaction of neutrophils with other cells of the immune system to be imaged and
generates quantitative data with respect to neutrophil numbers, velocity, recruitment and
migratory behaviour. All of these different aspects of neutrophil behaviour can potentially

be targeted in future novel anti-inflammatory or anti-neutrophils therapies.

Intravital microscopy of the cremaster muscle blood vessels was one of the first models to
be established and extensively used to study neutrophil interactions with blood vessels.
This was mainly due to the ease of accessing and preparing this muscle for imaging and its
transparency. Data using this model has taught us a lot about the molecular mechanisms
involved in the sequential phases of the leukocyte adhesion cascade [313]. However, since
we now know the site and disease-specific mechanisms govern the leukocyte adhesion
cascade, it is important to define the pathophysiological mechanisms governing
thromboinflammation in the heart. Our studies certainly highlight an important

mechanistic role for IL-36 in mediating inflammation in the IR injured heart, both in ageing
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and both sexes, but we have yet to define the mechanisms contributing to thrombotic
events. This latter point is worthwhile pursuing in future studies as we noted adherent
thromboinflammatory cells, particularly platelets, primarily occupied the smallest
diameter capillaries leading to their occlusion. This restricted the flow of blood within them
during reperfusion, thereby generating multiple areas devoid of perfusion. This worsened
microvasculature function may be a significant contributor to the generation of larger

infarcts and so also needs addressing from a therapeutic perspective.

For the various groups tested in this thesis, our flow cytometric results showed CMs and
ECs both undergo oxidative stress following IR injury. There is contradictory evidence in
the literature on which cell group is more susceptible. For example, when compared to ECs,
CMs are considered more sensitive to ischaemic injury and it is for this reason they have
received the most attention when designing strategies to combat myocardial IR injury
[314]. CM susceptibility to oxidative damage can be explained by their reliance on high
energy usage, while EC susceptibility may be explained by them being the first cells to be
exposed to oxidative stress [315]. Our novel data suggests no differences between the
susceptibility of these cell groups, and this is perhaps due to the acute reperfusion period
studied within this thesis. Nevertheless, oxidative stress can activate surrounding

thromboinflammatory cells and in turn, upregulate adhesion molecules [239].

Another major part of this thesis was to investigate the potential role of IL-36 in myocardial
IR injury. Our immunostaining and flow cytometry data showed for the first-time age- and
sex-related differences in IL-36R, IL-36a, and IL-36B expression in the coronary
microvasculature. Adult male basal levels were seen to be the lowest of all the groups

investigated, followed by adult female, and aged females with a concurrent increase in
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response to IR injury within these groups on both CMs and ECs. Increases in baseline IL-36
cytokine expression not only correlate with levels of neutrophil recruitment seen following
IR, but also with infarction and outcomes. This suggests that IL-36 may be directly involved
in myocardial IRl through its pro-inflammatory activity on cardiac cells to enhance adhesion
molecule expression, and attract neutrophils, which may secrete ROS, ultimately driving an
exacerbated inflammatory response (Figure 6.1). Cheng et al. (2020) showed IL-36R rat
knockouts had a significantly decreased infiltration of inflammatory cells, reduced
oxidative stress, and CM apoptosis was reduced following cardiopulmonary bypass induced
IR injury [152]. An increase in expression of IL-36 following IR injury and inflammation is
not unique to the heart and has been described by other groups in various organs [276,
277]. However, this is the first study to investigate age- and sex-related differences in IL-
36 expression. Importantly, we have shown these differences are mediated at the level of
the microcirculation, and thus, the inflammatory cascade, which plays a critical role in
MVO, could potentially be targeted through an IL-36 antagonistic effect at the level of the

microvasculature [28, 52].
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Figure 6.1 — Schematic of a potential novel IL-36/IL-36R pathway in age and IR injury. Based on the findings of this study, a potential novel mechanism of
action for IL-36/IL-36R is proposed. Following reperfusion after a myocardial IR injury (MI) or in response to ageing, IL-36 cytokines are released from damaged,
dead, or senescent cardiac cells (vascular, muscle, etc.). These interact with their receptor (IL-36R) and initiate a signalling cascade that increases the
expression of vascular cell adhesion molecule-1 (VCAM-1), which in turn recruits neutrophils and other innate immune cells to the site of injury. Neutrophils
then release IL-36 cytokines and ROS, and the cycle is repeated. This cycle may lead to the enhanced damage seen in ischaemia reperfusion (IR) injury and
ageing and is inhibited using the IL-36R antagonist (IL-36Ra).



Activation of VCECs highlights that the various isoforms of the IL-36 cytokine could up-
regulate the expression of their own receptor as well as themselves, suggesting a potential
autocrine feedback loop. This positive feedback loop may serve to drive a potentiation of
IL-36 signalling [316]. This may also be impacted by age; it is possible that the
autoregulation of IL-36 becomes dysfunctional or desensitized as a result of inflammaging
or cellular senescence. In the latter case, aged cardiac cells might not respond as efficiently
to IL-36 when compared to adult cells. There are extensive studies in downstream
pathways (including NF-kB, a signalling pathway downstream of IL-36) that provide

evidence for the physiological presence of receptor desensitisation [317].

Topical application of cytokines on the heart has never been performed simultaneously
alongside IVM studies, and thus we optimised the intravital set-up to facilitate this and
allow us to directly activate inflammatory cells in vivo using IL-36 cytokines. Our findings
showed that all IL-36 isoforms significantly enhanced neutrophil recruitment to the
stabilized region of the beating LV in mice, suggesting that the IL-36/IL-36R pathway is
functional within the heart and therefore IL-36 cytokines may be involved in the
inflammatory responses within the heart. However, aged mice appeared to have a slower
response to IL-36 cytokines and a reduced degree of neutrophil recruitment. Taken
together with our previous findings of enhanced IL-36R and cytokine expression in aged
mice, these findings appear contradictory. This seemingly contradictory finding could be
explained in a number of ways. Firstly, increases in the expression of IL-36R in aged mice
may correlate with concomitant increases in circulating endogenous antagonists. This
would act to protect the balance of IL-36 pathway signalling in aged mice by inhibiting

engagement of IL-36 cytokines with their receptor. However, it would also mean that the
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same dose of IL-36 would be unlikely to deliver the same inflammatory response when
comparing aged and adult mice. Indeed, this has been shown to be true for IL-1Ra where
higher circulating levels of the endogenous antagonist are detected in elderly patients, and
this has been suggested to play a role in the decline in the inflammatory response with age
[239]. Secondly, in adult hearts, we saw that the inflammatory response was rapid and
appeared to plateau beyond 60 minutes of topical application; in the aged heart, the
inflammatory response continued to increase up to 150 minutes of topical cytokine
application. This much slower response suggests that the response in the aged mice may
not have reached its maxima by the end of the 150 minutes, possibly as a result of reduced
neutrophil responsiveness with age [165, 168, 281]. It may be that with more prolonged
imaging, this response would reach similar maximal levels to those observed in the adult

mice.

Furthermore, IL-1 has been shown to also have direct activatory effects on platelets [286].
We have been able to show that platelet aggregation and microthrombi formation were
enhanced with IL-36B and IL-36y in adult hearts but were significantly reduced when
topically applied in aged hearts. As such, it remains possible that some IL-36 isoforms may
have an age-related direct thrombotic effect. However, further studies are required to

elucidate the potential for IL-36 cytokines to directly activate platelets.

The final and most clinically translatable part of this thesis involved the use of IL-36Ra as a
potential therapeutic for use following IR injury. New therapies and strategies need to be
designed and optimised that are effective in improving the prognosis for aged patients
post-MI. We and others have recommended therapies must involve specific and early

protection of the delicate coronary microcirculation from IR injury [53, 54]. We have shown
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IL-36Ra treatment to be anti-inflammatory at a functional, molecular, and cellular level
within adult male and female IR injured hearts; these hearts had reductions in infarct size.
This anti-inflammatory response was observed following IL-36Ra administration as a
reduction in neutrophil recruitment. This may potentially be a result of decreased adhesion
molecule expression in the coronary microcirculation (we observed reductions in VCAM-1
following IL-36Ra administration). Consequently, as less neutrophils are recruited, a
decrease in ROS secretion by the ECs and CM was observed. This in turn, reduces the
number of damaged cardiac cells, reduces MVO, and leads to reduced infarction (Figure
6.1). Moreover, a reduction in neutrophil recruitment may also be associated with less
vessel occlusion as once neutrophils (in large numbers) become activated, they become
stiffer and, in turn, result in MVO and enhance infarction [249]. Therefore, improvements
in FCD, enhanced perfusion and maintenance of the initial hyperaemic response may be
associated with this reduction. These effects were seen to be immediate and were
sustained throughout reperfusion. In support of this is, recent work by Luo and colleagues
demonstrated experimentally that deficiency of the IL-36 receptor protected CMs in the
setting of a cardiopulmonary bypass [152]. It is likely that the increased
thromboinflammatory activation and microcirculatory disturbances that we have observed
intravitally in the aged IR injured heart may inhibit the therapeutic efficacy of existing and
future cardiovascular drugs in the elderly. However, our novel finding that IL-36Ra was not
only vasculoprotective, but importantly remained beneficial in the setting of heightened
age-related inflammation in the coronary microvessels, makes it a candidate worth

pursuing clinically in the elderly patients undergoing PCl for MI.
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A number of anti-inflammatories, shown to be successful in experimental studies, have
met with translational failure when tested in patients with Ml [259]. The major outcome
measured in such clinical trials (and indeed experimental studies) are usually long-term
ones — namely, the ability to prevent post-MI remodelling, a secondary non-fatal Ml or
death. Whether these anti-inflammatories can also protect and keep patent the coronary
microcirculation in the immediate aftermath of PCl/reperfusion has received much less
interest. However, this is imperative in order to improve long-term patient outcomes. It is
therefore possible that translational failures are linked to a lack of early intervention at the
level of the coronary microcirculation. Given the rapid development of microvascular no-
reflow, the first hours, if not minutes, following reperfusion are likely to be a critical
determinant of long-term outcomes. Since we have shown multiple microcirculatory
disturbances resulting in poor myocardial perfusion within minutes of reperfusion, we
posulate that it is crucial that the design of anti-inflammatory therapies involve a timely
administration. Our treatment strategy focused on introducing the antagonist at the end
of the ischaemic phase, modelling the period immediately before interventions designed
to mediate reperfusion commence (e.g., PCl). This is to establish an effective circulating
concentration of antagonist in order to dampen the initial reperfusion-associated
inflammatory response and maintain microvascular patency. However, not all clinical trials
have delivered anti-inflammatories prior to reperfusion, with some administered days later
[290]. Again, this may explain the lack of success of such compounds in clinical trials. Our
novel data highlights a significant benefit to the coronary microcirculation in the immediate
aftermath of reperfusion and infarct size with early administration of IL-36Ra, which

importantly is maintained in the presence of an aging as a co-morbidity. This indicates that
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early intervention with an IL-36R inhibitor is worth considering for future clinical

investigations.

6.2. Future Work and Limitations to the Study

Evidence obtained for this thesis has contributed significantly to our understanding of the
role of IL-36 in the heart and has further expanded on age- and sex-related differences in
myocardial IR injury. However, the data presented here only represents the first step
towards a new therapeutic target, and many questions remain unanswered. A consistent
finding throughout this thesis indicates a rapid thromboinflammatory response that
initially peaks within the first 15 minutes of reperfusion. However, as all the IVM studies
only lasted for 2.5 hours, we do not know what these responses might be like in the longer
term in the presence or absence of the IL-36Ra. Indeed, this is not only relevant to
thromboinflammatory responses but also to infarct size, perfusion, FCD, and at both a
molecular and cellular level. Therefore, optimisation of our animal model to allow for
recovery from surgery would be essential. This would then allow us to intravitally image
the heart days rather than minutes after reperfusion. Indeed, other groups have performed
recovery experiments following myocardial IR injury and so optimisation of our current
method should be achievable and would allow us to determine the long-term impact of IR

injury and IL-36Ra therapy on the heart [318].

In the last decade, there has been a significant body of literature from experimental studies
which have shown that targeting various elements in the inflammatory cascade is

beneficial in the context of myocardial infarction. However, they were not able to
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demonstrate a significant improvement in a clinical setting [109, 197, 263-265]. This has
been associated with the animal model used, anti-inflammatory efficacy, involvement of
MVO, and the time of intervention [60]. In this study, we have addressed questions round
the time of intervention by administrating the IL-36Ra prior to reperfusion commencing
and the involvement of MVO through IVM and other studies. We have also sought to
address concerns around the selection of the animal model by including a co-morbidity,
namely ageing, in the study design. With that, we have shown evidence that IL-36Ra
administration is efficacious in both adult and aged mice. Going forward, as diabetes and
obesity are major risk factors and associated co-morbidities of Ml, further studies could
look to investigate whether IL-36Ra remains efficacious in hyperglycaemic and high-fat diet
mice respectively. It would also be imperative to understand how IL-36 therapy differs from
other anti-inflammatory therapies within the heart, especially therapies which have
undergone clinical trials. These studies should be carried out using the same methods
described within this thesis and would provide an insight into whether IL-36Ra provides
the same level of anti-inflammatory benefit as other well-studied therapies — this would
be a critical indicator as to whether pursuing IL-36 as a therapeutic target is worthwhile or

not.

The broad inflammatory status of the heart and the circulation following myocardial IR
injury would also be helpful in order to understand the mechanisms by which age- and sex-
related differences are induced. The future use of gene and protein assays will allow
researchers to determine elements that are either up or downregulated and provide a
cellular and molecular mechanism to explain these differences. Moreover, these studies

can also be used to identify mechanistic insights into how IL-36Ra confers protection. Such
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studies have been performed in other organs, such as the skin; however, this has not been
performed within the heart [112]. Cell polarization studies should also be conducted to
determine whether IL-36Ra is anti-inflammatory through its actions on converting pro-
inflammatory cells into a more anti-inflammatory phenotype (e.g., M1 to M2 or Ly6C" to

LyeChieh),

Although the current study suggests IL-36Ra is vasculoprotective through leukocyte-
dependent mechanisms, it may also be protective through other unknown mechanisms.
Indeed, IL-36R is also expressed on non-haematopoietic cells such as fibroblasts, and as we
have shown, on ECs and CM [112]. Hence anti-IL-36 therapy may be protective through
actions on these non-haematopoietic cells. However, the relative contributions of each cell
type are not known as yet. The future use of IL-36R-floxed mice and cell culture
experiments will allow researchers to determine the specific contributions of each cell
type. Interestingly, IL-1 has been shown to have direct activatory effects on platelets, and
as such, it remains possible that some IL-36 isoforms may have similar direct thrombotic
effects [286]. We have also shown that IL-36Ra protects CM from oxidative damage, and
this may be the result of a direct cardioprotective effect rather than an indirect effect of
inhibiting inflammation. Therefore, these studies would be essential in identifying the
mechanism of action. IL-36 research is steadily gaining pace, and future studies will unravel

more about the beneficial mechanisms of action of this exciting cytokine.
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6.3. Concluding Remarks

In the last decade, anti-inflammatory therapy for myocardial IR injury has been widely
studied both experimentally and clinically. While these have been relatively successful in
reducing infarction in experimental models, they have not translated into improved clinical
outcomes. In this study, we have shown cardio- and vasculo-protective effects of IL-36Ra
in adult and aged hearts. We have also demonstrated the thromboinflammatory events
that occur in the immediate aftermath of reperfusion in the coronary microcirculation and
how IL-36Ra can act immediately on this. In conclusion, we can no longer focus novel
therapies solely on angiographically visible targets in the heart but need to carefully
consider targets that maintain function in the coronary microcirculation during the earliest

timepoints of reperfusion.
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Targeting IL-36 improves age-related
coronary microcirculatory dysfunction
and attenuates myocardial ischemia/
reperfusion injury in mice

Juma El-Awaisi,’ Dean P). Kavanagh,' Marco R. Rink.* Chris ). Weston,” Nigel E. Drury,”
and Neena Kalia'

*Microcinoulation Research Group, Institute of Crdivascular Sciences, and “Institute of Immunology and immunctherapy,
College of Mediczl and Dental Scisnces, Unisersity of Bimingham, Bimingham, Unit=d Kingdom.

Following mryocardial infarction (M1, elderly patients have a poorer prognosis than younger
patients, which may be linked to increased coronary miorovessel susceptibility to injury.
Imtereukin- 36 (IL-26). 3 newly discovered proinflammatory member of the 111 superfamily, may
mediate this injury. but its role in the injured heart is currently not know n. We first demonstrated
the presence of 11-36{x/f) and its receptor (IL-36R) in ischemia/ reperfusion-injured (IR-injured)
miuse hearts and. interestingly. noted that expression of both increased with aging. An intravital
muoded for imaging the adult and aged | R-injured beating heart in real time in vivo was used to
demonstrate heightened basal and injury-induced newutrophil recruitment. and poorer blood flow,
in the aged comnary microdrculation when compared with adult hearts. An IL-26R anmtagonist
{I- 26 Ra) decreased newtmophil recruitment, improved blood flow, and reduced infanct sizein both
adult and aged mice. This may be mechanistically explained by attenuated endothelial oxidative
damage and VA M-1 expression in IL-36Rz-treated mice. Our findings of an enhanced age-related
oronary microciulatory dysfunction in reperfused hearts may explain the poorer outcomes in
elderly patients following MI. Since targeting the I1-26/1L-36R pathway was vasmuboprotective in
aged hearts, it may potentizlly be a therapy for treating M in the eldery population.

Introduction

Treatment of ST-clevation myocardial infarction (M) focuses on rapidly recstablishing perfusion following
blockage in one or mone of the epicardial coronary arteries. This can be achieved by primary percutancous
coronary intervention (PCT) using a coronary stent to open the culprit artery. Dhespite these interventions,
a substantial proportion of patients still incur extensive muscle damage and develop heart faflure after
MI (I). This is partly due to reperfusion paradoxically leading to additional tissue damage, a condition
termed ischemia/ reperfision (IR) injury. Indeed, restoration of normal epicardial blood wessel flow, but
with suboptimal myocardial perfision, can be observed in wp to 30% of patients following PCT, leading to
worse utoomes than in patients with full perfusion recovery (2). This sugaests tissue damage likely ocours
subsequent to inadequate coronary microcirculatory perfusion (3, 4). Microvascular imvolvement is further
highlighted by obscrwations that patients may present with MI but with a normal coronary angiogram (4).
Increased clinical recognition of the impontance of the coronary microcirculation has meant strategies to
improve potential perturbations within it have gained recent attention (3, 4). However, current clinical tools
cannot resolve microvessels less than 200 pm, and so litthe & known about the full mnge of cardiac micno-
circulatory responses to IR injury in vivo.

Age is 8 major risk factor for Schemic cardiowascular disease, increasing cardiac damage caused by IR
injury, ndependent of “traditional” risk factors (5-7). Clinically, there is an increased incidence of heart
failure, atrial fibrillation, and tachycardia in patients post-MI that increases with age (7). In experimental
studies, coronary blood flow is much lower postreperfusion in senescent rats (8). Interestingly, the ability
of the heart to respond to cardioprotective interventions is also lost with aging (B, 9). The term “inflam-
maging” describes the phenomenon of aging accompanied by a chronic low-grade, sterile inflammation
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that persists in the absence of an overt inflammatory stimulus (10). It is chamcterized by raised levels of
proinflammatory cytokines that comtribute to gradual tissue damage s well as altered respomses to acute
inflammatory imjuries. The drivers underlying this persistent inflammation appear to involve increased
reactive oxygen species (ROS) production in the vasculature, decreased antioxidative ability, and changes
in the number, structure, and function of immune cells (11). In particular, increased neutrophil presence is
detected in otherwise healthy but aged tissues. Newtrophil chemotaxis is also impaired, with seriows impli-
cations as adherent cells canniot exit or transmigrate out of bood vessels (12). Here, they continwe to releasse
tissue-destructive proteases and ROS and cause vascular congestion as observed in aged, injured mouse
lungs (13). Therefore, inflammaging may contribute to the enhanced age-related cardiovascular risk and
posorer outoomes through actions on the local microcirculation. However, little is known in vivo about how
age affects the coronary microciroulation in health and whether it increases the likelihood of microvascular
disturbances after reperfusion mjury.

The interbeukin-1 family (IL-1F) consists of 11 known pro- and/or antiinflammatory cytokines,
some of which have been studied extensively whereas others have received less attention (14). These are
frequently the first and most upstream cytokines produced in response to injury and so are considered
good targets for mtervention (15). Since IL-1F members critically mediate sterile inflammation, they may
be key mechanistic contributors causing myocardial microcirculatory disturbances postreperfusion (16)-
Indeed, the large-scale canakinumab antiinflammatory thrombosis outcomes study (CANTOS) trial
provided exciting evidenoe that targeting this cytokine was beneficial in improving long-term outcomes
post-MI in the absence of lipid lowering (1 7). In the last decade, genes encoding a novel cytokine cluster,
namely intereukin-36 (IL-34), with structural and functional similarities to TIL-1, were discovered (18,
19). TL-34, a collective name for 3 agonist ligands, IL-36a, TL-360, and IL-3&y (previously called TL-1F8,
IL-1F8, and IL-1F9), is fast emerging as a novel player regulating both innate and adaptive immune
responses in 2 number of acute and chronic disorders. As well as amplifying IL-1 effects, IL-36 is alsoa
potent mediator of inflammation in its own right. Indeed, its critical role in psoriasis, equaling if not sur-
passing that of IL-1, & well established, with roles in Crohn's disease, airway infections, and rheumatoid
arthritis recently identified (20-22).

IL-36 cytokines can be released from many sources, including epithelial cells, keratinocytes, fibroblasts,
macrophages, monocytes, lymphocytes, and newrons, with neutrophils identified as an IL-36 source recent-
ly (18, 23-25). They signal through the TL-36 receptor (IL-36R), 2 heterodimer formed of IL-1Rrp2 and
an accessory coreceptor protein, IL-1RacP (20). This receptor is also widely expressed at low levels in
many organs and cell types, ncluding leukocytes and vascular endothelial cells. Downstream intracellular
signaling leads to NF-xE and MAPK activation and subsequent secretion of multiple potent proinflam-
matory mediators, indwuding THNF-a, IL-1[, IL-6, and IL-8. The actions of the 3 agonists can be inhibited
by a nmaturally oocurring antagonist, namely the IL-36 receptor antagonist (TL-36Ra) {22-25). Although
we imow the IL-36/TL36R pathway is highly proinflammatory in the skin and lungs, we are still at a very
carly stage in our current understanding of its in wivo biclogy, and no previous studies to our mowledge
have mvestigated a role for this pathway in mediating inflammation in the IR-injured heart. Its downstream
transcription factor, NF-acR, & a known mediator of coronary microvascular injury as inhibition of NFxB
in 2 independent rabbit models of myocardial TR injury reduced inflammation and the no-reflow anea (26,
2T). Therefore, the IL-36 signaling pathway i a potential target for cardioprotective interventions.

We have previously described an intravital imaging technique that allows the microcinoulation of the
anesthetized mouse beating heart to be imaged with cellular resolution in vivo (28). Using this technigue,
we have shown that despite deceptive hyperemic responses, increasad microcirculatory flow heterogene-
ity, reduction in functional capillary density, and a marked thromboinflammatory infiltration were pres-
ent within coronary capillaries immediately postreperfusion. The current study used this imaging mod-
¢l to determine whether the dinically observed age-related poorer outcomes past-MI wene related to an
increased susceptibility of the aged coromary microcireulation to myocardial TR injury. The presence of
IL-36 and its receptor was investigated in the heart and the impact of age on their expression determined.
To ascertain whether IL-36 could mediate coronary microcirculatory perturbations, the abality of IL-36
agonists to directly indwoe inflammation in the beating heart was imaged, and the effects of treatment with
the IL-36Ra were determined. Mechanistic insights into how IL-36Ra may confer vasculoprotection via
attenuating ROSmediated endothelial oxidative damage and YCAM- | expression are aleo presented.
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Results

Ape increzses expression of IL-76R i healthy ard IR-injued kearts, whick was also induced in endothelial cells stim-
ulated with TNF.@ or IL-36 gptokins. Immunofluorescence staining of frozen heart sections demonstrated
very low constitutive expression of IL-36R in adult sham-injured hearts. This increased (P = 0U0146) in
response to [R injury in adult hearts. Basal expression of TL-36R was higher (P < 0.0001) in aged sham
hearts when compared with adult shams. This was further increased (P = 0.0003) in aged injured hearts
when compared with adult injured hearts (Figure 1, A and C). Western blot analysis showed similar step-
wise increases in the pressnoe of the IL-36R protein. The molecular weight of IL-36R & approximately
&5 kDa, but it migrates to the position of approximately 85 kDa in denaturing protein gels (29). Hence, 2
bands were observed cormesponding to a 65 kDa, active protein, due to cleavage of its signaling peptide,
and an 85 kDa, less potent, ghvoosylated form (Figure 1E). Again, adult sham hearts expressed very low
levels of IL-38R. This increased in adult injured hearts, which expressed the highest levels of the 85 kDa
protein. However, significant increases (P < 0U0001) in IL-36R protein were expressed in aged sham hearts
when compared with adult sham hearts, particularly of the more potent 65 kDa protein. This expression
increased (F = 0.001) further in aged injured hearts, which exhibited the highest levels of the active 65
kDDa IL-36R protein (Figure |, B and D). To further confirm, at a more cellular level, the expression of
IL-36R om coronary endothelial cells, hearts were collagenase digested and flow cytometrically analyzed.
Very low basal levels of IL-36F were noted on adult sham coronary endothelial cells, but IL-36R was
sigmificantly (P - 0.05) increased on endothelial cells from adult TR-injured hearts. Aged sham coronary
endothelial cells again showed higher IL-36R than on adult sham endothelial cells, which was also signifi-
cantly (P < 0.05) increased with injury (Figure |E). Interestingly, a similar pattern of [L-36R expression
was noted flow cytometrically on cardiomyocytes (Figure 1 F). To further identify whether IL-36R was
expressed specifically on endothelial cells, murine vena cava endothelial cells (WCECS) were stained for
IL-36R. Constitutive expression of [L-36R on unstimulated YCECs was very low. However, stimulation
of YCECs with TNF-2, as well as IL-34 isoforms, significantly (7 - 0.0001) upregulated TL-36R expres-
siom, with no differences observed between cytokine treatments (Figure 1, G and H).

Age increases expremion of IL-366, IL-368, and VCAM.J in healthy and IR-injured hearts. Immunofiuores-
cence staining for IL-36a and IL-36f revealed a similar pattern of expression in the heart to the IL-36R
(Figure 2, A-C). Expression of the endothelial surface adhesion molecule, VCAM-1, was also investigated
to better understand the impact of age on a well-established inflammatory marker. VCAM-1 was expressed
on the larger vasculature of the heart rather than on coronary capillaries in all 4 growps and significantly
incTeased in a stepwise manner with imjury and age (Figure 2, D and E).

Tnducible expression of IL-36R and I1-36 quokine scours on cowrary micovasadature. Having demonstrated
an increased vascular expression of [L-36R and IL-36 cytokines with IR mjury and age, we further exam-
ined which component of the vascular network this increase occurred on by comparing the mean fluores-
cence intensity (MFT) between microvessels (capillaries) and macrovessels. Expression of IL-36R, TL-36a,
and IL-36f significantly increased with age and IR injury specifically on the microvasculature (Figure 3A).
In contrast, expression on the macrovasculature remained relatively constant in all 4 groups (Figure 38).

To further confirm that 1L-36R expression was indeed present on blood wessels, heart sections were costzined
with an anti-CI31 antibody. TL-36R expression was intense within the wall of some of the larger blood wessels,
particularly in the tunica adwentitial layer, as well as on the coronary capillaries (Figume 3, C and I¥).

Topical application of IL-36 is proimflammartory in adult ard aped beting keerts in v, To detarmine whether
the: [L-36R expressed in the heart was fundctional in vivo, intrawital microscopy was wsed to directly visualize
the ability of topical IL-36 to eficit an inflammatory response within the healthy adult and aged beating hearts.
Intravital imaging of the beating heart was successfully achicved in anesthetized mice by attaching a 3D-printed
stabilizer to the left ventrick: (Figure 4, A-D0). This reduced motion in the r-y plane of a small region of the ven-
tricle sufficiently enowgh to permit imaging. All 3 [L-36 agonisis were able to increase neutrophil recruitment
to & similar degree in healthy adult hearts, although IL-36y was slightly mone potent (Supplemental Video 1;
supplemental material available online with this article; hitps//doi.ong/ 10.1 172/jdlinsight 155236D51). This
pronflammatory nesponse was rapid and inoreased with time until a platean was reached at approximately 60
minutes. In addition to neutrophil adhesion within coronary capillaries, a remarkable imvolvement of more
medinm-sized bood vessels was also observed. Indeed, these wesscls were not uswally visible but were clearly
identified when delineated with adherent newtrophils. Platelet aggregates were occasionally observed in some
of these medium-sized vessels, particularly in response o IL-368 and TL-36y. These were mostly present in
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Figure 1. Age increases expression of IL-36R in healthy and IR-injured hearts, and expression can also be induced in endothelial celis with TNF-a or
I1-36 cytokine stimulation. Hearts were assessed for IL-25R using immunostaining, Western blct analysis, and flow cytometsy. Representative images of
I-3ER (green) staining of (A) frozen heart secticns and (B) Western blots. The molecular weight of IL-36R is about 65 kD3, but it migrates to the position
of sbout 85 kDa in denaturing protein gels. Hence, 2 bands were observed corresponding to 55 kD3, the more active protein due to cleavage of its signaling
peptide, and 85 i3, the less potent glycosylated form. Quantitative analysis of the (0) immunofiuorescence images {n = 4/growup) and (D) Westem blots
{n = 4/group). P= 0.0145 adult shamvs. adult IR immunoflucrescence. P= 0.0003 aged sham vs. aged IR immunofiuorescence. P- 0.001 aged sham vs.
aged IR Western blot. Hearts were 3lso coliagenase digested and analyzed flow cytometrically for IL-36R axpression. Flow oy tometry analysis confirmed
that IR injury and 3g= induced 3 significant increase in IL-26R on () corcnary endothelial celis and (F) cardiomyocytes (= 3/group). (G and H) Murine
wena cava endothelal cells (VCECS) cultwred and stimulated for 4 hours with experimental media {control), an IL-35 cytolane {(a, B. or ¥}, or TNF-a. (G)
e images of I-36R (red) expression on stimulated, nonpermeabilized cells (Hoechst 33342-stained nuclei in blue). (H) Quantitative anzlys:s
of IL- 3R expression on VLECs following stimulation {n = 3/group). Scale bar indicates 200 pm *P < 0.05, **P < 0.01, ***P < 0.007, ****P < 0.C001 a=
detarmined using 3 way ANOVA followed by 3 Tukey's post hoc test

vessels where extensive clusters of adherent neutrophils were observed (Figure 5, A, B, D, and E). A similar
statistically significant proinflammatory response was also observed when cytokines were topically applied
to the healthy aged hearts, although levels were slightly lower and the response slower than that observed in
adult mice. However, unlike in adalt hearts where the response plateaued, in aged hearts exposed to [L-36a
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Figure 2. Age increases expression of IL-36¢, IL-36f, and V(A M-1in healthy and IR-injured hearts. Hearts from adult and aged sham and IR-injured mic
were immunestainedwith an anti-il-26a/B, anti-C031, and ant-VCAM-1 antibedy. (A) Representative images of IL-36a (green; top 2 rows) and 368

(greer: bottom 2 rows) staining of frez en hesrt sections costzined with CO21 (red) and VOAM-1 (blue). The upper row of each cytokine panel shows coro-
nary microvessels with the lower row selected to demonstrate staining of

large coronary blood vessel. Quantitative analysis of the immuncfluorescence
mages for (B) IL-36a and (0) IL-365 expression. *P- 0.0193. ** P~ 0.0054. **** £ < 0.0001. (D) Representative images of VCAM-1 (blwe) staining of frozen
heart sections. (E) Quantitative anzlysis of immunofiuorescence images of VCAM-1 expression. *P- 0.0308. ***F « 0.0002. ****P < 0.0001. Scale bar
ndicates 200 pm. n= 4/group. Pvalues wers determined using 2 -way ANOVA followed by 3 Tukey's post hec test.

and IL-36f, neutrophil recruitment continued to rise. Platelet aggregates were again occasionally observed,
but no significant differences were observed other than a decrease in their presence with IL-368/y (Figure 5,
A and C-E). The number of free-flowing neutrophils generally docreased in response to all 3 IL-36 cytokine
treatments i both adult and aged hearts (data not presented).

To ascertain whether thromboinflammatory events imaged intravitally on the surface of the heart were
also occurring in the deeper layers of the myocardium, multiphoton micrascopy was used. A vibratome
was used to preciscly section the left ventricle wall into 4 sections of 300 pm thickness from the outermost
layer closest to the epicardium through to the inner layer closest to the endocardium. Multiphoton Z-stacks
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Figure 3. Changes in the exp of IL-36 cytokines and its receptor occur on the coronary microvasculature and mot on the large blood vessels.
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LD31antibody (red) and imaged using 3 multiphoton microscope, Representative image of (C) coronary macrovascalature and (D) microvasculaturs

for an aduilt IR-injured mouse

were taken from all 4 layers (Figure 4, E and F). The data obtained confirmed the ability of 1L-36 cytokines
to mediate 2 proinflammatory response in topically treated adult and aged hearts. However, this was only
noted in the outermost layer of the heart muscie exposaed to the topically applied cytokine and did not
extend into the depths of the muscle wall, likely explained by the inability of the cytokine to permeate
during the expasure period beyond the superficial myocardial Layers. Multiphoton studies also detected a
high basal presence of adherent neutrophils in aged mice throughout the muscle wall (Figure 5F).

Age increases thromboinflammatory disturbances within healthy and IR-injured coronary microciradation i
wiva, which are prevented in both age groups by I1-36R inhibition. Intravital imaging demonstrated an increase
(P < 0.0001) in adherent neutrophils, primarily within coronary capillaries, in response to IR injury in adult
mice when compared with sham adult hearts (Supplemental Video 2). Basal neutrophil adhesion was also
increased (P < 0.0001) in aged sham hearts when compared with adult shams. Neutrophil recruitment was
greatest in aged [R-injured hearts, which was higher (P < 0.0001) than adult IR-injured hearts. This increase
was noted at all ime points postreperfusion and continued to rise. Individual neutrophils were often difficult
to demarcate and appeared as clusters in aged injured hearts. Their presence was also noted in medium-sized
coronary microvessels as well as in capillaries, something not observed in adult injured hearts (Figure 6,
A-D). The number of free-flowing neutrophils decreased (P < 0.0001—data not presented) in all groups
when compared with adult sham hearts with a concomitant and significant increase in the presence of small
aggregates of platelets within coronary capillanies (Figure 6, A and E).

Intravital imaging further demonstrated the ability of exogenous IL-36Ra treatment to reduce neutro-
phil adhesion in both adult (2 < 0.0001) and aged IR-injured hearts (£ < 0.0001) when compared with their
respective nontreated IR-injured groups (Figure 6, A-D). In some aged mice, neutrophil adhesion could
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Figure 4. Intravital imaging of the mouse beating heart microdirculation in vive and multiphoton imaging of the heart ex vive. (A-C) Anin-house-
designed 30-printed stabilzer is lowered onto the beating left ventricle, sllowing confocal intravital imaging in its center. Only 3 small surface of

the beating heart has its motion reduced enough to permit imaging. (D) No BFY heart rate changes were detected using this spproach as determined
by photoplethysmography in both adult and 2ged sham and IR-injured mice. The graph presented shows 8P, which remains constant even after the
stabilizer is attached. (E) To ascertzin whether any thrombeinflammatory and vasculoprotective events imaged intravitally on the surface of the

heart were also occurring in the deeper layers of the myccardium, multiphoton microscopy was used. The heart was cut in half longitudinally from the
baze to apex to expose the inner endocardial layer lining the left ventricle chamber. it was then placed on 3 specimen holder and attached to 3 tissue
vibratome to precisely section the left ventricle wall into 4 x 300 pm thickness sections from the outermost layer dosest to the epicardium, through to
the inner layer closest to the endocardium. (F) Multiphoton Z-stacks were taken from sl 4 layers, namely the (j) outermost layer closest to the epicar
dium — epi-to-mid (i) outer myccardial layer— mid-to-mid (&) inner myocardial lager — mid-to-mid, and (i) innermest layer closest to the endocardi-
um — mid-to-endo, awoiding the last section if it had “missing” myocardium due to sactioning through the actual ventricle chamber. Images from each
iayer were then rendered to form 30 stack images.

still occasionally be observed within the medium-sized coronary vessels, but this was much lower compared
with nontreated groups (Figure 6A). There was no statistically significant impact of IL-36Ra treatment on
the presence of platelet microthrombi within adult or aged IR-injured hearts (Figure 6E).

Age incrazses newtrophil presence within the decper layers of the healthy and IR -snjured myocardiem. Minimal neutro-
phil presence was identified in adult sham hearts throughowt the depth of the left ventricular wall when imaged
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Epicardal end Endocardial end

£x vivo using multiphoton microscopy. However, in adult injured hearts, an increased (P = (1.035) presence of
ncutrophils was observed in all 4 layers of the heart when compared with adult sham hearts (Supplemental
Video 3). However, the largest neutrophil presence in response to injury occurred within the outermost 300 um
layer. Basal neutrophil presence was also uniformly increased (£ < 0.0001) throughout 2ll 4 layers of the ventride
in aged sham hearts when compared with adult sham hearts (also soen in Figure 5F). This was further increased
(P < 0.0001) in aged injured hearts when compared with adult injured hearts, with the greatest presence again
within the outermost layer of the ventride wall (F

I1-36R inkibition improved fimctio
Jjured hearts. An extensive network of FITC-BSA-perfused capillaries was observed in both adult ai
parallcling the arrangement of musc

mal capillary density and reduced infarct size in vivo in adult and aged IR-in-

aged
crs, with cross connections along their length. Focus-
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Figure 6. Age increases thromboinflammatory disturbances within the healthy and IR-injured beating heart corenary micrecinou lation in wive, which
an b prevented in both age groups by 11-36R imhibition. An IL-36F5 (15 pg/ mowse) was injected intra-arterially at 10 minutes preeperfusion and 60
minutes pastreperfusion in adult and ag=d mice. (&) Representative intravital images of the beating heart showing adberent meutraphils [green) and
platelets {red) in the coronary micodroulation at 60 and 120 minutes in sham hearts or 80 and 120 minutes postreperfsion in injoed bearts. Adher-
ent neutrophils igreen) and platelet microthromibi {red) are primarily within comnary capillaries in injured bearts. Intensely flucrescent gres=n areas in
amed IR-injured hearts conmespond to medium-sized blood wessels that have become defineated by the presence of @ substamtial nsmber of adherent
neutrophils. Quantitatire anakysis of the intravital data for adherent newtogphils in (B} adult and {C) ag=d |IR-injured hearts and the AUC for () adbenent
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4 Il-35Ra — n = 5/group; aged sham — = 7/group; aged IR1 - m = 5{group; sged IRl 4+ 1-36Ra— = &' qoup. *P = 00329, **F= 0.0004, **F = 0.0003,
=*=* P 000N as determined wsing a Hway ANOVA followed by 2 Tukey's post hor test

ing up and down on the field of view showed no areas devoid of perfused capillaries. Well-perfused medi-
um-sized vessels were also visible in some fields of view. In contrast, IR injury of adult hearts was associ-
ated with multiple areas in which FITC-BSA did not perfuse. This resulted in patchy areas that appeared
devoid of any microvasculature, indicating reduced functional capillary density. This was further reduced
in aged IR-injured hearts. Indeed, in some fields of view, up to half of the imaged area appeared to lack
perfusion. OFf note, medium-sized vessels were still readily visible and well perfused in both adult and aged
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injured hearts. The se of an IL-36Ha was able to improve functional capillary density in both adult and
aged hearts, although some areas of no perfusion were still visible (Figure BA).

Infarct size appeared slightly larger in aged mice when compared with adult mice, but this was not
significant. However, a significant decrease in infarct size was observed in both adult (7« 0.0001) and aged
IR-injured hearts (P« 000001) receiving [L-36Ha treatment when compared with their respective nontreat-
ed IR-injured groups. The area at risk (AAR) (and nomischemic area) was not significantly different across
all 4 groups (Figure &, B-1.

I1-36R irehibirion reduced emdothelial and cordivmyocyte oxidative damage and FCAM. I expresion i the TR -in-
fuered adialt and aged hears. To determine whether IL-36Ra treatment confierred vasculoprotection via mech-
anisms imvolving attenuation of endothelial oxidative stress and VCAM-1 expression, flow cytometry of
collagenase-digested adult and aged hearts and immunoflsorescence on fromen adwlt and aged heart sec-
tions were performed. IR injury increased ROS-mediated oxidative damage on both adult (# < 0.05) and
aged (P = 0.01) coronary endothefial cells and adult (P =< 0.05) and aged (F = 0.001) cardiomyocytes when
comparad with appropriate age sham heart cells as determined by flow cytometry. The damage was signifi-
cantly greater in IR-injured aged hearts compared with [R-injured adult hearts. Howewver, this damage was
significantly (P =< 0.05) redwoed on both cell populations in all mice treated with the IL-36HRa regardless of
age (Figure 3, A and B).

Sygnificant oxidative damage in TR-injured adult (7« 0.05) and aged (# «< 0.001) hearts was confirmed
using immunofluorescence and was noted as punctate staining on both CD31* vascular and nomvascu-
lar structures (Figure 9C). Moreowver, this damage was noticeably greater on aged TR-injured hearts. This
was again reduced in all mice treated with the IL-36Ra regardless of age (Figure 907). VCAM-1 was also
increased in adult (P < 0.05) IR-injured tissue, particulardy around larger coronary blood vessels. In aged
mice, basal VCAM-| expression was high and did not increase further with IR injury. However, expression
of this endothelial adhesion molecule decreased in both adult (P < 0.05) and aged {F < 0.05) hearts in
IL-36Ratreated mice (Figure 9, C-E).

Discussion

By 2030, it is expected that 20% of the population will be over 65 years old, and cardiovascular discase is
st to account for 40% of the deaths within this age group (30). Increzsad age is associated with a worse
prognosss post-MI and may be explained by an increased microvascular susceptibility to reperfusion inju-
ry. Therefore, consideration of the effects of aging on the postischemic heart, particularly on the smallest
blood wessels of the heart, is critical. This study prowides original contributions on the architecture of the
aged beating heart coronary microcirculation and how its response to myocardial TR injury differs from
that of younger hearts in vivo. Aging is associated with a chronic low-grade inflammatory cell presence i
otherwise healthy hearts as well as a heightened thromboinflammatory response in the immediate after-
math of reperfusion. Importanty, what we believe to be a new mechanistic role is identified for the TL-36
IL-34R. pathway. Our data demonsirate that IL-36 and its receptor were present in the heart and that their
capression increased, particularly on coronary microvessels, with age and injury. Not only is the receptor
demonstrated for the first time, as far as we are awarne, to be functional in the heart, but also, importandy,
its antagonism is shown to markedly reduce microcirculatory perturbations and, consequently, infarct size
in adult mice. By hyperactivating mnate immunity, aging has been shown to redusce the therapewtic efficacy
of both pharmacological and ischemic preconditioning interventions in the heart (31, 32). Indeed, precon-
ditioning was unable to reduce infarct size even in middle-aged rat hearts (aged 12-13 months), demon-
strating that the loss of cardioprotection manifests earlier and not only in senescenoe (32). Therefore, it
was reassuTing to observe that inhibiting IL-36R signaling remaimed vasculoprotective even in the highly
inflamed aged injured heart.

The impact of age alone on the cotonary microcirculation was not negligible. Indeed, an almost 5-finld
increase in newtrophil adhesion within otherwise healthy coronary capillaries was demonsirated simply as
a result of the mouse age increasing from approximately 3 to 18 months. This may be linked to the observed
age-related upregulation of endothelial VCAM-1 in the heart or structural and functional changes in the
neutrophils themselves (33, 34). Indeed, newtrophils in aged individuals have boen shown to exist in a pre-
activated state whereby they constibutively secrebe mone neutrophil elastase and BOS in close proximity to
endothelium, which can lead to vascular damage and their subseguent adhesion (35). Although age-related
capillary lass or rancfaction has also been described (36), no visible reduction in functional capillary density
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Figure 7. Age increases meutrophil presence within the deeper layers of the healtty and IR-injured myo@rdium. (&) The left ventricle was vibEtome sec-

tianed into four 300 pm s=ctions and imaged using a multiphoton microscope. Aepresentaties £-stack mubtiphoton images of neutrophils (green) in the 4

Syers of the keft ventricle talken from the outermost lyer closest to the spicardium {first row), cuter myccandial lager (second row), imner myocandial keyer
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neutrophils and corresponding (C) AUC for adherent meutrophils. Adult sham - p= 4 /goup; adult IRl - r= 5/gmup: 2g=d sham - o = 4/group: aged IR - 7
4/group. *P= 00325, ****P . 0000 as determined using & Haay ANV followsd by 2 Tukey's post hoc test.

or increased vascular leakage was noted in noninjured aged hearis. Interestingly, a marked reduction in
freely circulating neutrophils was observed, which may be linked to a possible decreased coronary blood
flow in the aged heart (37). Howewer, this would require further investiga aggre-
gaies were also visible in aged hearts and were sometimes occlusive as evidenced b I
newtmpk T
ence of & chromic low-grade inflammation in the aged heart but also alluded to a mildly prothrombaotic state
as well. These basal microcirculatory disturbances, when combined with an acute mjurious insult, may
create a mone heightened thromboinflammatory effect in the presence of an aging comorbadity.

Indeed, this was the case in aged IR-imjured hearts, where remarkable newtroghil adhesion was observed
that surpassed that noted i adult injured hearts. Individual neutrophils were difficult to demarcate with

ils
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Figure 8. I1-36R inhibition improves functional capillary density and reduces infarct size in vivo in the IR-injured adult and aged heart. An IL-36R3

{15 pg/mouse) was injected intra-arterially at 10 minutes prereperfusion and 60 minutes postreperfusion in aduit and aged mice. (A) Representative intra-
vital images of FITC-BSA-perfused (green) coronary microvessels 3t 150 minutes in sham hearts or 150 minutes postreperfusion in injured hearts. *Areas
not perfusedwith FITC-B5A. Scale bar indicates 100 um. (B} Represantative images of the TTC-stained infarct sze in all 4 groups. (C) Quantitative analysis
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clusters observed ocoupying the full width of the capillanies. Activated neutrophils are well known to become
stiffer, which contributes to their retention specifically within capillarics that have a smaller diameter than
their own (38). However, larger coronary blood vessels, which we assume were postcapillary wenules (PCVs),
were also delincated with adherent newtrophils, something not noted in adult injured hearts. Although neu-
trophil recruitment plateaued in the adult hearts, this was not the case in injured aged hearts, where neutro-
phils continued to be recruited. Increased platelet presence was also noted, but this was not as remarkable as
the effect on neutrophils. Consequently, these thromboinflammatory occlusive events resulted in the poorest
coronary microcirculatory perfusion being noted in aged injured hearts, with multiple arcas devoid of flow.
We believe this to be the first real-time demonstration of a rapid and devastating impact of reperfusion on
the smallest blood vessels of the aged heart in vivo, This may explain the reduced myocardial tolerance to IR
injury previously demonstrated to occur as carly as 12 months (middle age) i mice (39).

IL-36 is typically onc of the most upstream and upregulated cytokines released upon tissue injury and
cellular necrosis and critical in triggering subsequent synthesis and refease of a multitude of inflammatory
mediators (15). This study shows that IL-36R, IL-36a, and IL-368 are constitutively expressed on vascular
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Figure 3. IL-36R inhibiti d dothefial and cardiomyocyte axidative damage and VCAM-1 expression in the

IR-injured adult and aged hearts. Hearts from adult and sged sham, IR-injured, and IR-injured + I-36Ra mice wers
either collagenase digested and anakyz ed flow cytometrically or sectioned and analyzed using immunofiucrescence for
oxidative damage and/'or VCAM-1 expressicn. Flow cytometry analysis demonstrated that IR mjury incressed oxidative
damage of both (A) aduk and agad coronary encotheizl celis and (B) adult and aged cardiomy ooy tes when comparedwith
appropriate age sham cells. This was reduced in both cell populations in sdult and aged mice treated with the IL-36Ra.

n= ¥ group. (Q) Representative immunofiucrescence images of (031 {red) costanedwith DNA/RANA oxidative damage
(green) and VOAM-1 (blue) in sham, IR-injured, and it-36Ra-treated adult and aged mice. Quantitative analysis of the
immunofluorescence images for myccardial (0) axidatave damage and (E) VCAM-1 expression. Scale barindicates 200 pm
m=4/group. *P<0.05 **P< 0.0, ***F< 0.001 a5 determined using 3 -way ANOVA followed by 3 Tukey's post hoc test.

and nonvascular cells, albeit at very low levels, in healthy adult murine hearts. A basal expression of [L-36R
is also supported by Towne and colicagues, who used quantitative PCR to demonstrate low levels in human
hearts (25). Although cytokine receptor changes have not been studied extensively with age, an enhanced
age-related production of cytokines such as IL-6 has previously boen demonstrated (40, 41). In the current
study, our data demonstrated that expression of IL-36R, IL-36a, and IL-36 increased with both age and
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IR mjury. Expression of IL-36 agonists have been shown o increase at both the mRMNA and protein level
in murine kidney tissue following renal IR injury (42). Additionally, IL-36f mRNA expression increased
in lung homogenates 24 hours after allergic lung inflammation (43). Owr study assessed [L-36 after a much
shorter reperfusion injury duration, so the full extent of IL-36 upregulation was potentially not observed.

IL-36 and IL-36R cxpression were observed on the majority of coronary capillaries as evidenced by
colocalization with CD31* endothelial cells. Moreover, it was only on microvessels that an age- and inju-
ry-related increase in cytokine and receptor expression was observed. This clevated age-related expres-
siom specifically on microvessels increases the likelihood of this signaling pathway exacerbating IR injury
through targeting the coronary microciroulation in elderly patients with M1

Immunofluorescence studies on YCECs confirmed expression of the IL-356R on endothelial cells. This
was also recently shown on human umbilical vein and dermal lymphatic endothelial cells, where it was
functionally important in mediating upregulation of ICAM-1/¥CAM-1 and chemokine production in
response to IL-36 stimulation (44). We further demonstrated that all 3 IL-36 agonists could wpregulate
endothefial surface expression of the TL-34 recepior. These data provide what we believe to be new insights
into the fundamental biology of this cytokine. The ability of some cytokines to increase expression of their
receptor is not new. Indeed, Takii and colleagues showed that IL-1 can enhance gene and surface expres-
siom of its own receptor in pulmonary fibroblast cells within 2 howrs (45). Austoregulation forms a positive
feedback loop that drives a strengthened activation of the signaling pathway of a given cytokine. Here, we
show that IL-36 cytokines may also utilize this autoregulatory phenomenon to enhance their own activity.

Interestingly, intense IL-34/TL-36R staining was noted on the outer tunica adventitial layer of Larger
blood vessels. Inflammatory respomses are generally considered to be initiated in an “nside-out” manner
through capture of cinculating leukocytes by the endothelial surface. However, growing evidence supports
an “outside-in" model in which the adventitia, previously considered an inert kayer that simply provides
structural support, acts as an injury “sensor” within the vessel wall and subseguently directs responses to a
wide array of stimuli, including Bchemia. In this mode], it is proposed that resident adventitial cells, such
as fibroblasts, become activated and soorete inflammatory cyto/chemokines, which leads to expression of
endothelial surface adhesion markers such as WCAM-1 and subsequent neutrophil recruitment to the int-
mal layer ($6). Although recent studies have extended 11-36 and IL-36R expression to inclede stromal cells
such as fibroblasts, further studies will be required to determine whether their presence in the adventitial
vascular layer is of specific significance in mediating inflammatory responses in the heart after reperfusion
ITIUTY.
A common finding in diseases where IL-36 cytokines contribute to pathology is the remarkable presence
of neutrophils. Indirect evidence supporting the ability of IL-36 to recruil neutrophils has been obtained
primarily from histological or flow cytometric studies in which inhibiting IL-36R signaling reduced recruit-
ment in diseases such as psoriasis and colitis. Recent findings by Koss and colleagues pinpoint IL.-35 as an
carly and upstream drver of acute and chronic pulmonary inflammation by promoting newtrophil recruit-
ment and production of proinflammatory TL-IF cytokines and IL-6 (47). To ditectly demonstrate that
IL-36 could be proinflammatory in the heart, we topically applied agonists within the center of the attached
water-tight stabilizer ring. All isoforms were potently prommflammatory, something not previously shown in
vivo in any organ let alone the heart. Newtrophil recruitment was observed in both coronary capillaries and
PCVs but, uncxpectedly, was greater in adult rather than aged hearts, which could be due to reduced new-
trophil responsivencss with age (48). The inflammatory response was rapid and appeared to plateay beyond
&0 minutes in adult hearts. Although it was slower and less potent in aged hearts, neutrophil recruitment
did continue to rise beyond 150 minutes. It is possible that with @ more prolonged imaging period, this
response may have reached similar, or exceeded, maximal bevels observed in adult mice. It is also possible
that our observed increasss in the expression of IL-36R in aged mice may be associated with a concomitant
increase in circulating levels of the endogenous antiimflammatory [L-36Ra. This would act to protect the
balance of [L-36 pathway signaling in aged mice by imhibiting engagement of IL-36 cytokines with their
receptor. This could also explain why the same dose of topical 1L-34 was unable to elicit similar or great-
er inflammatory responses in aged compared to adult hearts. Indeed, this has been shown to be true for
IL-1Ra, where higher circulating levels are detected in elderly patients, and has been suggested to play a
role in the decline in the inflammatory response with age (49).

Interestingly, we also showed that topical application of TL-36 was more potent than similar doses
of topical IL-1f and TNF-a at stimulating neutrophil recruitment in both adult and aged hearts (data not
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presented). IL-36 alsoe increased platelet microthrombi presence, although it is not known if this is driven
through a direct response of IL-36 on platelets. It is possible that circulating platelets became trapped
in vessels downstream of regions where substantial occlusive neutrophil adhesion ocourred. Collectively,
these studies provided a rationale for exploring the therapewtic potential of 1L-34 signaling blodmde to
attenuate microcirculatory disturbances associated with injury.

The IL-36R is interesting in that it has 3 agonists but also 2 naturlly occurming receplor antagonists,
namely IL-36Ra and IL-18, which underpins the importance of caneful endogenous management of the
IL-36 pathway. Both competitively bind the IL-1Rrp2 component of the heterodimer receptor, preventing
recruitment of the accessory coreceptor IL- 1RACP and thus inhibiting subsequent intracellular signaling
(18). W tested the vasculoprotective effects of systemically injected TL-36Ra and observed a marked reduc-
tion in neutrophil recruitment in both adult and aged injured hearts. Although no antiplatelet effect was
demonstrated, IL-36Ra treatment still bed to a significant decrease in infarct size in both adult and aged
mice. Simce | dose of 1L-36Ra was administered during the ischemic period, it is plawsible that IL-36 could
be targeted during PCT procedures and be thempeutically efficaciows in a clinical setting,

RO5 are implicated in the pathogenesis of various cardiac disorders, induding M1 and heart failure, and
can promote the expression of endothelial adhesion molecules, such as ICAM-1 and VCAM-1, that are criti-
«cal for newtrophil recruitment (50). Therefore, whether IL-36Ra mechanistically conferred vasculoprotection
by limiting endothelial ROS damage and VCAM-] expression was assessed in both adult and aged hearts.
The anti-DMARNA antibody used in the study binds with high specificity and afinity o 8-hydroxy-2*-de-
oxyguanosine, B-oxo-7 E-dihydroguanine, and 8-oxo-7,8-dihydroguanosme. These oxidative lesions serve as
eacellent markers for DMNA and RNA damage produced specifically by ROS. Flow cytometric and immuno-
fluorescence studies demonstrated a marked decrease in TR injury-mediated oxidative damage in the pres-
ence of the IL-36Ra. Importantly, this decrease was evident in both adult and more damaged aged hearts.
Owr data support the recent observation of redwced oxidative stress, measuned sing spectrophotometry of
superoide dismutase and malondialdebyde activity, in IL-36R-kmockout rats undergoing cardiopulmonary
brypass {51} However, we further detail that the antioxidant effects of TL-36Ra occur specifically on both cor-
omary endothefial cells and cardiomyocytes. Tt has recently been shown that TL-36 can upregulate VCAM-1
and ICAM-1 on dermal endothelial cells in vitro and that this can be reversed by the presence of an IL-16Ra
(44). However, we demonstrate the ability of IL-36Ra to decrease WOAM-1 expression in the ITR-injured cor-
omary microcirculation. Again, more importantly, this benefit was also observed in aged hearts where even
basal VCAM-1 expression was high. Collectively, our data provide, we belicve, novel mechanistic insights
into how inhibition of IL-36/TL-36R signaling attenuates oxidative stress and YCAM-1 expression in adult
and aged hearts, subssquently preventing excessive neutrophil recruitment in the cotonary microcireulation,
which ultimately leads to decreased infarct size postreperfusion.

Concludimg remarks. New therapies need to be designed and optimized that are effective in improving the
current poor prognosis of the aging population post-MI. We and others have recommended specific pro-
tection of the delicate coronary microcirculation from TR injury. Although studies on age-related changes
of the inflammatory and immune system have gained momentum, this study is the first, as far as we mow,
b explore the impact of age on the coronary microcirculation in wivo both in health and postreperfusion
injury. It is likely that the increased thrombomflammatory activation and microcirculatory perturbations
that we hawe observed intravitally in the aged injured heart may inhibit the therapeutic efficacy of existing
and fisture cardiovascular drugs in the elderly. However, our finding that TL-36Ra not only was vasculopro-
tective but also, importantly, remained beneficial in the setting of an age-related heightened inflammation
in the coromary microvessels makes it a candidate worth pursuing clinically in elderly patients undergoing
PCI for MI. In support of this is the recent work by Luo and colleagues, who demonstrated experimentally
that deficiency of IL-36R protected cardiomyocytes in the setting of cardioputmonary bypass (51).

A mumber of antiinflammatories, shown to be swocessful in experimental studies, have met with transla-
tional failure when tested in patients with MI (52). The major outcome measured in such clinical trals (and
indeed experimentzal studies) is wsually a long-term one—namely the ability to prevent post-M1 remodeling,
a seoondary nonfatal M1, or death. Whether these anttinflammatories can also protect and keep patent the
coromary microcirculation in the immediate aftermath of PCL reperfusion has received much less interest.
However, a functioning microcirculation is imperative in order to improve long-term patient outoomes.
It is therefore possible that translational failure is linked to a lack of early benefit at the level of the coro-
nary microcirculation. Since we have shown multiple microcirculatory perturbations, ultimately resulting
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in poor myocardial perfusion within minutes of reperfusion, it & also important that the design of an
antiinflammatory therapy involves administration immediately before interventions designed to mediate
reperfusion commence (g8, PCT). However, not all clinical trials have defiversd antiinflammatories prior
to reperfusion, with some administered days later (53). Again, this may explain the lack of sucoess of such
compounds in dinical trials. Cur data highlight a notable bencfit to the coronary microcirculation and
infarct size with early administration of IL-36Ra, which importantly is maintained i the presence of an
aged comorbidity. This indicates that early intervention with an IL-36R inhibitor is worth considering for
future clinical investigations.

Methods

Mypocadial TR imjrury. Experiments were conducted on female C5TBL/6 adult (2-4 months) or aged (18-19
months) mice from Charles River in accordance with the Animals (Scientific Procodures) Act of 19846
(Projoct licenoe PS52D4447). Anesthesia was induced by an intraperitoneal administration of ketamine
hydrochloride (100 mg/kg) and medetomidine hydrochloride (100 mg/kg), confirmed by checking the
pedal reflex every 15 minutes and maintained as required via intraperitoneal administration. Mice were
intubated and ventilated with medical oxygen via a MiniVent rodent ventilator (stroke volume: 220 .,
respiratory rate: 130 breaths/min; Biochrom Lid. Harvard Apparatus). The carotid artery was cannulated
to facilitate infusion of antibodies, dyes, saline, and [L-36Fa. TR injury was induced by ligating the left
anterior descending (LALDY) artery fior 45 minutes and reperfusion allowed to proceed for 2 hours (tisswe
analysisy, 2.5 hours (ntravital observations), or 4 hours (infarct measurement). Sham surgery involved the
same procedure but without LADY artery ligation. At the end of experiments, mice were euthanized by
cervical dislocation, and ewthanasia was confirmed by ensuring cessation of the creulation by making an
incision in the carotid artery.

Intrevital imaging of the beatimg heari commany microciranlarion. Real-time intravital observations were per-
formed as previowsly described (28). Briefly, a 3D-printed stabilizer was permanently fixed to the left ven-
tricle downistream of the ligation site (Figure 4, A-C). To simultaneously image endogenows neutrophils
and platelets, PE anti-mouse Ly-60G (BioLegend done RB6-8C5) and APC anti-mouse CIM| (BioLegend
clone MW Red M) were mjected 5 minutes prior to reperfusion. Intravital imaging was performed using a
micrascope (BXE1WT, Olympus) equipped with a2 Nipkow spinming disk confocal head (Yokogawa C510)
and an Evolve EMCCD camera (Photometrics). The first 2-mimste capture was performed at 15 minutes
postreperfusion, followed by 2-minute captunes every 15 minutes of the same area for 2.5 howrs. In separate
mice, FITC-ESA (Sigma) was injected at the end of a 2.5-hour reperfusion period to investigate overall
vascular perfusion and functional capillary density.

For some studies, recombinant mouse IL-36Ra (15 pg/mouse; Novus Biologicals) was injected intra-ar-
terially at both 10 minutes prereperfusion and 60 minutes postreperfusion. One of the critical factors that
limits the clinical success of previously tested antiinflammatory drugs is the time of intervention. Given the
rapid development of microvascular no-reflow, the first howrs, if not minutes, follewing reperfusion ane crit-
ical. Owr treatment strategy focused on introducing the antagonist during the schemic phase to establich an
effective citculating concentration to dampen the initial reperfision-associated inflammatory response and
maintain microvascular patency. The ability of TL-36 cytokines to directly mediate thromboinflammatory
events in vive was also assessed. Afier placing the stabilizer on the healthy heart, 20 pl. of recombinant
maouse [L-36 cytokine (e, §, or y; 200 ng/mL) or PBS was topically applied to the heart surface within the
water-tight stabilizer ring for 15 minutes and a 2-mimute video recorded. This was replaced with fresh cyto-
kine/PRS for 15 minutes and the process repeated 10 times for a total duration of 2.5 hours.

Data were captuned, stored, and analyzed wsing SBdebook 6 softwar: {Intdligent Imaging Innovations).
actioms, were counted mameally over the 2-mimste recorded capture. To analyze adherent newtrophil and plate-
let presence, captuned videos wene subjecied to postacguisition image repair wsing in-house-designed software
(TH) in which out-of-focus frames were emoved (54). Mewtrophils and platelet aggregates, microthromibi wene
then quantitated by placing 2 mask around PE-LyéG+ and APC-CTM]+ areas, respectively. Integrated flucres-
cence density, which tnok into acoount size and fluorescence intensity, was then clculated using Image] (NTH)L

Mielriph imarping of heart sectioes. Intravital imaging captured microvasoalar events from the surface of
the beating heant with a depth of approximately 50-60 pm. To determine whether these events were mirmored
throughott the thickness of the ventricular wall, multiphoton microscopy was performed on hearts harvested
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at the end of intravital experimentation. The left veniricle was sectioned into 4 sections of 300 pm ssing a
tissuwe vibratome (Campden Instruments Limited) and imaged from the epicardial through to the endocandial
end using a multiphoton microscope (FYMPE-RS Ofympus). Zstacks from the 4 layers were rendered to
form 3D stack images, which wiere processed and displayed using Image] (Figure 4, E and F). The presence
of neutrophils was analyzed as the sum fluorescence intensity for each section (Imagel).

Tmmunokisochemisry analysés of FL-36 opokine ond [L-368. Ten-micometer sections of frozen heart
tissue were mcubated at room temperature with primary anti-IL-36R, anti-TL-36a, anti-IL-368, or [gG
control antibodies (1:100 dilution; R&D Systems, polyclonal) and a secondary donkey anti-goat Alexa
Fluor 4588 antibody (1100 dilution; Abcam, polyclonal). Soctions were also incubated with a PE anti-
maouse CD31 antibody (1:100 dilution, BioLegend, done 390), an Alexa Fluor 647 anti-mouse CD106/
VCAM-1 antibody (1:100 dilution, BioLegend, clone 429), or an anti-DMNASRMA damage antibody to
detect oxidative damage (1:100 dilution, Abcam, done 1534). Images were captured sing an EVOS FL
(Thermao Fisher Scientific) or multiphoton microscope (FVMPE-RS, Olympus). Image] was used to quan-
tifiy the MFI of each image with additional analysss of MFI on regiors contzining only coronary capillaries
or & large blood vessel.

Western blotting anafysis. Total protein was extracted from harvested hearts using RIPA buffer and homog-
cnization with beads. Lysates were normalized wusing a BCA protein assay kit (Thermo Fisher Scientific) to
2 mg/mL. Samples were num on an SD8-PACE gel and then transferned onbe a nitrocellulose membranes
before being blocked for umspecific binding with 5% nonfat dried milk. The membrane was then incubated
overnight at 4"C with the primary antibody for IL-36R (1:200 dilution) followed by incubation with the
secondary antibody conjugated to Alexa Fluor 488 (1:1000 dilution). Afier washing, protein bands were
visualized using a flunrescence detection system (ChemiDioc, Bio-Fad) and MFI was determined.

Flow cytometric amalysis of endothelial and cardiomyocyte oxidative stress, Harvested adult and aged hearts
were manually minced, added to 0.1% collagenase, and rotated in an incubator at 37°C for 15 minutes. The
supernatant was removed,, and the digestion process was repeated 2 times. The pellet was then centrifisged at
10000 rpm at 4°C for 10 minutes in the presence of ACK and MACS buffer to lyse red blood cells and stop
enzymatic activity, respectively. The pellet was added to 20 mL media and run several times through a 70 pm
sirainer. Cells were then incubated with an ant-DMNASRMNA damage antibody to detect oxidative damage
(1:100 dilution, Abcam, dione 1534), anti-1L-36F antibody to detect TL-36R. expression (RE&D Systems,
polyclonal; Alexa Fluor 647 secondary, BioLegend, polyclonal; both at 12100 dilution), ant-CD31 antibody
b label endothelial oclls (1:100 dilution, BioLegend, clone 390), anti-cTnT antibody to label cardiomyocytes
(1:100 dilution, Miltenyi Biotec, clone REA4DN), Zombic to detect dead oclls (1:500 dilution, BioLegend),
and appropriate IgC conirols (potyclonal). Cells were then fined using 4% formalin for 10 minutes and
washed with Dulbecoo’s PBS. Acquisition of cclls was performed using a CyAn ADP (Bedkman Coulter),
and data analysis was performed using Summit 4.3 software (Beckman Coulter). For each sample, 250,000
events were captured and wsed in the analysis.

Endothelial ooll IL-36R exprevcion amabysis in vitro. Immortalized murine YCECs were grown to conflu-
ence and stimulated for 4 hours with experimental media (vehicle control); recombinant mouse TL-36a,
B, or v (3, 30, or 300 ng,/mL; R&D Systems); or recombinant mouse THF-a (3, 30, or 300 ng/mL; Boster
Biobogical Technology). Cells were then formalin-fixed and incubated overnight with a primary antibody
agaimst IL-36R (1:100 dilution]), followed by incubation with a seoondary antibody (1:100 dilution) and
Hoechst 33342 dye (Thermo Fisher Scientific). Images were captured wsing a multiphoton microscope
and MFI was determined (ImageJ).

Myocerdial imfanct size anafpsiz. The LAD artery was religated 4 hours after reperfision, and 0.5% Evans
blue dye (Sigma) was infused via the carotid cannula to identify the AAR. The mouse was then sacrificed,
and the harvested heart was cut into sequential slices and incubated with TTC (Sigma). Sections wenz
imaged wsing a stereomicroscope, and analysis was performed using Image] to quantitate the infarct size
(TTC-negative white regions) as a percentage of the AAR (TTC-paositive red regions/ Evans blue-negative).

Data mwailability. The authors confirm that the data supporting the findings of this study are available
within the article and its supplemental materials. Raw data supporting the findings of this study are avail-
able from the corresponding author, NE, on request.

Siatistics. All statistical analysis was performed using GraphPad 7.0 software (CraphPad Softwan:
Inc.). Multiple comparisons between 3 or more groups were performed by 1-way ANOYA, followed by 2
Tukey's post hoc test. For experiments that followed a time course, the AUC was also caloulated and used

)0 Insight 2022,7(5):215523%5 hetps:! {doi arg/ N7 i insight 155236 17

342



RESEARCH ARTICLE
|

for subseguent analysis as a summation of the entire perind. All data are presented as mean + SEM with
statistical significance defined when P 0.05.

Study approval. Experiments were conducted on mice in acoordance with the Animals {Scientific Proce-
dures) Act of 1985 (Project Hoence PS520W447 from Home Office, London, United Kingdom).
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