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Abstract

Introduction: Whilst blood flow restoration is critical following myocardial infarction (Ml),
ischeemiareperfusion injury (IRl) accounts for ~50% of the final infarct size. The newly
discoveredcytokine, interleukin36 (1-36), could potentially mediate these disturbances.
However, its role in myocardial IRl is not known. Although severalirdi@mmatory
therapies have been successful in qotical models of M, they have failed in the clatic
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 86 cytokines and its receptor {B6R were present in the heart,

and whether their expression varied in an injyrgige, and sexelated manner. We then
determined whether coronary microcirculatory disturbances and infarct sizelpstere
modified by age and sex, and whethei3kRa cou confer vasculoprotection.

Methods: Myocardial IRl was induced in adultrf®nths) and aged (>1®onths) female
mice, with sex differences assessed in adult male and female mice. Myocaalial Wk " Kk | X
VCAML1 expressionand oxidative stress were invegéted by immunostaining, flow
cytometry, and/or using Western blotExpression on human heart tissue samples of
varying ages was also determined-ollc wk h K | SELINB&aarz2y o1l a
stimulated vena cava endothelial cells (VCECs). The beating esaanary
microcirculation was imageth vivointravitally for neutrophils, platelets, and functional
capillary density, and alsex vivousing multiphoton microscopy. Laser speckle contrast
imaging was used to determine overall left ventricular perfusidme effects of topical 1L

36 cytokine application was also observed intravitally. In some studies, recombinant mouse
IL-36Ra (15g/mouse) was injected intrarterially at 5 minutes preeperfusion and 60

minutes postreperfusion. Infarct size was measunesing dual TTC/Evans Blue staining.



Results Expression of 1B6 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 injugxpression 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 concentratiependent manner. Intravital
imaging of the beating heardemonstrated heightened basal and injtinduced
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 mioscopy. 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 adultfemale hearts when compared to males. AIBB._cytokines were able to
induce an inflammatory response when topically applied to the adult and aged hearts. An
IL-36R antagonist (1B6Ra) decreased neutrophil recruitment, improved blood flow and
ventricularperfusion, and reduced infarct size in both adult and aged mice. This may be
mechanistically explained by attenuated endothelial oxidative damage and MCAM
expression in H36Ratreated mice.

Conclusion These novel results are the first to demonstratgocardial presence of 26

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 naturelef thromboinflammatory response
may explain the serelated differences in outcomes after MI. Importantly, we are the first

to demonstrate that targeting #86/IL-36R pathway may be a potential novel therapy for

treatment of myocardial IRI.
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Chapterl: General Introduction

1.0. Generallntrodudion

1.1. Cardiovascular Disease

The cardiovascular system is made up of the heart, hleod blood vessels. Its main
function is to transport oxyge(0y), nutrientsand hormones to cells tmeet their erergy
requirements, as well as remowarbon dioxidgCQ) and othertoxic waste products of
metabolism[1]. It alscallows the body to maintain homeostasregulate temperature and
pH andprotect against infection and blood log&, 2]. Generally, the circulatory system of
ahealthy adult operateseryeffectively. However, any abnormality in any one or more of
the components or mechanisms withthis compartment can result in acute or chronic
diseasebroadlytermed cardiovascular diseas (CVO3]. These can be generally classified
into two main groupd4]; (i) diseaseghat affect the heart, such as heart failure, valvular
heart diseaseischaemideart diseas¢IHD) cardiomyopathyand cardiac arrhythmia@i)
diseaseghat affect the blood vesselslso known as vascular diseasssch aperipheral
arterial diseas@nd aortic aneurysmCVDOsthe leading cause of death globally, accounting

for approximately 17.7 millio{B0%)deaths annually5].

1.1.1.Ischaemic Heart Diseasnd Atherosclerosis

IHD is the leading cause of CVD and accounts for 49% of the total global bjdrdéh
Ischaemigisch: keep back; aemia: blood) is a term used to describe the inadesuiady
of blood to bodly tissueg[5]. Thisresults in areduction inO, and nutrientdelivery, which

subsequently causes problems witkllular metabolismand allows locahccumuation of

2
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toxic wastg[7]. The inability othe coronary arteries to supplé- rich bloodto the tissues
of the heartdue to the narrowing of theirlumen is the primary driver ofHD[7]. This
narrowingis primarily due to atherosclerosisa localised fatty plaque in the vessel wall
which can result ipartial orcompleteocclusionof the artery, thus reducing arompletely
blocking blood flowrespectively[1-3, 7] A partial blockage of the arterynay resut in
angina (chest pain) whereascomplete blockage wouldisually lead to a myocardial
infarction (MI) commonly called a heart attack’he latter could further develowith

complications such asrrhythmiss, heart failure and death[7].

Atherosclerosis is a progressive chronic inflammattisgpase wherebylaques of lipids,
cholestero) and other substances build up withthe wall ofblood vesselg7]. These
plaques can obstruct blood flow whidanlead to several conditions includif@AD, MI,
heart failure, strokeand in some cases death. The severity and reversibility of these
diseases depend on the size of the plaque, location, occlusiondsizatjon of complete
occlusion and whether the plaque has rupturgd]. Severalstepsare involved in the
development of an atherosclerotic plagi€igure 11) [8, 9]. If it ruptures, itreleasesall
parts of the prethrombogenic plaque into the bloodstreaj, 8]. Although d@herosclerosis
isthe main cause dHD coronary artery spasmsoronary artery dissection or trauntan
also be responsiblédditionally, tiggers such as drugs, tobacco and stss alsacause
a sudden constriction of coronary artesiewhich canreduce blood flowand in turn

prompt the formation ofa thrombus[10].
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1.2. Myocardial Infarction

The primary cause @& Ml isan atherosclerotic buildip and subsequertilockage in one

or more of the major coronary arteries that supply the he@igure 11) [9]. It can also
occur when the atherosclerotic plaque inside the coronary artery ruptures and
subsequently blocks downstreavesselsPlaque rupture accounts for approximately 70%
of MI fatalities[11]. A blockage othe coronary artery results in myocardial tissue not
receiving the @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 died an infarctlf not treated, MI can lead to heart failure, cardiogenic
shock, cardia@arrest, and death[12]. Thae are three main coronary arteriegi) left
anterior descending (LAD) artewyhich supplies the interventricular septum, anterolateral
wall and ventricular apex (ii) left circumflex artery feeding the inferolateral and inferior
walls and thei{i) right coronary artery feeding the right ventricle (RV) and inferior [dall

13]

Tissue schaemialeads to theinitiation of an inflammatory responseand platelet
aggregationand thrombus formation, which in turrfurther augments tle blockage and
flow of oxygenated blood to the myocardiufi2]. A patient with Ml wouldtypically
present with chest pain (known as angimd)ich may radiate tohe back, neck, jaw, upper
abdomen, arms or shoulderas well as exhibsghortness of breath, nauseéatigue and
sweating[14]. There are two forms of anginaStableanginais more common and occurs
when theplaguecausesa partial obstruction of the lumenyith paintriggeredby activity

(increasedd, demand)but stoppingwithin a few minutes of resting. In contrast)stable
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anginais continuous chest pain that carccurevenat restdue to critical narrowingnd

would be considered a medical emergert®].

A patientsuspected of havingcute coronary syndrom@ACSyvould typically undergo an
electrocardiogram (ECGj blood test for cardiac troponin(cTrl) and a coronary
angiography{13]. These tests arperformed to confirm a Ml, determine what type of Ml
the patient s suffering fromlocate the blockd area and determine the best treatment
plan[11]. There are three main types &CSunstable angina, ne®T segment elevation
MI (NSTEMI) and ST segment elevation Ml (STEMDre1.2) [13]. Unstable anginas
when the vessel is partialgpstructeddue to a plaque rupture ansubsequentthrombus
formationaroundit. Patients with unstable angirtbp havetissueinfarctionandcTrT levels
generallyremain normal. Duringn NSTEMIa partial occlusion resutd in subendocardial
myocardialinfarction and elevated cTh levels In both unstable angina and NSTEMI
patients an ECG tracevould have an inverted T wave or an ST segment depress$ion.
contrast a STEMI is characterised by quete occlusion of the vessel resulting in a
transmural infarctionPatients with a BEMIhave elevatedTrT levels and an ECG trace

would show either an ST segment elevation or hyperadueave(Figurel.2) [11].

As a consequence ohyocardialischaemia dysfunction in cardiac contractility occurs
rapidly[15]. Within approximately one minute of coronary ischaemia, creatine phosphate
reservesused forenergygeneration in cardiac myoays are depleted as it is brokedown

into inorganic phosphateThese inorganic phosphates inhibit contractile proteins and thus
contractile forceisreduced or los{15, 16] As a result of the anaerobic glycolysis and the
lowered intracellular pH, calcium binding to contractile protasmmhibited, thus further

reducing contractilityf10, 17] Additionally, alterationghat occur during MI can lead to
5
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the development of arrhythmisthrough triggering factorssuch as ionic andsmolality

disturbancesn the form ofcalcium influx, potassium effluand acidosi$l7, 18]

1.2.1.CurrentTreatment of Myocardial Infarction

Duringischaemia, myocardial cells can start to die eittfteough necrosis or apoptosis.
Tissue deatltan berreversible but this is dependent on thduration for which the tissue
remains ischaemicHence ischaemic time playsvdal role in thefinal infarct size[19].
Restoring blood flow beforthe development of cellulanecrosis can reverse the cessation
of aerobic metabolism, hypoontractility, and mitochondrial and cellular swellifg0].
Therefore, it is crucial for reperfusion treatment to start as soon after the onset of
ischaemia as possibla orderto minimize the infarct size anidhprove prognosis.There

are several therapeutic strategider acute MI, but the backbone dll these therapies
focuses on establishing reperfusiofherapeutic strategies will also depend on the type of
MI. Ultimately,all therapiesaim to quickly establish reperfusion, reduce ischaemia and

reduce the incidencef re-infarction[10].
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Atherosclerosis progression

Monocyte adhesion Macrophage Foam cell Plaque rupture
+ LDL oxidation infiltration ~ 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 otirculatingirritants such as excess lipid®L cholesterol, toxins from cigarette
smoking, or chronic exposure to high blood presslamage theendothelium. Thisresults

in the endothelialbarrier function being lost, which subsequently allows cholest to

start settling at the surfacand build up to form a fatty streak. When cholesterol enters
the blood vessel wall, it oxidizggsulting in the production of messengers which drive the
immune system to direct monocytes to tdeamaged surfacéMonocyes then convert into
macrophages and start to engulf thefatty streaks However, thisprocess of engulfment

is insufficient, and the macrophages @ed form foam cells.During deaththey release
cytokinesand other circulating messengemshich causs further monocytenacrophage
recruitment for reinforcements which starts this cycle again. During these cytties,
endothelium iscontinuouslybeing damaged, cholesterol and platelets are accumulating
with foam cells, and calcium and other substancestbin the blood are being deposited
creating an increasingly more inflammatory and {oaagulative milieuAdditionally, the
smooth muscle layer starts to migrate along with collagen and elastin to form a fibrous cap
around this plaque to stop it from lireg exposed to the blood. &ygrowingplagueoccludes

the vessel impeding circulation. In somiastances, the plague can rupture, releasing all
parts of the prethrombogenic plaque into the bloodstreanCRPCreactive protein
LDLJow-density lipoprotein oxLDLpxidized lowdensity lipoprotein RLP, remnarike
particle Mono., monocyteCreated using Biorender. Adapted frq#j.
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Stable Angina Unstable Angina NSTEMI STEMI
Demand Ischaemia Supply Ischaemia
e \ \ \ \
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 N N V2N RSSVAN ISR PNYAV AUAN IR AW BN ¥

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 classificatiofhe @clusion of a coronary blood vessel

can lead to a myocardial infarction (M order to differentiatethe type of Ml a patient

may be suffering from, patients undergmn 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, &hibnST segment elevation

MI (NSTEMI), and ST segment elevation M|l (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 carpwassel 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 elevatiGneded using Biorender. Adapted frofii2,

13].
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1.2.1.1. Pharmacological Agent® Prevent another Mi

There are several pharmacogiical interventions whiclare given topatients with an Mj|
which include antplatelet and anticoagulantgirugs statins, anthypertensivesand pain
relievers[21]. Antiplateletdrugssuch as aspirirclopidogre] and ticagreloican be used to
prevent further clotting and reduce theltimate coronary arterythrombus size Thiscan
reduce themortality rate postacuteMI by 50%420]. Heparin can also be used to reduce
thrombus progression anasalso been shown to reduce mortality pestuteMI [22].
Statins havédbeenshown to have a piective effect,thought to be due taheir ability to
reduce lipids and cholesterol, exert angiogenic efeahd inhibit cardiac myocyte
hypertrophy[21]. Another key treatment) -adrenergic blockerdiave an array of benefits
in Ml which includemodestly redug infarct size,incidenceof re-infarction, myocardial
O demand andmproving contractility. These benefits are a result of their protective effect
on remodelling andprotection of cardiac myocyte from ischaemic deathas well as
additionalanti-arrhythmic effect§23, 24] Sme survival benefits havalsobeen seen with
MI patients who take angiotensin converting enzyme (ACE) inhibitors eafl35¢nACE
inhibitors produce theirbeneficial effect by preventing cardiac myocytehypertrophy,
reducingthe dilation of the ventricle and reducing the expansion of the infarf&5].
Glyceryl trinitrate(GTN)Js a nitrate vasodilator whichcts by increasing nitric oxid&lO)
levels which resultsin coronaryvasodilation and in turnmproves the blood supply to the
heart[26]. Lastly, painkillers such as morphine are usetanage the pain associated with

unstableangina or Miand thereby reduce anxief6].
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1.2.1.2. Thrombolyticsand FCI to Reperfuse the Ischaemic Heart

Reperfusion isrestoration of blood flow tahe vascular networkollowing reopeningf

an obstructed coronary vessahnd isthe most important therapeutic steguring a Mito
reduce mortality[27]. It acts toprevent further necrosis,limit infarct size and reduce
myocardial dysfunctionHowever, itseffectiveness is highlyime dependent[27]. The
physiological events that occur duringperfusion are distinct fronthose occurring during
the ischaemt phaseandinvolve anmcreased inflammatory reactioand theremoval of
apoptotic and necroticardiac myocytg[10, 28] Clinically, myocardial reperfusion can be
achieved either using pharmacological agents or by mechanical interveli2ah
Pharmacological agents include thrombolgt{also known agibrinolytics), which act to
dissolve or lyse thrombus in the coronary artery prevent them from growing and
ultimately improve blood flow to avoidfurther heartdamage.They are used ipatients
with a STEMIwhere mechanical interventios cannot be achieved withinfour hours.
Thrombolyticprimarilyinclude tissue plasminogen activators (tPA) such as streptokinase,
alteplase, reteplaseand urokinase.Thesedrugsactivatecirculatingplasminogen to form
plasmin, the main proteolytic enzyme thatdegradescrosslinks betweenthe fibrin

molecules that hold ghrombustogether, thusenabingits breakdown[29].

Mechanical interventionswhich are the preferrecécutetherapy for Ml,include primary
percutaneous coronary intervention (PCd)so known as angioplastyhich removes the
blockage by physical manipulatig27]. This ismore effective than pharmacological
options due toits superior safety, efficagyand longterm outcomes.A primary PCI

procedure involvethe insertion of amall wirethrough one of the peripheral blood vessels

10
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(femoral or radial artery) until it reaches the occluded coronary artenesere the
thrombus iscleared by suctioning and a balloon orsent are used to opemesidual
narrowing [27]. Patients are then usually placed on a dual -pidtelet anti-coagulant
therapy foroneyear. PrimaryPCl is the method of choice for patiemigh a STEMithin
the firstfour hours and is recommended for patiesth aNSTEMbetweenoneto three

days[30].

1.2.2.MyocardiallschaemiaReperfusioninjury

Reperfusionachieved by thrombolysis grimary PC] is vital to limit MI sizepreserve
myocardial tissue andvoid heart failure andeft ventricular (LV3¥ystolic dysfunctiofi31].
However paradoxcally,reperfusion isassociated witlan acuteworsening othe ischaemic
injury to heart tissug a phenomenon known aschaemiareperfusion (IR)njury [31].
Indeed, it is stimated that reperfugin of the reart following an ischaemic episode is
responsible for approximately 50% of the fimedcrotic infarct sizewhichlimits the full
benefit of reperfusiortherapy. It igsherefore an area o$ignificant interest as interverans
administered at the point of reperfusion have the potential to improve the prognosis of
patients following an M]32]. However, successful therapies that can prevent reperfusion
related myocardial injury havnot been identified and thus remain one of tkeyunmet

clinical needs in cardiology

Once reperfusion starts, aanhancementn the inflammatory responséegins Reactive
oxygen speciesRO$ form through a variety of mechanisms @ardiac myocyts and

endothelial cell{ECs)of which an electron transfer tox®ccurs by a damaged enzyme
11
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from the ischaemic phasérigure 1.3) [33, 34] These alongsideactivated neutrophils,
platelets,ECsand macrophageseleasemore ROS and in turn, the formation of mediators
such as chemokines and cytokines. This inflammatory respaisterbs coronary
microvascular perfusion as a resultadferationsin the production ofNOand endothelin
1 (@ potent vasoconstrictor)as well as emancedcoagulation Collectively, these events

produce cytotoxicity and in turnnduce further cell injury and deafl35].

In addition to inflammation, eperfusion is associated with sevegalditional factorsthat
may cause tissueinjury, includng intracellular C#& overload, oxidativestress, and
consequences gbH restoration Intracellular C&" overloadoccursduring the ischaemic
phase but is worsened following reperfusias a result ofitochondrial reenergsation
andthe generation obxidative stress. Entry @&*into the mitochondria occurs through
the mitochondrial C# uniporter, which in turn induces the opening of theitochondrial
permeability transition porertPTP) and mitochondrial +energsation occurqFigurel.3)
[32]. Although gharmacological inhibition of th€&* channel reducd infarct size by 50%
in animal modelssimilar effects have not beeseen in clinical studig86, 37] The recent
discovery ofa mitochondrial C#& uniporter inhibitor may provide betteclinical outcomes
through its pharmacological inhibitiomhemPTP channel is neselective and its opening
results ina dissipation of the mitochondrial membrane ionic gradient, cessation of ATP
generation through oxidative phosphorylaticend subsequentcell death. The mPTP
remains closed during ischaenbat may gen following reperfusion in response to the
Ca&*overload, relative depletion of ATP, oxidatisteess,and pH restoratior(Figurel.3).

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

injury [38].

Arush ofoxidative stresssalsoproduced following reperfusion which can mediatrdiac
myocyte death. Antioxidantshave beenshown to bebeneficialin some studiedut are
generally not celpermeable and satheir intracellularefficacy is hindered. Therefore, the
use ofspecific mitochondrial antioxidants may provide better results experimentally and
clinically [32, 39] Lastly,intracellularpH is rapidly restored followmg reperfusion The
activation of the N&H" exchanger and washing oat lactate following reperfusionapidly
returns the pH from 7 during ischaemia to its physiological conduiinin minutes. This
process results ircardiac myocytanjury and death through the opening of thePTP
channels and hypercontratty of cardiac myocyts. Therefore, a slow restoration of the
pH at the time of reperfusion could prevent IR inju@nsistent with this mechanism,
pharmacological inhibition of the Nid* exchanger habeenshown to be cardioprotective

[32, 40]
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Ischaemia Reperfusion
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Figurel.3. Mechanism of energy supply during ischaemia and reperfusi@aneration

of energy in cardiac myocytes usually occurs in the presen®g ofa a mechanism relying

on oxidative phosphorylation in the mitochondria to produce ATP. In the absen®g of
ATP generation through oxidative phosphorylation stapsl 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 wéts in intracellular acidosis. As a result, ion
transport pumps which rely on ATP will fail."f& pump failure will increase intracellular
levels of N& which leads to a disturbance in cell osmolality and results in swelling, a loss
of conductivity andmembrane damage. To balance Naverload, the N&C&* ion
exchanger removes Nand increaseC&*. Within about 20 minutes, anaerobic glycolysis
becomes insufficient to substitute ATP, and consequentfyaa Ndoverload will result

in the generationof reactive oxygen species (ROS), free radicals and other harmful
substanceswhich will also damage the cell membrahdore harmful substances atben
generated and cause the mitochondria to break down and relehs¢éher toxic
metabolites which leadgo cell death. Cellulardeath releasstoxic substances to the
surroundingenvironment which causes additional cell death. Once reperfusion starts,
anaerobic glycolysis is stopped, pH is restored, mitochondrial production of ATP is
resumed, and an irdimmatory response is activated. The inflammatory response can be
triggered by the components of damaged or dead cells or the disordered tissue matrix.
These cellsalongside activated neutrophils, platelets, endothetialls,and macrophages

can then rekase ROS and free radicals. ROS and free radicals are formed via a number of
pathways in cardiac myocytes, one of which involves an electron transferttg xanthine
oxidase (which is itself generated by cleavage of xanthine dehydrogenase due to high
intracellular C# levels in the ischaemic phase). Some of these then result in cytotoxicity
and in turn induce further cell injury and deatl€reated using Biorender. Adapted from
[31].

Neutrophil
Influx
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1.3. Coronary Microcirculation

1.3.1.Roleof the Coronary Microcirculation itschaemiaReperfusion Injury

The sinuses of Valsalva thae originof the aortaas it leaves the heart, gives rise to tieo

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 LCAuppliesthe left side of the heartwith the left main stembranching into two
arteries, theleft anterior descendingLAD) and théeft circumflex (L&) artery [41].
TheLAD artery perfuses theanterior wall of theleft ventricle and the anterior
interventricular septum whilst the L& perfuses thelateral left ventricular free wall.
TheRCA branches intaght marginal arteriego perfuse the right ventriclend usually
forms the posterior interventricular artery to supply the septum from behihdtial
branching starts orthe epicardial surface of the heart and continues to branch into the
myocardium to form a tredike microcirculatory network ending as an extensive network
of capillaies running between all muscle fibres providing almost every fibre with its own
capillay (Figurel.4) [41]. Indeed, coronary microcirculation accounts for around8iB6

of the total myocardial blood flow and hence plags integral role in regulating the
distribution of blood flow in the heart to ensure demand is met during metabolic,
endothelial, neuronal, andnyogenic changes through its control of coronary resistance
[42]. However, italso plays anmportant role in permitting the thromboinimmatory
response during ischaemand the subsequent reperfusion phaséhat accompanies the

flow restoring treatment of M.
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Clinicallyrestoration of normal epicardial coronary artery blood flow, but with-sydtimal

myocardial perfusion, can be observed in as many as 5@#tiehts undergoing €| which

leads to worse outcomes than in patients with full perfusion recovgty, 43, 44] This

suggests myocardial tissue damage likely occurs subsequent to inadequate perfusion at the
level of the coronary microcirculatidd3, 45] Indeedan2z PRB 6 Q LIKSYy2YSy 2y
post-PClis likely lrought about by targeted damage of tlsnallestblood vessels of the

heart as a result dboth theischaemic and reperfusion inssilt

1.3.2.MINOCA and Microvascular Angina

The ro-reflow phenomenoroften observed posPCis not the onlyevidencethat indicates

an important pathophysiological rol@ coronary microcirculatiofi46]. 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 of STEMI
respectively. These large vessel obstructions can be easilgtddtén a clinical setting

using xray angiographyFigure1.5). 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 microcirculatiofd7]. Therefore, despite changes icdtive of a heart
attack being evident on an ECG-£&gment elevation) and biochemicallyiged cardiac
troponin levels that measure heart muscle damagé)? adSy2aia 2F x pJE
epicardial artery is demonstrated on coronary angiograffigure 1.5). This condition,

called MI withnon-obstructivecoronaryarteries or MINOCAresults from various causgs
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including microvascular diseases, thromboembolism, plaque disturbance or coronary
artery dissection or spasi#8]. Interestingly, MINOCA is diagnosed more frequently in
younger patients and in womemheimportanceof coronarymicrocirculationin CVDss
further exemplified in conditions such asiarovascular angina (also called cardiac
syndrome X)Patients with micreascular angina present with chest pain during physical
exertion, but no SElevation is seen on an ECixd basal circulating troponin levels are
usually normalSmilar to MINOCAthere is anabsence obbstructive angiographieisible
coronaryarteries 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 ajpatientsdiagnosedwith heart failure[49, 50]

Increased clinical recognition of the importance of coronary microcirculation has resulted
in the need to idetify 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 impove microvascular flow po$RCj 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 tle®ronary microcirculatiortlinically The

most significant is the fact that theicrovessels 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 resoGfgn
Thisinability to directly image coronary microvesseispatientshas led to cardiologists
focusing their efforts on improving flow pedtl within the angiographically visible part of

the coronary circulation. Hence, little is known about the full range oforary
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microcirculatory responses, particularly at a cellular level, to IR in the clinical sg8ng

54].

Most of our knowledge of what may be happening within the coromaigrovessels post

IR injury has been obtained from experimental studieswhich heart tissue has been
interrogated histologically and biochemically for morphological deterioration,
thromboinflammatory cell infiltration and infarct size. Various microuéescperturbations
noted in tissue sections include the presence of (i) swollen endothelial cells surrounded by
cardiac myocytes that are themselves swollgii) presence of endothelial gapgii) red

blood cell (RBC) congestidiv) platelet and fibrirmicrothrombi and (v) a high number of
intraluminal leucocytes or plateldeucocyte aggregatel]. However, these onéime

static snapshots cannot indicate which of these events actually reduce or prevent
myocardial flow posteperfusion, nor can they provide refiine 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, occlusideinhibithg the
passage of blood or simply circulating cells or remote emboli that were freely passing
through the heart at the time of tissue retrieval. logyte recruitment follows a well
characterised adhesion cascadmcludingcrawling, rolling, adhesion, spading and
transendothelial migration(Section 1.4.§. However, histological analysis cannot really
ascertain which of these dynamic events are critical in mediating their recruitment in the
heartin viva Moreover, important microvascular functional imfieation 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.

18



Chapterl: General Introduction
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Figure 1.4. Epicardiahicrocirculation and coronary microcirculationTheleft 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
microciOdzt A2y I yR I NB G@LIAOKTE TR f Saa OKIF Yy
microcirculation cannot be visualised during coronary angiography or other routine clinical
imaging tools such as singdoton 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 microvssls.Created using Biorender.
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C Clinical Presentation Coronary Angiography
55-year old female presented
with sudden onset of central No significant coronary stenosis

chest pain for 2 hours.

Troponin T (Reference Range <29ng/L)
Initial: 99 ng/L
6 Hours: 301 ng/L

ECG
ST elevation in V3-V5
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Figurel.5. Xray angiography of patients with symptoms of myocardial infarction (Ml)
either in the presence or absence of occlusions within coronary arterigs) (Left)
Angiogramdemonstrating a total occlusion in the proximal left anterior descending (LAD)
coronary artery with no downstream blood flow (arrows) normal left circumflex artery
(Cx) is shownRigh) The same vessel in which flow has been restored after insertian of
stent. ImageHwanget al., 2015(B) (Leff) Angiogram demonstrating partial occlusion
(arrow)in the LAD which has some downstream flow (arroRjgh) The same vessel after
the occlusion iselievedwith a stent.lImage PlayanEscribano et al., 20195]. (C)55-year

old female patient with MINOCA presenting with classical symptoms of an M, raised
troponin levels and an Sdlevation in her ECG, but thino stenosis in her coronary
arteries.Image: Pasupathy et al., 20[45].
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1.4. Inflammation during Myocardial Infarction

Inflammation is a localised biological response to infectionsterile tissue damage
Infectious factors include bacteriayiruses, and other microorganisms, whiletesile
inflammation occurs following exposure twhemical irritants, physicabnd biological
injuries and psychological mediator6]. The immune system is made up of two
complementary suksystemsnamelythe innate and adaptive immune systefi]. The
innate immune system is responsible for the first loielefence against any new pathogen
or injury and does notneed prior exposure to the pathogdb6]. Instead, immune cells
such as resident macrophages, dendritic ¢eligl mast cés contain pattern recognition
receptors (PRRs) which act to recognise pathegpactific molecules, known as pathogen
associated molecular patterns (PAMRs)components of the host damaged or dead cells,
known as damagassociated molecular patterns (DWs). Tolike receptors (TLRS) are a
class of PRRbat have been widely studied. Following infection or injury, TLRs become
activated though their recognition of PAMPs or DAMPs, #mdugh a signalling cascade
induce the secretion of cytokines and ctmkines which recrut neutrophils and
macropha@s to the site ofinflammation Thesedifferent categories of inflammatory
triggers ultimately converge on the same downstream signalling effeatitihsneutrophils

and macrophages then engin§ thepathogers or damageddead cell§56].

By contrast the adaptive immune system igsponsible for antigesspecific immune
response, whereby pathogesare identified throughthe recognition ofunique antiges.
The adaptive immuneessponse isnore focusseds each pathogen is targetegecifically

by specialized immune cells known as ptmocytes(B- and Fcellg. Some of the activated
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B- and TFcells become memory -Band TFcells respectively, which allows for the
development of immunological memory, by which pathogens &lentified and
neutralised rapidlyin subsequent exposures to theathogen. Establishinga sgnificant

adaptiveimmune responsé¢o a new pathogemsuallytakesaroundsixdays[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 inflamedarea. 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 sitedonore specialized type of immune sl

is alsoobserved Atherosclerosis is ahronic inflammatory diseasewhile the initial

inflammatory response in a Ml is an acute inflammafisé, 58]

1.4.1.Proinflammatory Response ia Myocardial Infarction

The onset ofin ischaemic event duringl, and reperfusion througlprimary PCJ canboth
induceinflammation because oftcellular injury and death t@ardiac myocyts, ECs and
fibroblasts This acute inflammatory response is triggered through sevemaitiation
processeicluding the release othe intracellular content of necrotic cells such as DAMPs,
production of RO&ndactivation ofthe complement cascadd hisinitiation then activates
the nuclear factoikappa BNF ) system andjenerategro-inflammatory mediators such

as chemokines cytokines,and adhesiommoleculesat the infarct site.Recruitment and
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extravasationof circulatingneutrophils and other lecocytes to the infarction site then
occurs which serveso help wound healing and sciarmation[59]. However, a prolonged
and excessive inflammatomngsponse camorsen thecondition, leading tolarger infarct

size,LVremodellingand heart failure

1.4.2.DAMPS, TLRand the Inflammasome

Cellular injury and death to myocardial tissared cardiac myocyteresult in the release of
endogenous DAMP@-igure 1.6) [60]. These can be nuclear in nature such as histones,
DNA, mitochondrial DNA (mtDN#e nuclearfactor highmobility group box 1HMGB1)
andinterleukin1 (I:1a) or cytosolic such as ATP, uric acid, heat shock pre{eiSP) and
Factin. Secific TLRs becanactivated through their recognitionof these DAMPS.
Extracellular DNANntDNA RNAand HMGBMhaveall eitherbeen shown to be elevated in
patientsfollowing aMl or to be anti-inflammatory and cardioprotective This has been
demonstrated by the abilitpyf DNAaseRNAasebr HMGBL1 inhibitordo reduce Ml size
[61, 62] There are more than 10 known Tl.Rsatedeitheron the surface ofardiac cells
(TLR1, TLR2, ®)Rr intracellulaty (TLR3, TLRTLRY Surface TLRs sensgtracellular
damage odanger signals (such as HMGBidhereasintracellular TLRs act to sense signals
within cells (such as DNA or nucleic a¢@f)]. Once a DAMP is recognised by a Thd,
cytoplasmianyeloid differentiation factor 88 (MyD88) is activatéchisstimulates theNF

¢ . LJ- & K gthraugh laysiBnalling cascadend gene transcription leads to the
production andrelease of several inflammatory mediatasch as pranterleukin (J)-m i

(pro-IL-m ) (Figurel.6) [63]. TLR4in particular,has beershown to beintegral in inducing
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inflammation during myocardial ischaeraiand IR injury Indeed, geetic depletionor
pharmacological inhibition of TLR#A mice resuk in reduced neutrophil monocyte
infiltration and decreased cytokinehemokine productionwhich ultimately leads to

reduced MI size and LV remodelliitg, 6], [66, 67]

Pro-inflammatory response following an acute Mlor postreperfusion can also be
triggered through inflammasomemflammasomesre a complex of multiple cytoplasmic
proteins which form in response to the release of DANK&h as ATPand function to
activate pro-inflammatory cytokines such as-NM. [58]. The most described and studied
inflammasome inrelation to Ml is nucleotidebinding oligomerization domain receptor
family protein 3(NLRPB Release oéxtracellular ATReads toC&* overload within the
mitochondrig subsequenROS generatigrand mitochondrial cardiolipin releasevhich
activates the NLRP3 inflammasorf@)]. This inflammasomé¢hen promotes cleavage of
pro-Caspasel into Caspasé, which in turnconvertspro-IL-m i (inactive form)into the
active IL-m i form (Figure 1.6). In 2013, Sandangest al. identified an upregulation of
NLRP® mousemyocardial fibroblastfollowing an acute MJ68]. 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 suggettiagas a

potential therapeutictargetto limit myocardial cell death fallving an acute M[68-70].

Thereforereleaseof Ibmi  FNRY OF NRAIF O OBprotllami A yidg fy@ DN L&
through the DAMPTLRNFRS . & A 3y I £ f A §)Processidg®d pr&riISm i+ yARY G2 A0
active form (Ikmi 0 (0 K NP dz3 K inflami&some. [L-w it drives further pro-
inflammatory mediatorrelease, thereby exacerbating the acute inflammatory response

(Figurel.6).
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Figurel.6. Overview of the Ikm | A Y Tt Ire¥poriseii aNdByocardial infarctiohe

onset of acute myocardial infarction (MBads tocellular injury ancdhecrosis ofcardiac

cells (cardiac yocytes, endotheliakells, and fibroblast$, resulting in therelease of
intracellular content such asdamage-associated molecular patterns (DAMR®Rduction

of reactive oxygen species (R@8dactivation of the complement cascadence a DAMP

(such as DNA, mitochondrial DNA (mtDNA), RNA, the nuclear fdggir mobility group

box 1 (HMGB1), and ATP) isagnised byoll-like receptos (TLRs)cytoplasmicmyeloid
differentiation factor 88 (MyD88) is activated hisn turn, stimulates theNF¢® . LJF G K g | &
and through a signalling cascade and transcriptimads to the release of several
inflammatory mediators such as pioterleukin (IL)Mi ® | RRAGA2Yy I ff &% AY
release of DAMPs, inflammasomes (such as nuclediitiging oligomerization domain

receptor family protein 3, NLRP3) are activateghtomote the cleavage of pr@aspased

into Caspasd., which in turn processesthe ptomi Ay (G2 mMKS FTRONDSS AL [ |
pro-inflammatory mediators such as cytokinesNilL =wv hL318,lafd It6), chemokines

(CCL2, and CCL5), and cell admesiolecules are increased at the infarct site.
Extravasation and recruitment of neutrophils and othé&ucocytes (monocytes,
macrophages, B lymphocytes, and CD8ells) to the infarction site then occurs as a result

of the interactions between endothelizells and infiltratindeucocytes. The subsequent
anti-inflammatory phase (day-4) facilitates the resolution and repair through anti
inflammatory cytokines (HL0, Ik1,and TGF 0 = OKI y3S&a Ay YI ONRLXKI 3
monocytes (Lye®"to Ly6®"), and recruitment of cells (fegs, dendritic cells, CDZ

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 remodell and heart failureCreated using Biorender. Adapted from

[60]
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1.4.3.Proinflammatory Cytokines and Chemokines

In response to ischaemiar reperfusion injury pro-inflammatory cytokinessuch adl-m i X
tumour necrosis factea (TNF) and 11-6 are producedprimarily by residentmyocardial
cells or circulating inflammatory celland functionto recruit immune cells to tharea
These agents promotdeucocyte recruitment by activating leucocyte integrins and
enhancing the expression of endothekalladhesion molecules (CAM)tae site of injury.
Chemoattractant cytokine®r chemokinesre alsosecretedandregulate the locomotion
and trafficking ofleucocytes along concentration gradientsthus increasng leucocyte

recruitment and infiltration to the infarcted aref®8, 60]

1.4.4.Proinflammatory Cytokines

Cytokines ar@ broad class oproteins(~6-20kDa) produced by a wide variety iofimune,
endothelial and othertissueresident cellandare involvedn cell signallingThey include
chemokinesinterleukins (L9, interferons (IFNs), TNFs and lymphokirnHsese agentsan
act as either preor antrinflammatory mediators for the immme system.Several pre
inflammatory cytokines are upegulatedin acute MIduring the ischaemia and reperfusion
phasesPredominant cytokines includi-1 family membergll-m " | i R ib-6, TNFh =
and Greactive protein (CRP).-ILfamily members hava key role within most systemic
and local inflammatory responses amae one of the early andeading cytokines to
mediate an inflammatory response following an acute Mlexperimentalmouse models

of MI, I-m "has beershown to be releasetly damaged or deadardiac myocyts, while
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IL-m iis primarily released frommmune cells andardiac myocyte (Figurel.6) [71, 72]
Following reperfusion plasma levels of #u i have beenstrongly linked to decreased
cardiac function and adverse LV remodell{i@@]. Multiple research groupkave showra
reduction in adverse LV remodelling and Ml size following pharmacological inhitfitiien

M Jor genetic deplabn of the IL-1 receptor (IELR) inexperimental mouse models &l

[74]. IL-6 is also released from both immune and myocardial ¢ellswing IR injury and

has been shown thaveboth antr and preinflammatoryeffects including thesecretion

of CRPStudiesn micewith geneticallydepleted or pharmacologically inhiled IL-6, have
returned varied results on MI size and LV remodelling, with some studies showing a
worsened LV rematelling following inhibitiorj75-77]. Increased plasmalevelsofdl> ¢ b Ch
and CRP have been shown to be associated with worse adeatsemesand higher
mortality in patients withMI [60]. A reductionina L aA1 S ¢l & | faz2z aSSy

inhibition [74].

1.4.5.Pro-inflammatory Chemokines

Chemokinesire a class ofytokines (~8l4KDa) whiclhavea similar tertiary structureand
are released in response to pmoflammatory cytokinesThey are classified into sub
families depending on their cysteine residues: OC,, ©€X3@&nd XCTheyhave a key role
in neutrophil, monocyte and lymphocyilecomotion, traffickingand adhesion. The most
abundant chemokines are the CC chemokines, which inclD@&2 (also known as
monocyte chemoattractant proteinl (MCR1) and CCL5. CClghd CCL5 are both

significantly and rapidlyp regulatedin a Mland function to attract immune cells. CCL2
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attracts mononuclear cells such as monocyteshile CCL5 attracts neutrophils and
macrophags(Figurel.6). Genetic depletion of CCL2 orrieeptor orinhibiting CCL5 using
a monoclonal antibody resulted in eductionof infiltrating immune cells to the infarcted
area, reduced Ml size, stoppddv remodellingand reduced mortality[78, 79] CXC
chemokines includ€XCL1,2lso known astromal cellderived factorl (SDFL), whichis
also upregulated inMI. Pharmacological inhibitionf CXCL12lso resulted in a reduced Ml
size and a reduction imfiltrating neutrophils most likely through an indirect effefs0,

80].

1.4.6.Pro-inflammatory Cell Adhesion Molecules

Following the release athemokinesleucocytes are capturedfrom the circulation and
aided tocross the vascular endotheliuamdenter the site of injury The pathway of events
that underliethis procesdorm whatis referred toas theleucocyteadhesion cascadén
response to aMl, this process involvegucocytes tethering and rolling within the blood
vessel, followed byheir subsequentarrestand firm adhesion to the endothelium and
finally their migrationthrough the endotheliumnto the subendothelial spacé~igurel.?)
[81]. This process is mediated bgelectinsin the initial stepfollowed by chemokineand
CAMs in the remainder of the cascd@&]. CAMs are a class kdceptorswhich are located
on the surface of cellsaid in the binding or adhesion to other cellShey areoften
upregulated, activated, or clustered following theactivation of leucocytes, ECs and
platelets. They aregenerallyclassifiedbut not limited to four main groups: selectins,

integrins, immunoglobulin super familiifgSF)and cadherins.Selectins area class of
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heterophilic CAMswhereby a CAM must bind to a different CAM) and are maplef
three members, EBelectin éxpressed orics), L-selectin €xpressed on modeucocytes

and endothelial cells and Pselectin éxpressed omplatelets andEC¥$and are responsible
for the initial leucocytecapture,rolling and tetheringlntegrinsare heterodimeric CAMs,
GKAOK NB YIRS dzLJ 2F |y h o6my @GeLlSaov |yR
combinations make up 24 known integringhese includéhe betal integrinh4 1 (also
calledvery late antiger [VLA4] or CD49d/CD2%nd the beta2 integring'J 2 (also called
lymphocyte functiorassociated antiged [LFA1] or CD11a/CDJ)&ndhwi 2 (also called
macrophagel antigen MAG1] or CD11b/CD1)8They are responsible fdacilitatingthe
subsequentarrest of leucocytes on the endothelium or extracellular matrix (ECM) by
binding to other CAMs present on these surfades . integrin gresent onleucocytes and
lymphocytes can interact witBC<y binding to vascular ceddhesion moleculé (VCAM

1). SimilarlyhJ > andhwi 2 integrins can bind to intercellular adhesion molecul¢lCAM

1). Members of the IgS&re the most diverse class of CAMs, and include VCAM1, ICAM1
and PECAM{platelet endothelial CAM1). The interactions between VCAM1 or ICAM1
with their respective integrin results in the firm adhesion [&ucocytes on the
endothelium. PECAMCD31) is found most densely at endothelial intracellular junctions
and can also be found on plateletagutrophils, and monocytegdo facilitate homophilic
interactions[81, 82] Cadherins are mainly found between cells at the intermediate cell
junctions (adherence junctions). They atassified based on their locatipthese include
Ecadherins (epithelium), -adherins (placenta) and -tadherins (neuronal).
Transmigration ofdherent leucocytes through the endothelium requires several CAMs,

including ICAM1, VCAM1, PECAM1, integaing cadhering81, 82](Figue 1.7). Following
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aMl, studies have shown several circulating CAdMse elevated andherefore may have

a role inpredicting adverseoutcomes[83].

1.4.7.Role of InflammatoryCells in Myocardial Infarction

The inflammatory response followingyocardial IR injuryis mediated through the
coordinaed activity of several types of cellboth within and distanto the infarcted area

A hallmark of patientsvith Ml is leukocytosis, an increased number of white blood cells
(WBCsjn theblood. Thishas been widely used agpeedictorof mortality within this group

of patients Neutrophils arethought to bethe first type of cells to be recruiteduring
myocardial IR injuryfollowed by monocytes, mast celend lymphocytegsuch as Band
T-cells, and natural killefNK-cell§. Each ofthese cells has a distinct role within the

inflammatory processgluring myocardial IR injuf$s8, 84]

1.4.7.1. Role of Neutrophils in Myocardial Infarction

Neutrophils are the most abundant type of WBC-{E&% of total WBC) the circulation

and are a keplayerwithin the innate immune system. Tharimaryrole as phagocytes

to internalise and kill foreign microbes and particles. In addition, they are able to release a
variety of proteins and chemical mediatowghich help combat infection and recruit other
inflammatory cells to the siteEven in sterile injuries, such asyocardial IR injury,
significant neutrophil recruitment occurs in which th@hagocytic functionserve to

contribute to the clearance of debris. However, thast array 6hydrolytic, oxilative, and
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pore-forming molecules released bwn overabundance ofphagocytic neutrophils
alongsidetheir delayed removal from thafarct site,end up causing significanbllateral
heart tissue destruction[60, 85, 86] In an MI, neutrophil couns are found to be
significantlyraisedas a result of mobilisation from the bone marroandthis isused as a
predictor of adverse outcomes and mortalif§7]. Circulating neutrophil countpeak
within 1-3 days and drop after day #eutrophils arepresent within the infarcted area
within hours following myocardial IR injuryln 2016, Maet al. further showed that
neutrophils harvestedfrom the heart on day 1postMIl were N1 neutrophils (pro-
inflammatory) that express highly pramflammatory mediators whereasthose isolated
between days 5-7 were N2 (anti-inflammatory) neutrophils [60, 88] Pharmacological
inhibition of neutrophil CD11/CD1&as beenshown to reduce MI size in various animal

models[89].
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Figure 1.7. Leucocyte adhesion cascadeFollowing the release of chemokines and
cytokines to attract various leucocytes, leucocytes then follow @rs® 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 nunabéeucocytes 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 blat vessel using selectins, very late antigen 4 {4)Laad
P-selectin glycoprotein ligand 1 (PSGL This is followed by arrest and firm adhesion of
the leucocyte to the endothelium using lymphocyte functassociated antigen 1 (LBA,
vascular cell adésion molecule 1 (VCAN) and intercellular adhesion molecule 1 (IGAM

1). Finally, the leucocyte transmigrates through the endothelium to the site of injury using
ICAM1 and PECAM (platelet endothelial CAM). Created using Biorender. Adapted from
[81].
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1.4.7.2. Role of MonocytesMacrophagesand Lymphocytesn Ml

Monocytes can differentiate into macrophagesdendritic cells, and mesenchymal
progenitors whichcanthen further regulate theadaptiveimmune syster@ response to
inflammaiton. There are three main subsets of monocyteboth human and micéTable
1.1) [90]. In response to & MI, monocytes (from bone marrow and spleen) enter the
circulation and are recruited to the site of injusia chemotaxisIndeed, peripheral
monocytosis caralsobe used as a predictor of adverse LV remodell#td. In murine
studies pro-inflammatory classical or LyB€ monocytesarrive peakingbetween day 3
and 4, and aretransformed into pro-inflammatory M1 macrophageswhich produce
proteases (MMPs), cytokines L 16, TNF" IFN0 0 X OKSY2 1Ay Sa 6/ /[ H(
factors to clear ell debris andnitiate wound healind92]. Thereafterrecruitment ofanti-
inflammatory nonclassical or Ly&® monocytesoccurs which peaks at day [B8, 60]. M1
macrophagenumbersdecling and M2anti-inflammatorymacrophages coordinate wound
healing in this reparative phase.The extended presence dfi1 macrophages can
exacerbate the pranflammatory phase extend damage beyond the original infarcted
area, and cause adverse LV remodellinthismay explain why their lparmacological
inhibition has been shown to be cardioprotectiy@0, 93] Additionally, monocytegsan
differentiate into antigen presentingdendritic cellsand initiate the adaptive immune
systemthrough production ofthemokines and cytokinesH\, IL-6) that gimulate the

activation of T cellf94, 95]

Lymphocytesaninduce a celimediated cytotoxic innate immune responsend various

subsetsare involved NK cellsand their receptor expressiowere seen to be significantly
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reduced following aMl, and recent studies showetlesecells to have a proteacte role in
atherosclerosi$96]. Both T and B lymphocytsub-setshavebeen showrto infiltrate the
site of injury in animal modelsf MI. Following an acute MI, patientisplayan increase in
pro-inflammatory CD4Thland cytotoxidCD8 T cells and a reduction anti-inflammatory
and protective CD4 Th2 cells Prolonged presence ofthe harmful lymphocyteswas
associated with a worsened prognof®s, 98]. Anincrease in peripheral B cells walso
noted in MI withmature B cell infiltratiorpeakingat arourd day 5. In 2013, Zouggatial.
showed that B cells secrete CCL7 that mobilbmse marrowLy6'9" monocytesto the
site of injury which in turninducesfurther tissue damageThey alsodemonstrated a
potential therapeutic rolefollowing B cell genetic depletignas evidenced by reduced

systemidnflammaton, LV remodelling and MI siz@9].
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MONOCYTE SUBSETS

HUMANCc based on their cell surface

expression of CD1dnd CD16

MICEc based on cell surface expression
of lymphocyte antigen 6 complex (Ly6C)

Classicat CD14%/CD16

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

Lyechigh

Proinflammatory and express high level
of CCR2 (homologue of classical
monocytes in humans)

Intermediate ¢ CD14*/CD16

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

Ly6cniddle

Proinflammatory and express gin levels
of CCR2 (homologue of classical
monocytes in humans)

Non-classicak CD14CD16*
2-11% of circulating monocytes, patrol
the endothelium in search of injury, low

expression of CCR2

Lyedw

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

Table 1.1 Monocyte subsets in humasand mice.
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1.4.7.3. Role of Platelets in &yocardial Infarction

Platelets have been well characterised for their rolethrombosis More recently they
have been recognised to play a role in inflammatsnparticipants in thennate immune
responseby aggregaing in the injured area, localisg the inflammatory responseand
contributing to the production of gorovisionalmatrix. In an inflammatoryesponsesuch
as an acuteMl or postreperfusion platelets secrete inflammatory mediatgrsicluding
cytokines and chemokingsis well as platelederived growth factor (PDGHiy response to
myocardial IR injury, platelet piaflammatory activityup-regulates ICAM,, VCAML, and
selectins onleucocytes, induces ROS production, activates macrophages and cytotoxic
lymphocytes and increases circulating microparticle productidhey can also interact
with and modulatethe activity ofleucocytes by formingplatelet-leucocyte(P-L)aggregates
mediated by PselectinPSGLl interactions A peripherablood increase irP-L aggregates
has been observedn patients following acute M| and it has been suggested that
circulating PL aggregatesould be used as an eaibyomarkerfor patientswith M1 [100].
Inhibition of P-Laggregatesising antiplatelettreatmentswas able to reduce inflammation

and the risk obnward complicationsn patientswith M.

1.5. Therapeutic Targets for Inflammation in a Myocardial Infarction

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

observed followingnyocardiallR injury[60, 101] Several studies and clinical trials have
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targeted individual elements in theflammatory adhesiormascade and have shown some
benefits in preclinical animal modelBhe effects of inflammatory cytokines on the immune
system are pleiotropic, which makdkem an ideal therapeutic targetor reducing
inflammation. Several clinical trials have been conductbdt target inflammatory

cytokines, mainly HL, Il-6 and TNF &

1.5.1.1. Targeing Interleukin-1in Myocardial Infarction

There is significant evidence toggest that IL1 (and its extended family membegssee
Section 1.% are canonicalDAMPsof the immune system as thegossess 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, narR&y1P4102].

IL-1 alsoacts at the apex of the inflammatogascade For these various reasons, it has
been consideredn ideal target for inflammatory disordersmcluding CVD Inhibition of

IL-1 in experimental models ohyocardial IR injurydve been largely successful. To&dw
colleagueg2012) showed significant reduction in infarct size and improvement in LV
ejection fractionin mice undergoing myocardial IR injufgllowing treatment with
anakinra, aecombinant human Hl receptor antagonist ({LRa)103]. Similar results were
seen in a study in rat heartashere overexpression of HLRa proteotd the myocardium
against IR injury by attenuating cell death and reducing infarct size through its anti

inflammatory properties on neutrophifd 04].

There havealso been several clinical studighat have looked at the effects of using

anakinra (currently used for the treatment of rheumatoid arthritis) Ganakinumab a
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monoclonal antibody against-NLj in patients with either STEMlor NSTEMI. In 2010,
Abbate and coleaguesreported a doubleblinded randomized pilot clinical trial for
anakinra to assess LV remodelling impa@entswith STEMI and showed improved LV end
systolic volume index (LVESVi) with treatmd®5]. This wagurther expanded in 2013 to
25 patients and while serum CRP levels were suppressed, LVESVi remained unchanged
between the treatment and placebo groufiE06]. In a followup metaandysis, anakinra
treated patients had a reduced risk of developing heart failure and dg&ti]. In 2014, a
larger clinical study was initiated on 98atients with STEMI and while systemic
inflammation decreased, LV emsystolic volume, LV endiastolic volume and LVESVi were
not different from the placebdreated group[108]. In 2015, Mortonand colleagues
publisheda doubleblinded randomized phase Il clinical tr@lanakinra in 182atients
with NSTEMI They found that althoughCRP levelslecreased there was actually a
significant increase in adverse outcomes (recurrent Ml, stroke, and dettdr)one year

[60, 109]

More recently in 201 7Ridkerand colleagueseporteda doubleblinded randomized phase

[l clinical trialto test canakinumab an IE1b monoclonal antibodyjn 10,061 high-risk
patients withthe established atherosclerotic disease who had already survived a MI. This
canakinumab antinflammatory thrombosis outcome studyor CANTOS trial,
demonstrated a significantly lowered inflammatory burden as evidenced by reduced CRP
and importantlyhad no effect on LDL (lowlensity lipoprotein) cholesterolOverall, the

trial shoved a gnificant reduction inthe incidence ofnonfatal MI, stroke or
cardiovascular death during the median 3&ar followup. This was the first major clinical

trial to show that targeting inflammation can confer modest cardiovascular benefitery
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high-risk patientsand has been credited with providing arciting glimpse at the potential

for using antiinflammatory therapies for treating CVD.

1.5.1.2. Targeting Neutrophilsn Myocardial Infarction

Neutrophils as previously describedhave a key role in mediatingr injury following an
acute Ml Iy KA © A A 22yintediF recépkob complexesas been shown to reduce
neutrophil adhesion and reduce Ml size in various animal md&8ls There have been
two major clinical studiethat have targeted neutrophils in patients with Nt.2001, Baran
and colleagueseported a doubleblinded randomized clinical trigLIMIT AMI trialfor a
monoclonalanti-CD18 antibody (rhuMARD18 in 394 patientawith Ml, alsoreceiving a
plasminogen activatgraspirin and heparin However, theywere unable to demonstrate
any beneficialeffect onmultiple cardiac end pointgncludinginfarct sizeand coronary
blood flow [110]. They suggested that one of the reasons for the failure of-Gtl8
therapy in humans was that théuration of ischemia was so long that endothelial cell
barrier function had already failedhe following year, Faxat al.,reporteda doubleblind
randomized clinical trial using humanized monoclonal antibody that inhibits both
CD11a/CD18 and CD11bAEinteractions (Hu23F2GLeukoArrest) in 420 patients prior
to primary PCIAgain, teatment with this antibody hano effecton Ml sizealthough the
authors accepted that their study was underpowerdd 1]. Moving forward, a potetial
therapeutic strategy may be the polarization and modulation of neutrophils fpyoa

inflammatoryN1 toanti-inflammatoryN2 neutrophils in the early stages of inflammation.
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1.5.2.Need for a New Antinflammatory Target in Myocardial Infarction

Reperfusion injury podPCl remains one of thikey unmet clinical needs in cardiology.
Despite experimental studies identifying a number of components of the
thromboinflammatory process to be beneficial in reducing infarct dizese strategies
havenot translated well in clinical trialsThis may be due tdifferences in the design of
experimental studies, treatment potency, time-point of therapeutic intervention and
dosing in animaland the involvement of differentpathophysiologicaimechanisms in
animd models all of which canplay a major role in affecting clinical outcomes.
Furthermore, experimental modeldo not usuallyfully recapitulate the mechanisms of
pathogenesis in humans. For instanaaimal models do not account for the fact that the
majority of patients with Ml patients are elderly, have additiomatmorbiditiessuch &
diabetes andhypertension and areoften alreadyon multiple medications Many animal
models also do not consider the differences in the outcomes for MI between male and
female patientd60]. Therefore, in addition to identifying a new aimiflammatory target,

it is imperative that these are tested in animal models that better replicate the clinical

situation.

Given thatcytokines are major contributor® the pathogenesis of variousflammatory

and immuneadiseasesthey have received considerable interest in recent years as potential
therapeutic targetq112]. To date, 1, TNFa and 11-:6 have been the most researched
targets for various inflammatory diseases and have been trialled in humans initially for
treating sepsis andhen later for rheumatoid arthritis, Crohn diseasand psoriasis.

Infliximab and etanercept, monoclonal antibodies that neutralise the action oaTHie
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usedclinicallyfor treating manyinflammatory disordersFurthermore, Canakinumab, an
IL-1b monoclonalantibody, is used to treat inflammatory disorders such as gout and also
reduce secondary events in patients wighior Ml as described in the CANTOS trial.
However, whethetargetingcytokines can prevent thromboinflammatory events that take
place within the coronary microcirculation during myocardial IR injang preserve blood
perfusion in the hearthas not been determineth vivoeither experimentally or clinically.
Hence the search for aytokine target that maintains perfusion within theoronary
microcirculation, limits myocardial damage, reduces infaizie and improves patient

prognosis after reperfusion gorthwhile.

1.6. TherapeuticTargets in the Interleukirl Super Family

IL-1 is actually part of an 4L supefamily (IL-1F) thatis made up of 11 proand antt
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 cell§. Preinflammatorymembers include v h Sm i L3I8,Il-p c h-Bc Lp c L |
and 133, while antinflammatory members can be further divided into
immunosuppressive cytokines 3Z, and I[E38) and antagonist cytokines {lRa -
antagonist for imh | 4i R X L F3§RE&- arltaponist for llo ¢ " -B ¢ L [ loycR AbLd}
the IL-1 family membersexcept for IELRg 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 (M - ROUE[ 020K 2F GKAOK | NB 32yArAada
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been shown to be expressedch iseveral cellsincluding neutrophils, monocytes,
macrophages, and hepatocyteslowever, somemembers have only recently been
discoveredand the literature is relatively sparse on their function3@_cytokines]114].
Importantly, these arefrequently the first and most upstream cytokines produced in
response to injury, thus good targets for interventitor inflammatory disorderg115].
Since ILLIF members critically mediate inflammation, they may be key mechanistic
contributors causing myocardial microcirculatory disturbanceshénlast decade, genes
encoding a novel cytokine cluster, namehB8, with structural and functional similarities

to IL-1 were discoverel 16, 117]

1.6.1.Interleukin-36: Characterization and Expression

IL-36, a reldvely novel IL1 family memberwas identified approximately 20 years ago and
is involved in pranflammatory mediator production, activation of immune cells, and
antigen presentatiofl18]. This subfamily is composed of 5 members with different effects
on the 1136 receptor (It36R); Iko ¢ h -1FB).Ifo ¢ | -1F8)lafd Il-0 c ' -1F&)lcytokines
have agonistic effects, while-B6Ra (I£1F5) and H38 (I-1F10) have antagonistic effects.
IL-36R, also known abe interleukin-1 receptorlike 2 (ILELRL2)is a liganebinding chain
that is composed of TIRToll/I-1 recepbr) domain in the cytoplasm and an
immunoglobulin domain in the extracellular spd@d.9]. Like the 1 cytokines, the gene
which encales IE36 cytokines and 1B6R is alséound on human chromosome 2 and IL
36Ra is encoded by getie36RN[120]. As wdl as amplifying Hl effects, 1L36 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 11, is well established with emerging roles in Crohn diseairway

infections and rheumatoid arthritis recently identifi¢ti21-123].

IL-36R and itsytokines are predominantly expressefo 1 KS 62 R& Q& sl G SNy |
as dermal, bronchla oesophagealand intestinal epithelium. They are constitutively
expressed on keratinocytes, microglial cells, dendritic cells, Tamdother immune cells,
thus indicating their importance in homeostasis and inflammation. Furthermor86 IL
cytokines and H36R are expressed on and released from a wide range of immune cells,
including neutrophils, monocyse macrophagesnd lymphocytesand their expressiors
inducible in response to inflammation, infection, or injyiyl8, 124126]. IL-36 cytokines

are also regulated through the actions of several other cytokines and inflammatory
mediators.For example, wltured human keratinocytes exposed tolE, 11-:22, TNF or

IFN! were ableto induce the synthesis of one or more of the thrike36 cytokine4127].
Stimulation of bronchial epithelial cells with cytokines, smoke, virusdsmaderia-induced

expression of H36, mainly I1to ¢ [128].

1.6.2.Interleukin-36: Signalling Pathway

The signalling pathway of-86 members is similar to-h | i Rligdngl engagement
results in the activation dhe adaptor proteirMyD88 various kinases such BAPK which
then activate the transcription factorfi . N .will traffic to the nucleus and altethe
transcription of numerous genes, including those that encodeipflammatory cytokines
ultimatelyleading to ssbsequent infiltration of immune cell$igurel.8) [118]. Activation

of I.-36R requires heterodimer formation witthe I-1 receptor accessory proteirl{
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1RacP), the common accessory protein of the-1Lfamily, which is recruited following
agonist ligand bindindL-36R is found in twéorms:a precursor (~85kDa) and active form
(~65kDa) Theprecursor needs to be glysylated for the receptor to be able to sighaR6].
Similarly, the Nerminus of I1E36 cytokines made up of 9 amino acidanust be cleaved

in order for the cytokine to bind to the receptor with high affinifyhiscleavage enhances
their bioactivity over 10,006old [129]. In 2016, Henrgt al. showed that the bioactivity of
lkochHclLpE -bgR & a Ay ONdddaeSdthedétivitgiql neatrophil
derived proteases such as cathepsin G, prote# and elastase. The same study also
showed that within psoriatic skin, these neutrophil proteases contributed to the N
terminus cleavage of the-R6 cytokineg130]. Additionally, 1£36 cytokines were activated
following their incubation with activated neutrophil supernatants, further suggesting that
neutrophil proteases released in response to DAMPs or PAMPs activaé dytokines

[130, 131]

1.6.3.Interleukin-36: Effect on the Immune System

Over the lastdecade, most of our knowledge on the activity of88_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,
macrophageand T ell chemokines (such as CXCL8, CCL3, CCL4 and CCL20) following their
activation with ko c " -B ¢ L £ -0 ¢/[E82].ITHey were also able to upregulate MAPK
signalling genes (such as IRAK28 #dnd MMP9 suggesting an amplified inflammatory

response involving T helper cell signallih@3]. Expression of interferon encoding genes
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are also increased in keratinocytes following activation witB@lcytokines. Additionally,

Ikoch o R LFSNBE | adgBatediid andaStocrartJmanndd28, 134]
Furthermore, keratinocytes activated withhdLc i £ & 2 dzLINB 3 dzf -ivS G K S
and TNP [135]. ECs activated with-th ¢ * -redalated IE8, VCAML, and ICAML, thus
suggesting that H36 cytokines have prmflammatory effects on both ECs and

keratinocyteqd118, 136139].

The effect of these cytokines on immune celias also been studied. Neutrophil
recruitment was significantly decreased inollc’hmice which was associated with a
downregulation in CXCLL27]. IL-m M >m i Bnd 16 were all upregulated following

monocyte culture with H36 cytokine§132]. Murine dendritic cells and monocyterived

dendritic cells both induced cytokine and chemokine production following their activation

with 1L-36 cytokineg140, 141] In 2017, Harusatet al. showed that culturing CD4 cells

from IL36R" mice with Iko c +  NB & dzf G SR Ag)ell diffe@ntigiohKvRem A G A 2 v
compared to wildtype mice [142]. Taken together, these results suggest that36L

cytokines and receptaplay an important role in the immune system pesise.

1.6.4. Antagonism of the Interleukin36 Receptor

Antagonism of the H36R can occur through either of the endogenous inhibitorS6Ra
or IL.-38. They work by preventing agonist binding to th&6R and subsequently block the
dimer formation which isrequired to trigger downstream signallifigigure1.8) [119, 126]
Similar to the other cytokines,-B6Ra and H38 must also be cleaved into a mature active

form. Studies suggest that neutropldérived elastase is an important metba of this
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modification for IE36Ra. The mechanism responsible feB8Lcleavage remains unclear;

there is no identified caspask cleavage site for 488. Furthermore, H1Ra and H36Ra

share a 52% homologous sequence of amino acids, wher&gsdhaes a 43% and 39%
homology with IE36Ra and HLRa, respectively. 488 has also been shown to bind te IL

1R1 with low affinity119, 143] I.-36Ra and H38 have been shown to have similar effects

on immuneresponses. Healthy human PBMCs cultured with either recombinz38 tr

IL-36Ra resulted in the inhibition of candwlauced T cell cytokines (A2 and IE17)

synthesis. Both were also able to decreas® lsynthesis induced by-tic ' = o6dzi (K

decreasewas greater with H36Ra[143].
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Figurel.8. IL-36/IL-36R pathwaylL-36 cytokines (o c h-Bcdrfoc* 0 O6AYR (2 (K
receptor (IL36R) which then forms a heterodimer withllreceptor accessory protein {IL

1RACcP). This formation triggeaslownstream signalling cascade by activating the nuclear

factor kappalight-chainenhancer of activated® cells (N& . 0 | Y R-activatéd2 3 Sy
protein kinase (MAPK) to induce an inflammatory response through the release -of pro
inflammatory cytokines. The receptor antagonist3BRa) acts by blocking heterodimer
formation and preventingthe formation of the $gnalling complex.Created using

Biorender. Adapted fronil19]
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1.6.5.Interleukin-36: Role in InflammatoryDiseases

Members of the 136 family have been shown to play a key rolanany inflammatory
diseases, including psoriasis, rheumatoid arthritis, Crohn disease, psoriatic gréwdis
systemic lupus erythematosus (SLEEfeed,expression levels of -B6 cytokines andts
receptor aresignificantlyincreased in these condition®outetet al. (2016) found that
human skin biopsies fromatients withpsoriasis had an increased expressionaf it " -~ L [
o c ' I -3BRARNhiswds also coelated withthe enhanced presence of other cytokines
and immune cells such asM | Y R r cells[k44).fLérxi&s of 36 cytokines were also
increased in the serum gfatientswith psoriasisand 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 agabit(RI
655130¢ 10mg/kg). Levis of CRP in these patients significantly decreased, and pustules
were entirely cleared in 6 patients within 2 weeks, thaigygestinghat Bl 655130may
reducethe severity of pustular psorias[846]. In 2011, Marrakchet al. showed that
mutations in IL36Ra led to pustular psorias[¢47]. This was further subsequently
supported in an induadpsoriasis model, whereby-B6Ra" mice expressed 417, 11-:22

and 1-:23 and developed skin lesions, whereas wyide mice did no{148]. Deficiency in
IL-36Ra(DITRA), resufig from a mutation in thelL36RNyeneg can be lifethreateningto
patients suffeing from systemic inflammation and episodes of generalized pustular

psoriasig149].

Boutetet al.(2016) found that synovium obtained fropatients withrheumatoid arthritis

contained increased levels of b c h 20 c L po ¢ L B6R4A &nd H38, which were
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correlated with increasing levels oM @ ¢ KS & Y S ifidgdiindzéaded levield 2
ofloc h loycR LA[Y biopsésesimes which were obtained fropatients with
Crohn disease, and the disease severity correlatéh the magnitude of the increase
[144]. Furthermore, biopsies of nephritic kidndysm patients withSLEhowedincreased
levels of Iko ¢ M l-oycRwhithorrelated with the disease severity indg&0]. In 2017,
Chuet al.treated SLE mice with murine recombinart3& and saw a significant decrease
in circulating levels of 117 and 1E22, and a decrease in the manifestations of the disease

when compared with untreated midé51].

1.6.6.Interleukin-36: Role in IR Injury

Although there has been extensive research eBdlas a highly prinflammatory cytokine
in several inflammatory diseases and tissuasdiscussedabove,there have been no
investigative studies on486 inCVDuntil recently. In 2020, Luet al. studied the effect of
IL-36Rdeficiencyin a ratcardiopulmonary bypass modehere IR injury also occurd-36R
knockouts had significantly decreased infiltratioof inflammatory macrophages as
determined immunohistochemicallyeduced oxidative stresseduced cardiac myocyte
apoptosis and improved systolic functiorf152]. Recent work haslso examined the
potential role of IE38 in the heart following MI Pasma IE38 concentrationsvere shown
to increase during an acute MI (peaking at 24 hours) and significantly decrease p
reperfusion[153]. In 2019, Wei etl. (2019) studied the effects of-B8 on ventricular
remodelling following an acute Ml in mice. They showed th&8wasnducidy expressed
postMI in the infarcted myocardium, andhen mice were injected with recombinant
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mouse 1L38, decreases in inflammation, cardiac fibrosis, and myocardial injury were
observed. Thus, 488 mayimprove cardiac remodelling following N154]. These recent
studies suggest potentially novel role for IE36 in modulating cardiac IR injuistowever,
despite recent increases in our understanding of how th8aL IL36R pathway ikighly
pro-inflammatory in skin and lungs, we are still at a very early stageumcurrent
understanding of it&n vivobiology, andonly a handful of studies have recenithyestigated

a role for this pathway in the heart.

1.7. Risk Factors Associated withydcardial Infarction¢ Age andSex

1.7.1.Ageng and Myocardial Infarction

I OO2NRAY3I (G2 LINRP2SOUGA2ya FTNRY (GUKS YeA® (G SR
will increase from 10% in 2000 to 218y 2050 [155]. The ageing process is not only
characterised by weknown ageing symptoms (such as wrinkles, decrease in fertility,
grey/white hairs, frailty, and sensory losses) but include more biological characteristics
such as cellular senescencenmunosenescenceinflammaging, altered intracellular
communications, and metabolic changes. These result from a wide range of environmental,
genetic, epigenetic and stochastic factfit§6]. A maja consequence of ageing is the fact
that the prevalence ofHDincreasedn patients over 50, making age a major risk factor
independent of other risk factors. Moreover, age is associated wdireased myocardial
damageand aworsened prognosi®llowing an acute MJ157]. Experimental sudies have

demonstratel a significantly larger infarct size and increased susceptibility to IR injury in
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aged micewith coronary blood flow restoration posschaemia much lower in senescent
rats[158, 159] Interestingly, increased infarct size is not s@eaged humans following an

acute MI[160, 161] but they dolose their ability to respond to cardioptective
interventionssuch as ischaemjreconditioningand havel y A Y ONBIF aSR NI} (S 2

[162]

1.7.1.1. Inflammaging

¢tKS NBOSyiif einflamtagiiR SESINKY A YWA (KS LIKSy2YSy2
accompanied by a chronic legrade, systemic upegulation of inflammation that persists

in the absence of an overt inflammatory stimul[i$63, 164] It is thought to be driven by

an increase igirculatingneutrophils,production ofpro-inflammatory cytokines (TNF Z- L |

6, and CRPROS, and changes in the functional structure of other,¢etikiding platelets

[165]. Thesechanges lead to irregularesponse to acute inflammation andongterm

gradual tissue damad@66-169]. Inflammagingnayalsoresult from the accumulation of

cell debrigsuch as DAMPs or macromolecules) with @agja result o&dn impaired removal

pathway and/or increased production following infections or injuries.

Themain mechanismsgvhich are involved in the inflammaging process #reught to be

the activation of theNFeS . | Y R laminvasomepathyvdy$ to induce the production

of pro-inflammatory mediators. Mitochondrial dysfunction and DNA damage also play a
role through theexcesgroduction of ROSNeutrophil chemotaxis has also been suggested
to be impaired with age, which would result inntmuous damage to the tissue through

the release of destructive mediators and ROS as they are unable to transmigratgl@@ay
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171]) The most common cytokine to be increased in -agjated diseases is-B and is
currently used as amflammatory marker and a hallmark for chronic disordersl &nd
TNFh FNB | faz2 O2YY2yrélated diséd3dsmnd dhSiRadditigh tol 3 S

fibroblastsin vitro acceleratstheir senescencgl64].

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

microcirculation in health ofollowing myocardial Ikjury.

1.7.2.Biological Sexand Myoardial Infarction

Sex differences in CVD outcomes have been widely studibd general consensus
suggests that maledevelop CVD -10 years earlier than females aidve worse age
matchedoutcomes, includinga higher risk ofnortality. In a 2014 study, thage-adjusted

death rate per 100,00 personyearsfor heart diseasavas 38% less in women than in men
However key sex differences were observed in one manifestation of, @¥Dely imcute
MI[172]. Men have approximately twice the risksiiffering anMI compared with women

Not only is the incidence of MI lower in womdut they are als@enerally older than men
when they experience their first M. dieed, inthe global caseontrol INTERHEART study
spanning 52 countries, women were seen to experience their first Ml on average 9 years

later than men[173].

Z.A 2 4 oA 9~

This has often beemisinterpretedl & FSYI £ S& 0SAy3 WLINRGSOGISRQ

well established thabverall women have a longer stay the hospital, have digher risk
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of hospitalized deathand havea greater mcidence of mortality at follovup (1-year post
MI)[174, 175] Moreover, youngewomen who suffered from acute Ml are at a higher risk
of mortality than agematched men[176]. Interestingly the symptoms of an Ml are also
generallydifferent, with men tendngto have a crushing chest pain sensatwith women
experiencingpain in the abdomen or under the breastbone resulting paotential

misinterpretation of their conditiorj177]. These differences amummarisedn Table 12.

Cardiac function is significantly impactdy sex hormones such as oestrogen and
testosterone, produced in both men and womeRrior to the menopause, the risk of an

MI is much lower in women than men of the same age. However, this sginigicantly

increased after menopause when circulatingdks of oestrogen are reducedror this

reason, oestrogen hasbeen deemed to be cardioprotective. There are two types of
2SAa0NRP3ISY NBOSLII2NARA 69w0X 9wh YR 9N I Ay ¢
The cardioprotective effect of oestrogen isgsphoinositol &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 agenatched men andpostmenopausal womer(178, 179 9 wi A a
expressed in the hearat greater levelsin men than in womeng KAt S 9wh A& S

expressedn both £xes[177]. In female mice, bothrE, I YR 9wi | NB NXIj dzA N

cardigorotective effects against myocardial IR inj{t$0].
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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 12. Differences inthe incidence symptoms,and prognosis oacute myocardial
infarction between men andvomen.
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1.7.2.1. SexHormones

The hgher incidence of MI in mendeo theearlierview thattestosteronehad detrimental
effects on the heart. Although large observational and randomized stsdigsorted this,
more recent studiehavesuggested a cardioprotective role for testosteroffbe effects

of testosterone on the hearare lessunderstood than those obestrogen, although
testosterone andestrogenhave beershown to have opposing effects on cardiac function
and remodelling in mouse models of §I81]. Production of testosterone increasén
postmenopausal women, which furthesupports a link betwen testosterone and an
increased risk for CVIPE82]. Similarly, studies on weigkiters who use anabolic steroids
(altered byproducts of testosterone) showedn increased risk of CVB3sich as MI and

sudden cardiac death through impaired diastolic function and cardiac hypert{fd83y.

1.7.2.2. Sex Differences in Immune Responses

Sex differences in the immune response is a-@stiablished phenomenon and is seen in
many diseases affecting both the innate and adaptive immune respofRsesxample,
males havea larger number of NK cells the circulationthan femaleq184]. Neutrophils

and macrophages from females have a greater phagocytic and activation activity than in
males Additionally, macrophage {10 production was higher in females, while
macrophage prenflammatory cytokine production was greater in maj&85]. Alterations

in receptor expression may underlie soraethe sexdependent differences in immune

responsesTLR4which was found to be an integral receptorimducing inflammation in
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myocardial IR injuryhas been shown to bexpressed at higher levels on human male
neutrophils than femaleswhich alsoproddzOS R Y2NX ¢bCh gKSy 02 YL
[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 LR4 exmssion on male immune celtgore than in female cells

leadngto greater inflammatory responses in males following [1R88].

Similarly,adaptive immune celtounts, and theiractivity are alscsexdependent Pre
puberty, the majority ofadaptiveimmune cellpopulationsand ratios are equal between
males and females. HowevexJarger number of B cells and activated T cafisvell asa
higher count of CD4T cellshave been observed in females (adulthood and persisting with
age) Females also have alteredCD4/CD8 T cethtio (increased towards CD4reater T

cell proliferation and an increased cytotoxic T cell actiwtiiereasmales have a higher
CD8 T celland Treg cell number[188]. In generd the innate and adaptive immune
responsesvithin humansare stronger in adult females than aault males Pathogens are
cleared faster in adult females, but this increases their susceptibility to autoimmune

diseases and inflammatidi88].
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1.8. Summary

1.8.1.Imaging theGoronary Microcirculation ina Beating Heart in vivo

Treatment of MI focuses on rapidly-establishing perfusion following blockage in one
or more of the coronary arteriesHowever, whilst necessary to end the period of
ischaemia,reperfusion paradoxicallyworsers inflammation causing additional tissue
damagebeyond that caused by ischemia aloieperfusiontherefore, is responsible for
approximately 50% of the final infarct siZgestoring blood flow in occluded coronary
arteries can still be associated wistub-optimal myocardial perfusiongading to worse
outcomes than in patients with more extensive perfusion recoveriiis indicates
inadequateperfusion at the level of theoronary microcirclatory, which likely contributes
to the additional tissue damagdncreased clinical recognition of the importance of
coronary microcirculation has meant identifying strategies to improve potential
perturbations within it have gained recent attentioRlowever, current clinicaimaging
tools cannot resolve these microvessaisid so little is known about the full range of

cardiac microcirculatory responses to IR injuryivo.

As stated earliermost of our understanding of microvascutiysfunction postreperfusion

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 rdahe 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

OFyy2i WakK2sQ ReylYAO $HBfee drilicalirfodaGifon dnd o f 2 ;
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microvessel integrityfunctional capillary density @whether flow is present in the heart

or not needs to be acquired usimgvivoimaging method.

Intravital microscopy (IVM) is aexperimentalimaging modalityused toexperimentally
image the microcirculation of solid orgarsd. liver, kidney, gut) or transparent tissues
(e.g.mesentery, cremaster muscle) in anaesthetised rod@mteattime. It haspreviously

been used to investigate cellular evemmsareas such as immunology, tumour biology and
neurology and much of our existing knowledge of the impact of IR injuy
microcirculation has been obtained using transparent preparations such as the cremaster
muscle or gut mesentery189-191]. The advantage of IVM is the ability to image a single
cell and track its movement ireaktime 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 respiratorglated movement of the heart in all three dimensions,
thus imposirg a practical limitation on the imaging resolution of theronary
microvasculatureas reviewed byNeenaKalia(2021)[51]. As such, other surrogate tissue
beds, particularly the cremaster, have been used as models of the -cardiac
microcirculatiorf193]. However, oronary microcirculation is unique in both its anatomical
and physical properties, particularly its contractile activisshich compresses coronary
capillaries during systoleeducing their diameter up to 209494, 195] As such, the impact

of IR injury and the mechanisms by which therapeutic vasculoprotective strategiesesct,
vary in asite-specifiomanner.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

microcirculationin viva
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1.8.2.Requirement for novel anttinflammatory targets

Evidence suggests thaparsistent and prolonged primflammatory responsgas observed
during IR injuryseverely impad adverse LV remodelling and infarct size. Therefore,
therapeutic targets that eithermodulate inflammation and/or prevent additional
microvascular disturbamsmay hold promise for future treatmen{§0, 101, 196]Several
studies and clinical trials havalready targeted individual contributors tothe pro-
inflammatay response specificallyiLl-1 [103, 109, 197, 198]L-6 [199], and TN [200].
Although sich treatments have been beneficial in preclinical animal mqaétsicallythey
have real onlyreduceal inflammatory markers and the risk of recurrenioet not infarct
size[103, 109, 197200]. 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 {L superfamily member, is involved in the production of
pro-inflammatory mediators and activation of immune/E201]. The IE36 / IL-36R

pathway haseen shown to play a key role in a nuenlof inflammatory diseases, including
psoriasis and rheumatoid arthritj$25, 201, 202]JHowever, only a couple of studies have
provided limited data on its therapeutic potential in theart[153, 203] It is anticpated

that investigating new HLF members will unravel novel mechanistic pathways that have

the potential to become therapeutic targets in sterile inflammatory conditions of the heart.
Certainly, nembers2 ¥ (G KS L[ mm F36Yakef tgpEallyAaghah§ teR hosta L [
upstream cytokines to be released upon injury and appear critical in triggering subsequent

synthesis and release of a multitude of inflammatory mediators. Helhe36 holds
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significant pronse as a therapeutic target. It has been largely overlooked since its
discovery in 2001with fewer than 140 studies published investigating the role e3aL
cytokinesHowever,jmportant,and novel biologic roles are recently being described for IL
36, and it isanticipatedthat this will represent one of the most dynamic areas of research
in immunology in coming yeardt is worth speculating that since -86 levels are
dramatically raised ipatientswith psoriasis, this could mechanistically explaia kmown

link between psoriasis and increased cardiovascular disease

1.8.3.Inclusion of cemorbidities and risk factors

In the field of myocardial IR injury, there has been a recurrent failure ofisifdimmatory
interventions that were promising in animal models to translate to the clinic. This may be
becausethey do not accurately model the human scenario, particulatigmit comes to

the inclusion of comorbidities and/or risk factors such as aggx diabetes, and
hypertensionBy 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 dewthin this age group.
Increasing age is a major contributor to worsened prognosis and increased myocardial
damage following MI, independent of other risk factorserefore detailedconsideration

of the effects of ageing on theostischemic heart is criticaHowever, almost all studies
appliedto the murine hearthave involvedyoung animalsin this thesiswe will provide
original contributions on the architecture of the aged heart microcirculation and how its

response tdR hjury 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 aMAever,

little is knownin vivoabout how age an@deximpact coronary microcirculation in health

and whether they increase the likelihood of microvascular disturbancesrgpstrfusion

injury.

Although studies orboth agerelated and sexrelated changesin the inflammatory and
immune system have gathered @gathe work presented ithisthesis ighe firstto explore
in vivg in an intravital imaging model of the IR injured mouse beating héagtyole of a
novel inflammatory cytokine pathway in mediating microcirculatory disturbances in
yound aged male/female,hearts in both health and poshjury. Understanding these
processes and identifyingontributing mechanisms is essential if we are to devise and
optimise therapies that will be effectivespecificallyin an agerelated myocardial

pathology.

1.9. Aims and Hypotheses

Although we know thdl-36/IL36R pathway is highly pmflammatory in the skin and
lungs, we are still atraearly stage irour current understanding of it vivobiology in the
heart. The major hypothesis of this thesis is tH&t36 is a key mechanistic contributor to
myocardial microcirculatory disturbances paseperfusion and its inhibition will
ameliorate myocardial IR injurye will explore the hypothesisthat the extent of
thromboinflammation andmicrovascular perturbations mediated in aged IR injured mice

exceedthat mediated in adult mice, which may be linked to an existing basal inflammatory
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presence even in the absence of injumgflammaging. We also hypothesisahat the
clinical differences the outcome of males and females to MI, may be linked to differences
in the susceptibility of their coronary microcirculation to IR injurg.address this, the aims

of this thesis are as follows:

Intravitally image the healthyuninjured, and IR injued adult andaged mouse
beating hearts in order to claracteriseand compare the full extent of the
microcirculatory response at a cellular lewreliva

Determine whethenl-36R and its cytokines are present in the hiey uninjured
mouseheart and wheher IR injury, ageor seximpacistheir localexpression
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 microcirculatioin viva

Investigate intravitally whether therapeutic intervention with IL-36Ra is
vasculoprotective athe level of the coronary microcirculation the IR injured
adult and ageanouse beating hearts viva

Intravitally image the IR injured male and female mouse bedtéaytsin order to
characteriseand compare the full extent of the microcirculatorgsponse at a
cellular levein vivoand cetermine the effectiveness df-36Ra in bottsexes
Investigate whether H36 and IL36Rare present inneonatal, infant/toddler, older
children and elderljhuman myocardiumand determine whether there are any

correlations between expression levels and age.
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2.0. Materialsand Methods

2.0. Reagents and Materials

Staining bufferg & O2YLIR2&ASR 2F 5dzZ 6S5002Qa LIK2aLKLIGS

5% FBS and 1% penicilimeptomycin.Endothelial cell expansion mediaas made up of
1% minimum essential medium (MEM)-vBline powder (DMEM),0.1% sodium
bicarbonate, 8.9% FBS, 1% penicslieptomycin, 1% MEM neassential amino acids, 1%
vitamin mix, 10 units/ml IFN | YR & dz0 & Slj dzSy & f EnddthRig a=ll i S R
experimental mediaconsisted of DMEMigh glucose, 10% foetal bovinesm (FBS), and
1% penicillinstreptomycin. Trisbuffered saline(TBS) was composed of 12% -base,
distilled water and subsequently adjusted to pH 7Radioimmunoprecipitation assay
(RIPA) buffer containing 50 mM Tris, 150 mM sodium chloride, 1.0% #ti®0, 0.5%
sodium deoxycholate, and 0.1%odium dodecyl sulfatdSDS), supplemented with a
protease inhibitor tablet and subsequently adjusted to pH &fmonium persulphate
solution (APS) was made up of 10% ammonium persulphate in distilled wRieming
buffer was composed of 10% Tig$/cineSDS in distilled water, whiteansfer bufferwas
composed of 10% Triycine in distilledvater. Magnetic activated cell sortindMACS)
buffer was composed of PBS containing 0.5% BSA and 2 mM Eiph&nyl tetrazolium
chloride (TTC) solutiowas composed of 1% 2,3tBphenyltetrazolium chloride, 76%
NaHPQ(0.1M), 23% NagP( (0.1M) and subsequently adjusted to pH 7.4, and before use

waspre-heated to 37C.

A list of all other reagents and materials used can be in the téble2.2, 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
AmmoniumChloride ACK Thermo Fishel Paisley, UK
PotassiunlLysing Buffer Scientific
Ammonium Persulphate | - Sigma Aldrich Poole, UK
Bicinchoninic Acid BCA Sigma Aldrich Poole, UK
Bovine Serumhlbumin BSA Sigma Aldrich Poole, UK
Corkboard - Thermo Fishe| Paisley, UK
Scientific
Collagenase Type 1 Collagenase | Wako chemicals Osaka, Japan
Complete Ultrarablets| Protease Roche Switzerland
Easy Pack inhibitor
DMEMHigh Glucose - SigmaAldrich Poole, UK
5dzZ 6 SO0O2Qa -|DPBS Gibco Paisley, UK
Buffered Saline
Dulbecco's Modified Eaglel DMEM Sigma Aldrich Poole, UK
Medium
Ethylenediaminetetraaceti¢ 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
InterferonrGamma IFAN- Sigma Aldrich Poole, UK
Ketamine Hydrochloride | - Pfizer New York, USA
LiquidSkin - LiquidSkin Middlesex, UK
Medetomidine - Pfizer New York, USA
Hydrochloride
MEM DBValine Powder - SigmaAldrich Poole, UK
MEM NonrEssential Aming - Sigma Aldrich Poole, UK
Acids
Nitrocellulose Membrane | - Thermo Fishel Paisley, UK
Scientific
Non-Fat Milk Powder - Marvel Manchester, UK
Optical Cutting OCT Sakura Finetek Netherlands
Temperature
PenicillinStreptomycin - Gibco Paisley, UK
PhosphateBuffered Saline | PBS Sigma Aldrich Poole, UK
Prolene 9.3mm Suture - Ethicon New Jersey, USA
Resolving Buffer - National Diagnostics | Nottingham, UK
Sodium Bicarbonate bl 1/ hi|SigmaAldrich Poole, UK
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Sodium Chloride NacCl 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 Dibasi( NaHPQ Sigma Aldrich Poole, UK
Sodium Phosphat{ NaHPQ Sigma Aldrich Poole, UK
Monobasic
Stacking Buffer - National Diagnostics | Nottingham, UK
SuperFrost Glass Slidg Glass slides | Thermo Fishel Paisley, UK
Ground 90 Scientific
Tetramethylethylene TEMED National Diagnostics | Nottingham, UK
Diamine
TrisBase - Sigma Aldrich Poole, UK
Trisglycine - Ceneflow Lichfield UK
TrisglycineSDS - Ceneflow Lichfield UK
Triton-X - Sigma Aldrich Poole, UK
Tween - Sigma Aldrich Poole, UK
Veet - ReckittBenckiser Norwich, UK
Vitamin Mix - Sigma Aldrich Poole, UK
2,3,5Triphenyltetrazolium | - Serva Germany
Chloride
3- APES Sigma Aldrich Poole, UK
Aminopropyltriethoxysilane
5-0 Suture - Ethicon New Jersey, USA
70um Strainer - Thermo Fishe| Paisley, UK
Scientific
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Experiment | Antibody | Label | Clone Source | Target | Company | Conc.
Anti-I-1 | UC Polyclonal | Goat Mouse | R&D 0.2mg/mL
Rrp2 / Ik 19G Systems
36R
Anti-IL- uc Polyclonal | Goat Mouse | R&D 0.2mg/mL
och - lgG Systems
1F6
Anti-IL- ucC Polyclonal | Goat Mouse | R&D 0.2mg/mL
ocl K lgG Systems
1F8
Anti-lgG | UC Polyclonal | Goat Mouse | R&D 0.2mg/mL
control IgG Systems
anti-goat | AF488| Polyclonal | Donkey| Goat Abcam 2mg/mL
19G 19G
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| control
Anti-CD31| BV421| Monoclonal:| Rat Mouse | Biolegend| 0.2mg/mL

390
Anti- BV421| Monoclonal:| Rat Mouse | Biolegend| 0.2mg/mL
lgG2a 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
VCAML / 429
CD106
Anti- AF647| Monoclonal:| Rat Mouse | Biolegend| 0.5mg/mL
lgG2a RTK2758
control
Anti- FITC | Monoclonal:| Mouse | Sl Abcam 1mg/mL
DNA/RNA 15A3
damage
Anti- FITC | Monoclonal:| Mouse | SI Abcam Img/mL
IgG2b PLPV219
control
Zombie Violet | NS NS NS Biolegend| NS
Agqua 405
Anti-Ly PE Monoclonal:| Rat Mouse | Biolegend| 0.2mg/mL
6G/Ly6C RB68C5
(Grl)
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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 / Ik 19G: Systems
Human 36R 116004
Experiments| Anti-IL- ucC Polyclonal | Goat Human | R&D 0.2mg/mL
och - IgG Systems
1F6
Anti-IL- ucC Polyclonal | Goat Human | R&D 0.2mg/mL
oci Ik IgG Systems
1F8
Anti-IL- ucC Polyclonal | Goat Human | R&D 0.2mg/mL
oc!t <« 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 RMG11
Human IgG
Experiments| anti-goat | AF647| Polyclonal | Donkey| Goat Abcam 2mg/mL
IgG 19G
Anti-CD31| PE Monoclonal:| Mouse | Human | Biolegend| 0.2mg/mL
WM59
Anti-lgG1 | PE Monoclonal:| Mouse | Human | Biolegend| 0.2mg/mL
control MOPG21
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- FITC | Monoclonal:| Mouse | SI Abcam 1mg/mL
DNA/RNA 15A3
damage
Anti- FITC | Monoclonal:| Mouse | SI Abcam Img/mL
IgG2b PLPV219
control
NS¢ Not specified; S species independentUCg unconjugated TnTg Troponin
Table2.3: List ofrecombinantproteins
Protein Source Target Company Concentration
IbLoch -1k6 L|E. coli Mouse R&DSystems 100>g/ml
IbLoci -K8 E. coli Mouse R&D Systems 100>g/ml
IlLoc ! -¥9 E. coli Mouse R&D Systems 100>g/ml
IL-m ] E. coli Mouse PeproTech 100>g/ml
TNFh E. coli Mouse Boster Biological 100>g/ml
IL-36Ra/IL1F5 E. coli Mouse Novus 1lpg/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-{% weeks) or aged (782 weeks) miceFor studies
investigating the impact afexon the coronary microcirculation, experiments were carried

out using adult male C57BL/6 mi(9-15 weeks)All mice were purchased at least 7 days
prior to experiments to allow them to acclimatize and were housed in a pathfrgen
environment at the Biomedical Services Unit (BMSU), University of Birmingham, ¢¢K. Mi

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 sterilisaald the workbench and associated
hardware were sterilised using HibiScrub. Mice were anaesthetised Inytraperitoneal

(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 reduinrough 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 mousepleaed on a
customised surgical board in a supine positibigure 2.1A)A heating pad connected to a

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

2.1.1.2. Surgical Procedure

The surgicaprocedurewas performed as previously describpi?]. A tracheostomy was
initially performed to ventilate the anaesthetised mouadificially. Toexpose the trachea,

an initial incision was made in the neck areamd 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 raeial ventilator
(MiniVent rodent ventilator, Biochrom Ltd/Harvard Apparatus, UK), was then placed into
the trachea and held in place using @ Suture Ethicon, USA This provided medical
2E@3ISy (2 G(KS FylSadkKShiAaSPreahd dmirbite With a |
GARFEt @2f dzYS (Figurer.aA) MeficalkoxygeNBds firévided by an oxygen

concentrator {etTech, UK

In order to facilitate the delivery of antibodies and saline, the left carotid artery was
cannulated. The artery waisitially exposed using blunt dissection and freed from the
vagus nerve and connective tissue. A Suture was used to permanently tie off the
superior endand the inferior end was clamped using a feeumatic mini arterial clamp.

A small incision wathen made between the suture and clam@and a carotid cannula,

connected to a 1ml saline syringe, waserted,and secured in place using éD5uture.
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The clamp was then removed, and a single bolus dose of saline was given to maintain

hydration duringhe experiment (5ml/kgjFigure 2.1A)

To access the heart, the mouse was placed in a right lateral decubitus ppaitidran
incision was made in the left thoracic region to uncover the pectoral muscles. Muscle and
connective tissue were carefully caut®ed 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 ijury of the LV was performed using a wedtablished model involving
reversible occlusion of the left anterior descending (LAD) coronary gd@iy 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 tulirgure 2.1B & C)he plastic
tubing applied pressure to the LAD artery and occluded theseke A successful occlusion
was apparent when the apical region of the LV appeared (atpire 2.1C)Following 45
minutes of ischaemia, the ligature was removed, and reperfusion of the myocardium was
allowed to proceed for either 2 hours fdissue analysis experiments, 2.5 hours for
intravital observations or 4 hours when measuring infarct §2. 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 includéte passing of the silk suture under the LAD artery.
However, in sham mice, this was not tightened. Forpeatment studies, recombinant
mouse [E36Ra6 m p > 3 k YvAsdmijeéstéd intraarterially at both 10 minutes pre

reperfusion and 60 minutes poes¢perfusion.
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Figure 2.1. Intravital microscopy of the mouse beating heart microcirculation in vi$d.Adult and aged mice underwent sham or ischemia
reperfusion injury (IRI) surgery. All surgeries involved endotracheal intubation to supply medical oxygen, carotid antdaticario deliver
antibodies and saline, and a sham or left anterior descendiA@)lartery occlusion for 45 minutgsior to reperfusion.(B) Schematic and
representativeimage of the heart prior to occlusiofC) Schematic andepresentativeimage of the heart during LA&tery occlusion.(D)
Representativémage of thestabilisel heart.



2.2. In VivoExperiments

2.2.1.Intravital Imaging of the Coronary Microcirculation in the Mouse

Beating Hearin vivo

Intravital imaging of the anaesthetised mouse beating heart following myocardial IR injury
was performed as previously desbed by the Kalia group42]. Followingthe initiation of
reperfusion,an inhouse designed3D printed stabier (internal diameter: 2.25mnand
external diameter: 4mm) wagently lowered onto the LV sing a micromanipulator
downstream of theocclusion site for the_.ADartery andfixed permanently using clinical
gradesurgical gluel(iquid-Skin). Stabilsation of this area reduaemotion sufficiently to allow
high-quality videos to be captured through the central windomhilst the remainder of the
heart was able tobeat normally.The stabilizer was made of polylactic apidnted on a
MakerBot 3D printer (Stratasys, USA) and desigusing Tinkercard software (Autodesk,
USA)Figure2.1D. This $abilisation process took placwithin 5-10 minutes ofuntyingthe
LAD artery suture, meaning the first intravital imaging could only take plat® atinutes
postreperfusion.Toprevent moisture loss in the stalsiid region, a small piece of saran wrap
(3cn?) was used to keep the area covereahd 0.9% saline was applied every 15 minttes

the central region of the stabiliser

A region of the LV within the stabiliser centre wasdomly identified and afirst intravital
recording lasting for 2 minutes, wasaptured atl5 minutespostreperfusion Thereafter2-
minute recordings wereaptured every 15 minutesor a duration of 2.5 hours from the same
pre-selected area All recordings were captured and stored digitally using Slidebook 6

softwarefor later offline analysigIntelligent Imaging Innovations, USA).
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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, 20l of
phycoerythrin (PEgonjugated antimouse Gyl and 20ul of allophycocyanin (APC)
conjugated antimouse CD41 antibodies (100ul with 60l saline) were injected giadhotid

artery cannula at 5 minutes pmeperfusion to label neutrophil{Grl binds to both
neutrophils and monocytegnd platelets respective\2E and APC fluorochromes are excited

at 566nm and 651nm and have emissions at 574nm and 660nm respectiugdyallowing
neutrophils and platelets to be visualised nesamultaneously in the same moudenaging of

the beating heart was performed using an upright Olympus microscope (BX61WI, Olympus,
USA) equipped with a Nipkow spinning disk confocal head @é@kay Japan), an Evolve

EMCCD camera (Photometrics, USA), and a x10 objective (OlympufFig&a)2.2A)

Experiments to investigate microvascular perfusion involved the infusion of 30ul of FITC
conjugated BSA (in 100ul of saline) via the carotid armagnula 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, nonfluorescent background. Howeneinder conditions where the vascular integrity
was disturbed, FITBSA 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 anyeaked fluorescent albumin. This was later imaged to deteetransfer

of FITEBSA to the tissue paper. FHBSA also allowed the qualitative analysis of functional

capillary density as the dye was only able to perfuse patent;otmtuded vessels.
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2.2.1.2. Imagng the Coronary Microcirculation Immediately after Ischaemia

Due to the time it took to untie the LAD artery suture, subsequeathach 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 pagierfusion. However, previous
experiments conducted in the Kalia lab demonstrated that inflammatory events had already
occurred by this time poinf42]. In order to view the thromboinflammatory events taking
place during the 15 minutes immediately after reperfusion, the existing stabilisation protocol
described inSection 2.3.1was optimised For hypefacute imaging, the stabiliser was not
permanently gle-fixed to the LV, a process that was tioensuming, but was applied to the
same area of interest with very little pressure, but sufficient enough to form a $aa.
process was performed at 35 minutes of ischaemia rather than after reperfusion. Theemou
was then transferred to the microscope stadéis modified stabilisation protocol permitted

a 2minute intravital recording to be captured during the removal of the LAD ligature.
Subsequent images were capturedsat 10, and 15minutespostreperfusbn 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 describe8ection 22.3.1.

2.2.1.3. Topical application of H36 Cytokines on the Beating Heart

The ability of opically applied H36 cytokines to directly mediate an inflammatory response
in vivoin the beating heart was investigated in a separate set of mice. The heart was prepared

for imaging as described iBection 2.2.1.2 but no sham or IR injury procedure was
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performed. PEconjugated antmouse Gl and AP&€onjugated antmouse CD41 antibodies

were again injected via the carotid artery 5 minutes before the stabilizer was placed on the
healthy LV. Using a fineeedle (31G) syrirgg 2 drops of the cytokine (approximately 20ul at

a concentration of 200ng/mil.oc h-Bc LA c LEN T bBNIOLRNI t . { O6ODSKAO
were topically applied to the epicardial surface of the heart within the centre of the stabiliser.

The stabiker 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 papéra 2

minute recording was captured. Following capture, the solution was replaceidth@cycle

of topical applications and recordings were repeated every 15 minutes for a total duration of

150 minutesintravital analysis was then performed as describe8ection 22.3.1.

2.2.2.Laser Speckle Contrast Imaging

Laser speckle contrast imagiigsCl) is a large fiedd-view or fullfield, noncontact and non
scanning optical technique used for quantitatimigod flow in reaktime. It has been widely
used in both preclinical and clinical studies to visualise perfusion in many organs. The setup
is made up of a neanfrared laser diode, which emits a low powered laser after passing
through a diffuser toilluminate 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 istatic, the speckle pattern is stationary. When there is movement in the

object, such as RBCsa tissue, the speckle pattern will change.

The use of LS®@I the beating heart has been very limited due to the fact that hloe-static

physical nature of the heart and the dynamics of microvascular blood flow during systole and
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diastole present ch@nges 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 [U¥]. They demonstrated that although
some proportion of the flux value was derived frone movement of the beating heart itself,

the remainder was attributable to the blood flow events taiplace in the myocardium.

LSCI was therefore performed in adult and aged mice undergoing IR injurdGRAL
treatment. Mice underwent surgery as previously describegeittion 2.2.1 Once the heart
was exposegand prior to inducing ischaemia, ardinute capture was recorded (around 1400
frames) using a moorFLPllaser speckle contact imager (Moor Instruments, UK) and was
noted as the baselinéFigure 2.3A)Sixtysecond video captures were then obtained during
ischaemia at 1, 5, 10, 15, 30, andm#hutes and similarly during reperfusion at 1, 5, 10, 15,
30, 60, 90, 120, and 150 minutes. For treatment studies, recombinant mot8&RA was
injected intraarterially at both 10 minutes preeperfusion and 60 minutes poseperfusion.

LSCI analysis wtden performed as described Bection 22.3.2.
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2.2.3.Analysis ofin VivoExperiments

2.2.3.1. Analysis of Intravital Imaging of the Coronary Microcirculation

Intravital images captured usirgjidébook software were exported and opened using ImageJ
for off-line analysis. Fredlowing neutrophils were counted manually over theminute
capture. To analyse adherent neutrophil and platelet presence, captured videos were
subjected to postcquisition imge repair usingnachine learning via amm-house designed

software (Tify; open source, available onlirfgips://qgithub.com/kavanagh21/TifyVBNIEih

which outof-focusand blurredframes were removedFigure2.2B)[204]. Neutrophils and
platelet aggregates/microthrombi were then quantitated by first creating a still image using
a software tool designed to repair partially focused imag@eéscus Repair; open source,

available onlinehttps://github.com/kavanagh21/flatZFigure2.2Q. A mask was then placed

around PELy6G+ and ARCD41+ areas respectively, and the integrated fluorescence density

was calculated using ImageJ.

To analysenicrovascular perfusion following sham, IR injury, aR86IRa treatment in adult
and aged micgecaptured videos were subjected to pestquisition image repair using Tify
FITEBSA vasculature washen quantitatedby creating a still image using Focus Reaaid

a score was given to each blinded image by a blinded external obgé&atde2.4).
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2.2.3.2. Analysis of Laser Speckle Imaging of the Beating Heart

Analysis of LSCI was performed using mEL&dftware (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 usirigalspa
processing with a time constant of 0.1s and at a frame rate of Zbldgure 2.3B)This flux
datawereexported into an ifhouse designed software, Speckle Analyser (SpAn; open source,

available online alttps://github.com/kavanagh21/SpANFigure 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 LCSI is likely to be much less depentient on
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 prdktroughs 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 mulgtect 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 markese 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 cir(fégure 2.3D)

Both systolicand diastolic data were then exported into Exaatd 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 circulationti@)distance
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between each systolic cycle (between one systolic point and the next) was calculated and
then averaged for each time pointstandard deviation was then calculated to identify any
arrhythmic pattern between beats; (iii) beats per minute weedcalated 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 generallyperfused some patchy areas. Almost all small vessels cal
identified easily.
3 Some small areas of poor perfusion, generally good flow. Most small vessels

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

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

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

Table2.4: Vascular perfusion poirscoring
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Figure 2.3. Laser speckle contrast imaging of the beating hd@}tRepresentative image of the laser speckle contrast imaging sesing a
moorFLRR laser speckle contact imager (Mdastruments, UK)(B) Representative image of the mFiPimager (V5, Moomstruments, UK)
analysis softwarg/C)Representative imagef the inhouse designed software, Speckle Analyser (SpAn) used to correlate the peaks and troughs
extracted from the flux data with thenyocardial perfusion durinigft ventricular systolic and diastolic even{®)In order for the SpAn software

to achieve a complete cycle and consider a peak as a high fgrieén)and a trough as a low poiriblue), the following two points must be

within the appropriate trajectory If this is not achieved, the software will omit these points from analysis and markithevhite circles.



2.3. InVitro Experiments

2.3.1.Immunofluorescence Assay

2.3.1.1. Mouse Immunofluorescence Assay

In order to characterise the expression o8iR, ko c n-BcLE / 5omIorsifal +/ ! a
and IR injured adult and aged hearts, ionmofluorescence was performed. Harvested hearts
were embedded on corkboard using OCT compound and thenfsozgn in liquid nitrogen

and stored at-80°C until required. These frozen tissues were then sectioned on a cryostat
(Brightinstruments, UK). In order to avoid freetteaw cycles, which could lead to structural
changes, all transportation was performed in liquid nitrogen. The corkboard was fixed onto
the cryostat chuck using OCand the tissue was sectioned at 10um thickneBse 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 acetdoea further 10 minutes. Slides were

then covered with aluminium foil and stored &0°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 time slides using a wax pen to keep reagents localised on
the tissue specimen. To prevent ngpecific binding, each section was incubated with 100l
staining buffer for 30 minutes at room temperature. Sections were then washed with DPBS

three times.

Staining of the sections was performed using a -st&p method. Firstly, sections were
incubated with primary antibody solution for-86R, loch ®c L[ 2NJ LIAD O2y i NP

1:100 dilution in DPBS). Subsequently, sections were washed with DPBS andtiered
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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-prditgdted
humidified tray at room temperature and for a duration of 1.5 h@Additional antibodies

were added into the second step to determine whether th&®/L-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 1:100 dilution irDPBS). 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 sectimaging and analysis of slides

was performed as descelol inSection 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 ldBRE
Universty 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 BirminghamrGhildre
Hospital (BCH) and 5 patients at the Queen Elizabeth Hospital Birmingham (Q&h82.5)

At BCH, tissue samples were collected from neonates\@eks old), infant/toddlers (24
months old), and older children{2 years old) undergoing repaif congenital heart defects

with routine resection of overtly healthy right ventricular myocardiuifhe resected
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specimens were either a transmural disc tbe myocardium from the RV free wall or
hypertrophic muscle bundles from the right ventricular oowdl tract (RVOT). At QEHB,
samples were collected from adults with an age range ob29ears 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 Venicular 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 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§38lays) The
b2NBF22R 2LISNI-UA&Yo A YA & KS YOBY 3 SiyokdérltothelR ST S O
it become a more efficient pumf205]. During this procedure, a disc of RV myocardial free

wall is routinely removegwhich was vashed in icecold saline, @ced in a Nunc cryotube

(Thermo Fisher Scientific, USA) and promptly snagen in liquid nitrogen.
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Age& Sex Group Height Weight Heart Disease¢ Operation Resting @ Genetic Drugs Ischaemia
(cm) (kg) Saturation Syndrome time (mins)
4 daysF Neonate 48 2.9 HLHS Norwood 95 None Prostin 40
4 daysF Neonate 44 2 TA TR 100 None None 36
5 daysm Neonate 51 3.9 HLHS Norwood 95 None None 24
5 daysM Neonate 61 4 TA TR 88 DiGeorge None 50
13 days Neonate 49 3.1 TA TR 93 DiGeorge None 19
16 days Neonate 52 3.3 HLHS Norwood 88 None Prostin 7
3 monthsM | Inf/Tod 60 54 ToF ToF repair 86 None Propranolol 12
3 monthéM | Inf/Tod 63 7.1 ToF ToF repair 97 Xq28 duplication Propranolol 32
8 monthsM | Inf/Tod 66 7 ToF ToF repair 85 Trisomy 21 None 47
11 monthaM | Inf/Tod 71 7.2 PA/IVS ToF repair 96 None Propranolol 11
14 monthaM | Inf/Tod 77 8.2 ToF ToF repair 83 None Aspirin, omeprazole 23
21 monthaM | Inf/Tod 83 83 ToF ToF repair 78 None Aspirin, propranolol 24
23 monthsF | Inf/Tod 72 72 ToF ToF repair 90 None Propranolol 35
7 yearsM Children 109 26.3 VSD/DCRV RVOT resection 97 MIDAS syndrome  Growth hormone, 11
hydrocortisone
8 yearsF Children 116 22.9 TA RVPA conduit 98 DiGeorge Aspirin, furosemide, 83
spironolactone
10 years- Children 138 46 TA RVPA conduit 95 None Lisinopril 3
12 yeardr Children 150 73 TA RVPA conduit 99 None None 13
16 yearsvM Children 151 46.4 TA RVPA conduit 98 Trisomy 21 Aspirin, ranitidine, iron 10
16 yearsr Children 159 53.4 TA RVPA conduit 95 None Furosemide, 0
spironolactone
29 yearv OA 177 105 HF LVAD 60 None Mozaminol 78
42 yeard- OA 159 78.4 HF LVAD 60 None Metaraminol 102
50 yearsMm OA 185 103.85 HF LVAD 55 None Mozaminol 92
54 yeard- OA 158 76.9 HF LVAD 55 None Mozaminol 90
65 yeard~ OA 185 83.45 HF LVAD 60 None Metaraminol+ Heparin 85

Table 2.5: List of patient detailsHLSL Hypoplastic left heart syndrome; TAruncus arteriosusiD¢ Heart failure;TR¢ Truncus repairtnf/Tod
¢ Infant/Toddler; OA¢ Older adult;ToF¢ Tetralogy of Fallot; PA/IMSPulmonary atresia with intact ventriculaeptum; IUGR, Intrauterine
growth restriction; VSD/DCRWentricular septal defect with doublehamberedRV, RVO™ Right ventricular outflow tragtLVADg LV assist
device Ischemia timeischaemic time to obtaining RV sampile one patient, the sample was obtained prior $sshaemic 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 rdnigem 3 to 23 months (11.2 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 bules from the RVO[R06]. Again, the resected heart

sample was washed in cold salinenal promptly snagrozen 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 ventriculaspulmonary artery (R¥PA) conduit replacement (N=5) or RVOT muscle
resection wih ventricular septal defectlosure (N=1). Ages at operation ranged from 7 to 16
years (11.5 3.9 years)In the RWPA conduit replacement group, the old conduit was exgised
and the defect in the RV free wall was enlarged by further resection of muscle to
accommodate the larger proximal anastomo$Z)7]. Relief of RVOT obstruction was
performed by resection of hypertrophied septoparietal muscle bundles from the RROBT

Resected samples wereaghed in cold saline and promptly sripzen in liquid nitrogen.
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2.3.1.2.1.5.Obtaining Older Left Ventricular Patient Sampleg 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 wasdcoketen
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 py2@8]. Ages at operation
ranged from 29 to 65 years (4812 years) Briefly, patients underwent a sternotonand

were placed on cardiopulmonary bypasturing which time the LVAD was connected
between the apex of the heart and the aorta. This involved remoaisgction from the LV

apex which was washed in cold saline and promptly gnagen in liquid nitrogen.

2.3.1.2.2. Human Immunofluorescence Assay

To confirm whether H36R, Ilko c h B c L[ oycR Ll & LINBaSyid Ay (GKS
whether expression differebetween young and elderly patients, immunofluorescence was

also performed on human samplek a similar manner to the mouse protocol, human heart

tissue samples were fixed on to corkboard and sectioned. Sections were then incubated with

100ul of FcR blder (CD16/32) for 30 minutes at robtemperatureto block unspecific

binding Staining of the human sections was performed as previously describ@zttion

2.4.1.1 Briefly, sections were incubated with primary antibody solution fe86R, Iko ¢ h -~ L |

36 >ot[ > 2NJ LID O2yiNRt omnnxts mYmnn RAf dzi Az

100pl 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 wiiethe staining

was vascular in nature (CD31; 1:100 dilution in DPBS)locatised 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 DIEB&. of the incubations was
performed in a lighfprotected 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

Usinga 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) Fieldsthat contained cracks in the tissue were dismissed and additional fields
were captured (following the same pgefined pattern of fieleto-field movement). In
addition, two random fields of view per section were captured using a multiphoton
microscope (OlympusSVMPERS, Olympus, UK) and a x25 objective to capture images with a

better signalto-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 ofdgfireed size and location

was applied to each image (width: 900, height: 900, X coordin&®; ¥ coordinate: 50)
before the MFI was measured. This was used to analyse the intensity36RIU0 c h > L [

oci-AacLE / 50 m31, énd PNARNA darhage separately.
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In order to further detail whether localisation of86R, Iko ¢ h X -0 2 Netul2dd 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 otiefi@ed sze 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 vessee dismissed and the
coordinates were moved along to the next clear arb#|l 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 expressiolh-86R in the shamgand

IR injured adult and aged mouse hearts as previously desddi2€dl Hearts were harvested

as previously described from shaand IR injured mice ifection 2.5.1.1and kept on ice
throughout the experimentHearts were placed in a tube containing the cell lysis RIPA buffer
andhomogenizedor 30 seconds at a speed of 5.652zad Ruptor 12, Omni International,
UK). Lysates were then clarified through centrifugation at 10,000G for 60 sec®hiis
process wasepeated 2 timesit 4°C. The remaining lysate was then sonicated (Q Sonica, USA)
for a further 20 seconds. The protein concentrations of the lysates were deternaigaidst

a BSA protein standandsinga BCA assags a loading control could not be usedhereby
various concentrations of the sample and protein standard were placed in a 96 well plate

Bicinchoninicacid 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 béfeirg left to warm up
for 30 minutes. The plate was then taken to a plate readed lysates were normalized to

2mg/ml and stored at20°Cuntil required.

SDSPAGE gelised to run the samplesvasprepared,and consised of a 10% resolving gel
(4.1ml dstilled 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, samydes
placed in a heat blockGfant QBT2ligital block heater, Akribisscientific limited, UK) for 2
minutes and were then centrifuged alongside the protein ladder at 16,000G for 1 minute at
23°C 25pl of each sample was then placed in a well and ruB0&V for 35 minutesn a
container with running bufferUpon completion, gels were allowed to transfer onto a
nitrocellulose membrangsandwiched between sponge and filter paper eitlsate) for 65

mins at 100V agreviously describedn a container with tansfer buffer [209]. The
nitrocellulose membrane was themashed twice with TBS buffer and thblocked with 5%
non-fat milk powder in TBS for an hour while being rotated. The membrane was then
incubated with the appropéate primary antibodysolution for IL-36R (1:200 dilution)
overnight at 2C. After three 1@minute washes with 0.1% TB&een, the membrane was
incubated with the secondary antibodgolution conjugated to Alexa Fluo488 (1:1000
dilution) for an hour. The ashing step with 0.1% TB8een was repeatedand the protein
bands were visualized using a fluorescence detection system (ChemiD&adBivK). Image

analysis was performed by measuring €lof each band using ImageJ.
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2.3.3.Expression of H36R, Iko ¢ fard o c | 2y +/ 9/ a

2.3.3.1. Murine VCEC Culture

In order to characterise the expression of3fR, ko ch 2 -6 ¢ R 2y 9/ ax O2yR.
immortalised murine vena cava endothelial cells (VCECs) were used (provided by Dr J Stephen
Alexander, Louisiana State Meisity, Health Science Centre, UEX)0]. 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 2&ssue culture flasks in an incubator

at 37”C and 5% C@with a change of media and a DPBS wash every 48 hours. c@fis

reached 95100% confluency, they were detached from the flask using 1ml Accutase enzyme.
Further enzyme activity was stopped the addition of 6ml experimental media. The flask

was then split into 3 new flasks with 10ml experimental media in ed¢he new flasks and

incubated as previously described.

When VCECs were ready for experiments, they vdetachedas previously describeand

then centrifuged at3,000G 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 coutex

cell solution was seeded into 24 well plates at a seeding density of 50,000 cellelbher w

incubated and allowed to reach confluerfoy 48 hours
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2.3.3.2. Assessing 36R, Ito c ' |-ofcR LIELINB&aA2y Ay {GA

The expression of {B6R after stimulation with either the experimental media (vehicle

contro) oran lo ¢ O@ (i 2 {IAWRS 60 zgHa RSOGSNX¥YAYSR FyR O2
OKI N} OGSNRAT SR AYyFtLYYIFG2NE OeiG21AyS ¢bcCho 2K
cellswere washed with DPBS twice and then incubated for 4 hours with 500ul of either:
experimental medigvehicle)anlkoc O@ (21 AYyS 060X onX 2NJonn y3
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. VCECseane then washed with DPBS before an overnight incubation with 500ul

of primary antibodysolutionfor IL-36R (1:100 dilution). Next, the VCECs were washed with

DPBS, and a secondary antibatyution conjugated to Alexa Fluor 488 (1:100 dilution) was
addedbefore they were washed agailmaging and analysis of stained cells was performed

as described isection 2.33.3.

In a similar manner, the ability of the-B6 cytokines to stimulate thproductionof IL-o ¢ h
andloci ¢l a4 RSUOSNN¥AYSROMYR (@2 2FH MBI #1120 RE &2
in a similar manner to B6R expression on VCECSs, using the same secondary antibody

however,the primary antibodies used were targeted againsplt " loycR LNBE &4 LISOU A O ¢
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2.3.3.3. Analysis of VCECulture Assay

Using an x25 objective, eight fields of view per well were imaged in algimneed
arrangement using a multiphoton microscope (Olympus FVAMB&, Olympus). Aredisat
were not confluent were dismissed and additional fields were captured (following the same
pattern of fieldto-field movement). Image analysis was performed using ImageJ to the

quantify the MFI for the entire field of view for-86R, Iko ¢ h T -6 o/ IR aratyLJ

2.3.4.Flow Cytometry Based Experiments

Flow cytometry studies were performed to determine3®R expression and DNA/RNA
damage onCMsand myocardiaEG in various experimental groupdearts from bam, IR
injury andIR withIL-36Ra treatment surgess wereobtainedfrom adult and aged mice as
previously described irfection 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/RNamage and H36R expression develop in response to

ischaemiaaloneand IR injury.
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Figure 2.4. Predefined arrangement for frozen tissue section analydistine or clinical
heart samples werbarvested and snap frozdaollowing surgeryThe ventricular sample was
sectioned using a cryostat into 10um sections and themunostained with antibodies or
IgG controls. Sections were imaged using EBVOS microscopgA) Schematic of the
predefined arrangement for imaging tliezen tissue sections, starting from 1 and ending at
8. Representative image of the 1gG control feBéLin(B) mouse andC)clinical sample.
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2.3.4.1. Digestion of the Mouse Heart

Following surgeries, hearts were harvested and immediately placed in 3midoPB& 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 1 fewdrops 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 soluti¢diluted in PBSyvas added to start the enzymatic
digestion. The tube was placed on a rotatoai®?C incubator 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 O4lcollagenase solution and-icubated. This process was
repeated twice for a total digestion period of 45 minutes, and then the 50ml falcon tube was
centrifuged at20,000Gfor 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 remainingveetiscentrifugedat 20,000

Gfor 10 minutesnto a pellet.

To achieve a single cell suspension, the supemntatas 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 timeko prevent norspecific binding, the pellet was incubated with

5ml staining buffer for 30 minutes in an ice bard the suspension was then centrifuged.
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2.3.4.2. Assessing Oxidative Damage and3®kR Expression in the Mouse

Heart

To assess oxidative damage db@6R expression levetsm myocardiaEG andCMs in the
experimental groups, fluorescently labelled antibodies against these markers were used.
Following centrifugation, the supernatant was discarded, and cells were incubatedawith
primary antibodysoluion for IL-36R (100ul, 1:100 dilution in DPBS). Subsequently, cells were
washed with DPBS, centrifugati20,000Gfor 10 minutes and then incubated with 100pl of
secondary antibodysolution conjugatedto Alexa Fluo647. Additional antibodies were
addedinto the second step to assess damage @MNA/RNA damage; 1:100 dilution in DPBS),
to label

EG (CD31; 1:100 dilution in DPBE)s (cTnT; 1:100 dilution in DPBS), and dead cells

(Zombie; 1:500 dilution in DPBS).

Single colour controls were also pemniwed for each of the fluorescently labelled antibodies

to be able to compensate for potential fluorescenpdlsverduring analysisin addition, cells

were incubated with the appropriate 1gG controls for the fluorescently labelled antibodies as
above.Eah of the primary and secondary antibody incubations were performed in a light
protected icebox placednder slight agitation for a duration of 30 minutes. Following the
second incubation, cells were fixed us#fgpformalin 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.

98



Chapter 2:Materials & Methods

2.3.4.3. Acquisition and Analysis of Flow Cytometry Studies

Acquisi A2y 2F OSftfta g1 a LISNF2NYSR dzaAy3a | [ &ly
analysis was performed using Summit 4.3 software (Beckman Coulter, USA). Channels used

to assess the markers described above were FITC (vaitédé), 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 vas drawn on the SS Lin Vs FSlJkimsityplot to excludeany debris. A second
gate was then created to exclud®ubletson the FS Lin Vs pulse width plot. The appropriate
IgG controls for each of the fluorescently labelled antibodies were run and useddomne
gating for each of thee channels(Figure2.5). These gates were usddr all experimental
groups and repeats. Using the single colour control samples;guugtisition compensation
was performed for each sample to minimise any potential fluoreseepillover. This was

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

To determine the cell populationountsin each samplethe percentage ofCMs, EG, and

dead cells were measured. To analyse the oxidativeaige levels on each &Ms andEG,
previous gating of DNA/RNA damage fluorescence channels was applied on the individual cell
type channels, and th#FIcalculated. Similarity, {B6R expressions levels were determined

on each of the cell type

99



256

256
192+

S

o 128+

644

Figure 2.5. Gating strategy for flow cytomettyased experimentsSham or IRI inducing surgery was performed on adult and aged klice
were culled following reperfusigrand hearts were harvested and digestddhe @Il suspension was stained with an aatinT, antiCD31, anti
IL-36R, anti-DNA/RNA damage, zombie dye and IgG control antibodies and acquisition were performed usigd & u

LJ T
64 128
Puise Width

T
192

256

1449

» 1086
IR100
] ]
109 10 102 10° 104
Cardiac Myocytes IgG
D
1332
® 999
666
S IR103
0 Y Y
100 10! 102 10° 10¢
Endothelial Cells IgG
E
439
®» 329
219
©109 [R104
o L L ]
100 10! 102 10° 10¢
IL-36R IgG

F
2290
o 17174
§ 11454
© 5724 R99
0"» T T
100 10! 10¢ 10° 104
DNA/RNA Damage IgG
G
640
» 480
5320 |
O 160 RS
0 T T
100 10! 102 103
Zombie

5t

Oe i2Y§

Representative densitplots showing théA)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 conti@Glsdodiac myocytegD)endothelial

cells,(E)IL-36R,(F) DNA/RNA damageand (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 IL36Ra as a therapeutic treatment in the mouse hdadtl]. Surgeries
were performed as previously described $action 2.1.1in adult and aged mice with a
reperfusion period of 4 hours. The LAD artery was theligegedto occlude blood flow in the

LV, and 500pl of 0.5% Evans blue dye wetsogradeinfused vighe carotid cannulaLigation

of the LAD preventshe dye from entering and stainingegiors of the heart downstream of

the LAD arteryvhile staining other vasculature. The artsat does not stain iknown as the

area at risk (AAR). The mouse was themediately culled by cervical dislocatidhe heart

was harvested, wrapped in saran film, and placed-202C 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 dpth. For treatment studies, recombinant mouse3&Ra was injected intra

arterially at both10 minutes prereperfusion and 60 minutes paseperfusion.

2.3.5.2. Triphenyl Tetrazolium Chloride (TTC) Staining

TTC staining solution was used to stain heart sectiordetermine the extent of infarction
postIR injury and treatment. Tissulat is rich in dehydrogenase enzymeftactors (i.e.,

likely viable tissue) responds to TTC solution by turning a deep red colour, whilst dead or
damaged tissue is identified as pakgions. These pale regions are defined as the infarct

region. Heart slices were incubated at°@7in 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 ardendure 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 frora stereomicroscope using gtandard mobile cameraRhone X

Apple, USAland were analysed using ImageJioPrto analysis, the background was
subtracted. The area of 3 regions was determined on ImageJ: area not at risk (TTC negative,
Evans blue positive), AAR (TTC positive red regions, Evans blue negative), and infarcted area
(TTC negative white regions, Evahse negativeFigure2.6). ImageJ was used to quantitate

the infarcted area as a percentage of the AAR.
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Figure 2.6. Myocardial infarct size analys&urgery was performed on adult and aged mi€ellowing 4hours of reperfusionthe left anterior
descending (LAD) artery waslmgated, and Evans Blue was injected. Mice were cu#iad the heart was harvested, sectioned, stained with
TTC and image@A) Representative image of the TTC stained IR injured h&dresarea of 3 regions was determined on ImageJ: area not at risk
(TTC negative, Evans blue positive), AAR (TTC positive red regions, Evans blue negative), and infarcted area (TTeneg@gtine, \ldvans
blue negative)(B) Representative image of the threshold colour panelmageJwhich was used for the infarct analysis.



2.3.6.Multiphoton Imaging of Heart Sections

Intravital imaging captured microvascular thromboinflammaterents from the surface of

the beating heart with a depth of approximately 80um. To determine whether these
events were mirrored throughout the thickness of the ventricular wall, multiphoton
microscopy was performed on hearts harvested at the endtodwital 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), heastsre glued using Liqui8kin to the metal disc

with the LV facing upwards. The LV was then sectioned into four 300pum sections and imaged
from the outer epicardial end through to the inner endocardial end using a multiphoton
microscope (FVMRES Olympusy-stacks from the four layers were rendered to form 3D
stack imageswhich were processed and displayed using Imagégjure 2.7) In order to
ensure the tissue was visible for imaging duringtatk capture, a prelefined setting was

used for neutrophilsn each of the 4 layers of the heart; Z positiog Rser 9% and 550V, Z
position 50¢ laser 9% and 550V, Z position I0@ser 10% and 550V, Z position I5@Aser

11% and 590V, Z position 2Q0aser 12% and 636V, and Z position 29@ser 12.5% and
650V. The presence of neutrophils was analysed as the sum fluorescence intensity for each

section (ImageJ).
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2.4. Statistical Analysis

All statistical analysis was performed using GraphPad 7.0 software (GraphPad Software Inc.,
USA). Direct comparisons betweéng 2 I NR dzLJA ¢ SNB LISNF 2 N)¥SR dza A
test. Multiple comparisons between three or more groups were performedlope-way

lbh+! I F2ff 2 ¢S Rhootest. For expainteitgatifolldwddialtime course,

the area under the curve (4C) was also calculated, plotted into a bar graph, and used for
subsequent analysis as a summation of the entire periblde 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. Allatatpresented as

mean * standard error of the mean (SEM). Statistagalificance was defined when p<0.05.
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Figure 2.7. Preparing the mouse LV for multiphoton imaging ex v{$).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, multiphodsnopicwas used.

The heart was cut in half longitudinally fronmetbase to apex to expose the inner endocardial layer lining Yfehamber. It was then placed on

a specimen holder and attached to a tissue vibratome to precisely sectiob\iall into 4 sections from the outermost layer closest to the
epicardiumthro@ K (02 (GKS AYyYySNJfl &SN Of2asSaid G2 K SB)BspRrEdiveIAagiaiie tifs@ Ol A 2 Y 2
aSOtA2yad adzZ GALK20G2y T madlO1a 6SNB GF1Sy FTNRBY | fdep-o-mifl {[i)o@NBE > Yy |
myocardial layer, mid-to-mid (iii) inner myocardial layey mid-to-mid and the (iv) innermost layer closest to the endocardimmid-to-endo,

I P2ARAY 3 GKS ftFad asSoiAa 2 yto dedionihgithrokgh fhe agidal eiitid ghantber. Yniage® fromFedcilzayer hdaS

then rendered to form 3D stack imagd€&) Representative image of the multiphoton sap. Imaging was performed using a multiphoton
microscope (FVMPRES Olympus).



Chapter 3:

Microcirculatory
Disturbances in Adult and
Aged Ischaemia

Reperfusion Injured Hearts

* Part of this chapter makes up the published papethe appendix
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3.1. Introduction

Treatment of Ml focuses on rapidly-sstablishing perfusion followingblockage in one

or more of the coronary arterieg his can be achieved layprimary PCI using a coronary
stent to open the culprit arteryDespite these interventions, a significant proportion of
patients still incur extensive muscle damage and devélkegrt failure postMI [212]. This

is partly due to reperfusion paradoxically leading to additional tissue damage. Indeed,
restoration of normal epicardial blood vessel flolwt with suboptimal myocardial
perfusion can be obsered in up to 50% of patients following PCI, leading to worse
outcomes than in patients with full perfusion recovdB2]. This suggests tissue damage

likely occurs subsequent to inadequate coronary microcirculatory perfydibr213]

Growing evidence suggests that dysfunction in the coronary microcirculation through
thromboinflammatoryresponses and MVO may ultimately be responsible for most of the
damage attributable to myocardial IR injyBB, 214] Increased clinical recognition of the
importance of the coronary microcirculation has meant identifying strategies to improve
potential perturbations within ithasgained recent attentioj41, 213] However, current

clinical tools cannot resolveoronarymicrovessels <2@fn, and so little is known about

the full range of cardiac microcirculatory responses to IR injiins has led researchers to
NEFSNI G2 GKS O2NRBYIl NE YA ONRihadbtrjisthiavingy | a

focussed on treating thengiographicdy visible circulatio53, 54]

Age is a major risk factor for MI, increasitige cardiac damage caused by IR injury
AYRSLISYRSYUG 2F VYiRME2RATKAS?2 Vi lSIN®T INK ddsdidey theQ 2 NE&
phenomenon of ageing accompanied by a chronic-gpade sterileinflammation, that
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persists in the absence of an overt inflammatory stimuJt63]. Inflammaging may
contribute to enhanced ageelated 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 pelRinjury. This chaptetherefore focugson investigating

microcirculatory disturbances with age and IR injury ugingvoandin vitro methods.

3.1.1.Hypotheses and Aims

In thischapter, we aim to assess the microcirculatory responséshe healthy uninjured
and IR injured aged hearts and comp#rem with adult heartsin vivousinglaser speckle
and intravital imaging of the beating heart arid vitro using multiphoton microscopy.
Secondlyjn this chapter we investigate the mechanisms underlying the microcirculatory
perturbations in adult and agedsham and injued harvested heartsin vitro using
immunofluorescence and flow cytomethased studies. Lastlin this chapter we assess

the impact of IR injury andge on infarcsize We hypothesize:

1. Overall oronary perfusions significantly reduced with ageirand IR injury.

2. Microcirculatory neutrophil and platelet recruitmeate increased imealthyaged,
and IR injured agedearts when compared to adult hearts.

3. Microcirculatoryperfusionand capillary leakage will be worse in ag&dinjured
heartscompared to adultrR injuredhearts.

4. VCAML1 expression anaxidative stressvill be increased in aged IRured hearts

when canpared to adult IRnjured heatrts.
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3.2. Results

3.2.1.General Observations

Aged mice had fewdistinct features which were not present in adult mice. During animal
handling and surgerythe fur of aged mice fell out easily They alsaequired more
maintenanceanaesthetic during in vivo imaging proceduresOther typical senescent
phenotypes inaged mice such as balding, loss of colour (white/grey) and kyphosis
(curvature of the spineyvere also observedHeartsharvested and sectioneftom aged

mice were structually more fragile and so sometimes hlatiger gaps betweeVs.

3.2.2.laser Speckle Contrast Imaging SCl)Demonstrated a Decreased

Overall Perfusiorof the AgedHeart Post-Reperfusionin vivo

LSCWas used tdirstly investigatethe overallperfusion of thdeft ventricular myocardium
in response to IR injury iadult and agedemale mice. High and lowlux points were
calculated from flux recordings and werattributed to diastolic and systolic events
respectively(Figure3.1a-b). Systoliceventswere usedor comparative purposelsetween
different experimental groupsAs expectedin both adult and aged hearts, ischaemia
decreasedperfusionfollowing LAD arterytigation (Figure3.2a). This wagsapidlyreversed
as soon aghe artery was unted. In adult mice, reperfusion resulted in ventricular
perfusion returning to the basal levels seen prior to ischae(figure 3.2a). In some

individual mice, reperfusion wagccompanied by ra immediate but transientreactive
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hyperaemiaesponse However, in aged injured mice, perfusion failed to reach basal levels

(Figure3.2a) and remaired significantlylower thanin adult injured heartgFigure3.2b).

To determine whether IR injury impacted perfusion differently during systole and diastole,
the average fluxduring these two phases of the cardiac cycle in adult micecoagpared

to the average fluxuring these phases in aged mides expected, ischaemia decreased
ventricular perfusion during botlystole and diastole in both adult and agectatFigure
3.4a-b). However, there was nasignificant differencen the ischaemic perfusion during
systole and diastole betweeadult and agednice(Figure 3.4c)Again, reperfusion resulted
inaresumption of ventricular perfusion in systole agidstole 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(Figure3.4c).

LSCI also alleed ventricular arhythmiato beinvestigated fronthe flux recordingsising
the standard deviation of the intebeat distanceas a means to identify irregularity in the
rhythm of the heartbeat(Figure 3.3). Both scheemia and reperfusion resulted ian
arrhythmic response in adulind aged injured miceHowever,there were nosignificant
differences between the two group$Figure 3.2c-d). Similarly, both ischaemia and
reperfusion resulted in changes in the heart rate in adult and aggded mice but agan
there was no significant difference between the two grou@Sgure 3.2e-f). Additional
differences were observeit someaged injured hearts that were not seen in adult injured
hearts which includedunusual heart rhythnpatterns noted in someaged heartgFigure
3.4d). Also,flux/perfusion data showed thaprior to induction ofischaemiaadult hearts

were significantly better perfuseldasallythan aged heartgFigure3.4e).
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Figure 3.1. Laser speckle contrast imagih&Clallows changes in the overall perfusion of the left ventricle to be quantitated during ischaemia and
reperfusion in the (A) adult and (B) agdéemalebeating heart coronary circulatioim vivo. Flux heat maps show warm colours under basal conditions, icoole
colours during ischaemia and warmer colours again as reperfusion is initidted.how in thigarticular agedemalemouse heart, the flux heat map colour
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Figure 3.2. Laser speckle contrast imaging (LSCI) demonstrated a decreased overall perfusion of the aged female heattitdft pestreperfusionin

vivo. Quantitative timecourse analysis of LSd2ita during systole fofA) flux unit (perfusion)C)standard deviation of the intebeat distance (arrythmia),

and (E)heart rate.Baseline capture prior to ischaemia was used as the baseline reddemunder the curve (AUC) analysis(®)yflux unit, (D) standard

deviation of the interbeat distanceand (E)heart rate over a time course of 150 minutes posperfusion.Aged mice had significantly less perfusion in the
ventricle than adult mice poseperfusion. Althoughhe standard deviation of the intebeat distance and heart rate changed in both aduld aged mice
throughout the duration of the experiment, there were no significant differences between the two grStgisstical analysiswadS NF 2 N¥ SR dza Ay 3 |
unpaired ttest. Abbreviations IRI: ischaemia reperfusion injury, StDev: stadd#eviation.n X/group. Mean+SEM****p<0.0001.
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Figure 3.3. Laser speckle data can be analysed to determine the-lmet distance and subsequently the standard deviation (SD) of the iiteat distance.
The SD of the intebeat distance can provide an indication of whether there is an irregularitytiie heartbeat rhythm. (A-B) Although the interbeat
distance (arrows), and thus heart rate, varies between these two examples, the SD of tHeemtelistance would not change as the intezat distance
remains constant for both. Hence, although the hemay be beating faster or slower, the beating pattern is regular. This is indicative oftiberg no
ANNB Idzf | NR (& 2N I NNK EliTKeYirtekbeak distanicé (8rrosBi$ differéngiin thidKedainfdet ®o the SD of the intdreat distance
would change. Hence, the heart may be beating faster but, importantly, it is also not beating regularly. This is inéimativegularity or arrhythmia in the
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3.2.3.Age Increased Thromboflammatory Disturbances within the

Healthy and IR Injured Coronary Microcirculatiam vivo

Intravital studies were conducted to assess the impacagéing andR injuryat a more
cellular levelon thromboinflammatory events in the beating mouse heamages were
taken between 15 and 150 minutg®st reperfusion. Although sonaglherent neutrophils
were observed in adult sham heartheir presence did not incese with time. However,
neutrophil recruitmentsignificantly increased with injuig adult mice Interestingly, basal
neutrophil adhesiorwas significantly higher at all time pointsaged sham hearts when
compared with adult shamhearts (Figure 36ab). However, he greatest level of
neutrophil recruitment was observed in injured aged miceachingalmost doulbe that
seen in adult IR injured mic&his increase was noted at all time points pasperfusion

and continued to riseThis was significantlyreater than neutrophils numbers in both aged
sham and adult injured hear{&igures3.5 and 3.@-b). In both adult sham, adult injured
and aged sham mice, adherent neutrophils were present primarily within the coronary
capillaries(Figure 35). However, m aged injurechearts adherent neutrophils were also
observed within mediumsized blood vessels as well as in the coronary capillaries
Individual neutrophils within this group were often difficult to demarcate and appeared as

clusters(Figure3.5).

The number of free-flowing neutrophils observed circulating through the field of view
decreasedn all groupsvhen compared to adult shanelarts(Figure 36e-f). However, this

was only statistically significant in the adult injured and aged sham groups when compared
to adult sham heartgFigures 3.6@). In all mice, fredlowing neutrophils were observed

circulating through coronary capillaries as vealin melium-sized blood vessels. However,

116



Chapter 3: Microcirculatory Distrbances in Adulend Aged RInjured Hearts

in the mediumsized vessels, neutrophils were also observetktber androll along the
vessel wal(Figure3.7a). Interestingly,n one adult injured mouse heart, a large diameter
epicardial coronary artery was capad serendipitously within the field of view. In this
large blood vessel, freBowing neutrophils were observed circulating at veapid speeds
but, unlike in mediunrsized vessels, no tethering or rolling was observed. Furthermore,
very large aggregatesf glateletrich and mixed plateleheutrophil aggregates were
observed circulating through this blood vesgetesumably having detached from the

ligation site(Figure 3.7b)

The presence of adherent platelet aggregates was sigoificantly increased with injyr

in adult mice when compared to sham adulEsgure 36¢-d). Interestingly, basal platelet
presence was also significantly higher in agkdns hearts when compared whitadult
shamhearts andncreased further with injury. Indeed, adherent platelet aggregates were
identified most consistently across-itine points in the injured aged midg&igures 3.6e

f). Plateletplatelet as well as plateleteutrophil aggregates wer®bserved in both

coronary capillaries anchediumsized blood vesse(§igure3.5).

The surgical and stabilisation protocol was optimised to allowirtiy@act of IR injury on
thromboinflammatory eventsn the immediate aftermath of reperfusion to be assexs
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. Bor to reperfusionpnly a limited number ofieutrophils(and vey occasional
platelet microthromb) were observed within the coronary microcirculati¢Rigures 3.8

and 3.9. However, within minutes of the suture around the LAD artery being untied,

neutrophil presencéncreased and continued iacrease over the remainder of themaged
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150 minutes ofreperfusion (Figure3.9a and 3.). In contrast platelet microthrombi
preserce increased sharplyithin the first 30 minutes of reperfusigrbefore decreasing

and reaching glateau(Figures 3.9 & 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-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 imageelx vivousing multiphoton microscopy. Howeven,
adult injured hearts, aignificantlyincreased presence of neutrophils was observed in the
first three layers of the hearfrom the outermost epicardial side inwardshen compared

to adult sham heartswith the least neutrophil number present in thayer closest to the
endocardium (chamber sideHowever, thelargest neutrophil presence in response to
injury occurred within the outermost 300um layer. Basal neutrophil presence was also
significantlyincreased throughout all four layers of the venteiah aged sham hearts when
compared with adult sham hearts. This was furtbgnificantlyincreased in aged injured
hearts when compared to adult injured hearts, with the greatest presence again noted

within the outermost layer of the ventricle wdFigues3.10 and 3.1)1
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Figure 3.5. Intravital imaging demonstrated that age increased thromboinflammatory disturbances within sham and IR injusgohdpdneart coronary

microcirculationin vivo. Sham surgery or IR injury was performed in adult and aged female mice. Represemiativital images are shown over a time
course of 150 minutes poseperfusion. kuorescently labelled antibodies against neutrophils (green) and platelets (red) were injected via the carotid cannula
5 minutes before reperfusiordherent neutrophils at platelet microthrombi are observed primarily within coronary capillaries in injured hearts. However,
in aged IR injured hearts. AbbreviatioriRI: ischaemia reperfusion injury. Scale bar indicatept00>X p k 3 NB dzLJD



Adult Sham
Adult IRI
Aged Sham
Aged IRI

4x10°-
L
€
0 2 3x10°
s g
3g
> £ 2x10%
£ E
g3
&
5T 1x10%
<
0

15 30 45 60 75 90 105 120 135 150

Minutes Post Reperfusion

B
EEEE
REER
Z  3x10"-
3 T T
%E EX T
Z 2 2x10"4
£ & .
2 =
% g 1x10ﬂ- Jep—
<L
9
<
L LA ]
Adult Adult Aged Aged
Sham IRI Sham IRI

AUC - Platelets

(Sum Intensity)

Platelets
(Sum Intensity)

15 30 45 60 75 90 105 120 135 150

Minutes Post Reperfusion

2x101° YT
R
15100 T —l_ 1
1x101°
5x109 —_
0 T T T ]

Adult Adult Aged Aged
Sham IRI Sham IRI

AUC - Free Flowing

Free Flowing

Neutrophils

60 -
-
-g_ 40 -
o
]
1
(7]
Z 201
0 T T T T T T T L] T 1
15 30 45 60 75 90 105 120 135 150
Minutes Post Reperfusion
EE L
6000 -
EE
4000+ T
L ==
20004 —L
0 T T T T
Adult Adult Aged Aged
Sham IRI Sham IRI

Figure 3.6. Intravital imaginglemonstrated that age increased thromboinflammatory disturbances within sham and IR injured beating heart coronary
microcirculationin vivo. Sham surgery or IR injury was performed in adult and aged female mice. Quantitativeotimse analysis of intritel data for(A)

adherent neutrophilgC)platelets and E)free-flowing neutrophils. Area under the curve (AUC) analysi@B@dherent neutrophilg¢D)platelets and E)free-
flowing neutrophils over a time course of 150 minufeEsstreperfusion.Statistical analysis was performed usingree-g | €
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post-hoc test béween the following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus ageanidRadijultylR
injury versus aged IR injury. AbbreviatienRI: ischaemia reperfusion injury6/group. Mean+SEM ***p<0.001, ****p<0.0001.
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Figure 3.7. Intravital images showing neutrophil rolling within mediusized blood vessels and thromboinflammatpemboli within a large coronary blood

vesselin vivo. These intravital images are taken framo different adult female mice aftedR injuy. Huorescently labelled antibodies against neutrophils

(green) and platelets (red) were injected via the carotid cannula 5 minutes before reperfadioerent neutrophils are observed primarily within coronary
capillaries(A) In this mouse, a mediursizedblood vessel can be seen in which a neutrophil (tracked by the dotted line) can be observed rolling and then
adhering to the vessel wa(B) In this mouse, targe diameter epicardial artery, that was downstream of the LAD artery ligature site is deathbgadiotted

lines. Neutrophils and platelets circulated through it at very high velocitiede the fluorescent streaks they leave behind (arrows in upper panel). Large
neutrophikrich (green), plateletich (red) and mixed (yellow) aggregates pas$edugh this vessel immediately after the LAD artery was untied, presumably
embolisingdownstream fom the ligature site. The same circulating aggregate is shown in the left and right [Boaésbar indicates 10M. n>XK p k 3 NB dzLJ®
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Figure 3.8. Intravital imaging demonstrated that a thromboinflammatory response was mediated as soon as reperfusion viaeihiThe surgical and
stabilisation protocol was optimised to allow the impact of IR injury on thrombamfiatory events in the immediate aftermath of reperfusion to be assessed
rather than after just 15 minutes of reperfusioRepresentative intravital imagese shownfollowing IR surgery in adult female mice over a time course of
150 minutes posteperfusion. Huorescently 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 veigretqaatelet microthrombi)

were observed within the coronary microcirculation. However, within minutes of the suture around the LAD artery being neuiedphil presence
increasedwithin the first 30 minutes posteperfusionand continued to increase ovéhe remainder of the imaged 150 minutes of reperfusibncontrast,

platelet microthrombi presence increased sharply within the first 30 minutes of reperfusion before decreasing to a (Bat#albar indicates 1. n= 6
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Figure 3.9.Intravital imaging demonstrated that a thromboinflammatory response was mediated

as soon as reperfusion was initiated@he surgical and stabilisation protocol was optimised to allow
the impact of IR injury on thromboinflammatory events in the immediaterafiath of reperfusion to

be assessed rather than after just 15 minutes of reperfusRsurgery was performed on adult female
mice.Quantitative timecourse analysis of intravital data in the first 30 minutes of reperfusio(pr
adherent neutrophils ad (B) platelets The same datarethen provided again for the same mice but
over a period ofl50 minutespost-reperfusion for(C)adherent neutrophils an¢D) platelets.Prior to
reperfusion, only a limited number of neutrophileere adherentIn contras, 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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Adult Sham Adult IRI Aged Sham Aged IRI

Epicardial End

Endocardial End

Green : Neutrophils

Figure 3.10.Multiphoton ex vivo imaging demonstrated that age increasethflammatory
disturbances within sham and IR injured beating hesreven within thedeeper layers of the
myocardium. Sham or IR surgery was performed on adult and aged female nligaescently
labelled antibodies against neutrophils were injected via tiaotid cannula 5 minutes before
reperfusion. Mice were culled following 1B@inutes of reperfusiopand hearts were harvestedhe

LV was vibratome sectioned into four 300um sections and imaged using a multiphoton microscope.
Representative-stack multphoton 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). AbbreviatiBtisschaemia reperfusion
injury. Yy XX p ME8adRBSEMIP
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Figure 3.11.Multiphoton ex vivo imaging demonstrated that age increased inflammatory
disturbances within sham and IR injured beating hemreven within thedeeper layers of the
myocardium. Sham or IR surgery was performed on adult and aged female fie.LV was
vibratome sectioned into four 300pum sections and imaged using a multiphoton microscope.
Quantitative analysis of the multiphoton data at various depthg#&jradherentneutrophils andhe
correspondingB)area under the curve (AUC) for adherent neutrophils fofaait layers.(C)AUC for
adherent neutrophilsn the outermostfirst layer. (D) AUC for adherent neutrophile layers2-4.
Statistical analysis was performed usingre¢ I @ ! bh+! X F2ff 268 teste |
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 agefiR 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 endocardip/group. Mean £SEM.
**p<0.01, ****p <0.0001.
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3.2.5.1R Injury Decreas# Functional Capillary Density within the Adult and

Aged Beating Heart Coronary Microcirculatiam vivo

Intravital studies were also conducted to assess coronary microcirculatory perfusion with
greater resolution than LSCAn extensive network of FITBSA perfused capillaries was
observed in both adult and aged sham mi€ecussing up and dovthe field of viewrevealed

no evidence ofareas devoid of perfugn. Well perfused mediursized vessels were also
visible in some fielsl of view (Figure 3.12a). In contrast, IR injury of adult hearts was
associated witta significant reduction in perfusion withultiple areasobservedwvhere FITC
BSA did not perfusthe microvesselsthen compared to the adult shagfrigure 3.12¢)This
resulted in patchy areas devoid of any microvasculature, indicating redtusctional
capillary density (FCDJhis wasignificantlyreduced in aged injured hearts when compared
with aged sham heart$ndeed, in some fields of view, up to half of the imaged area appeared
to lackFITEBSAperfusion.Interestingly,mediumsized vessels were still readily visible and

well perfused in both adult and aged injured heafg(re3.12a).

To determinewhether vascular integrity was disturbed, a qualitative assessment of vascular
leakagewas made by using@ece of tissue paper to collect liquicbm within the centre of

the stabilizer betweewideocaptures This wasater imaged to detect FITBSA fluorescerc

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. Moready, one tissue

paper sectiorwas requiredevery 15 minutesi 2 WY 2 LJ dzLJQ Heaftdn canfrathA R 2 Y

injury of adult hearts was associated with extensive leal@&dgelTEBSA, which wakirther
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exacerbated in aged injured heart®ideed,multiple (around 36) tissue paper sections had

to be used every 15 minutde absorb the leakeddiid (Figure3.12b).

3.2.6.Age and IR Injury IncreadeExpression of VCAM and Oxidative

Damage

Expression of VCAWM was investigatethy immunofluorescence on frozen heart sectidas
understand better the inflammatory mechanismsccurring duringageing and IR injury.
VCAM1 was expressed on the larger vasculature rather than on coronary capillariefur all
experimentalgroups. However, some capillary staining was observed in the aged inured
hearts. Expression was seen to irase in a stepwise manner with injury and ggégures
3.13). Indeed, expression of VCAMsignificantly increased in the aged sham group when
compared tothe adult sham group, as well asthe aged injured group in comparison with

the adult injured grouFigure3.13).

To further understand thedetrimental effects of ageing and IR injurgn the coronary
vasculature oxidative damage was also investigated by immunofluorescence on frozen heart
sections using an aRbBNA/RNAdamage antibody. This antibodynds with high specificity

and affinity to various products of oxidative damage induced by ROS inclutiyay &xy-2'-
deoxyguanosingone of themost widely recognized biomarkers of oxidative damage of DNA.
Oxidative damage was found to be constitutivphgsent albeit at very low levels, in adult
sham heartsas evidenced by a positive stain on frozen tissue secgtiamsh was not seen in

the 1gG controlgFigure3.14a). Oxidative damage was significanihcreasedollowinginjury
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in adult heartsIR injuryin aged hearts alssignificantly increasedxidative damage further

when compared to aged sham hea(i&gure3.14b).

Vascular density was also investigaiedhese same sectiorsy quantifying CD3é&xpression
levels. There were no significant differendetween the four experimentajroupsin terms

of vascular densitgxcept for asignificantincrease in CD31 expression in the aged injured
group when compared with the adult injured grogipigures3.14c). Moreover, the merged
images (antCD31 antibody labelling with adBNA/RNA antibody labelling) demonstrated

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

Flow cytometryon collagenase digested heaytisarvested at 18 minutes postreperfusion,
wasalsoperformed to better quantitate the degree of oxidative damage on CMs and ECs.
CMs made up around 65% of the total cell populatisith ECs making up around 7% in adult
hearts (Figures 3.15d). 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 siigantly differentto the EC population in adult
hearts How cytometry analysis confirmethe immunofluorescence findings of increased
oxidative damage with IR injury and ageiag evidenced by a distinct shift the rightat the

peak of the histogramlots (Figures3.16a). Adult sham Cldemonstratedoxidative damage,
albeit at very low levelsThis significantlincreased in adult injure@€Ms when compared to
adult sham CMs. Aged sham CMs also had significantly greater oxidative darmege
compared b adult shamCMs. However, the greatest degree of oxidative CM damage was
noted on aged injured CMsvhich was significantly greater than both adult IR injured CMs
andaged shanCMs(Figure3.16b). A similar pattern of oxidative damage was demonstrated

on coronary EC@rigure3.16c).
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The above flow cytometry dataere 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 aggdred hearts harvested at O (ischaemia
only), 30 and 150 minutesf 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 peasgperfusion in both adult and aged hearts which was
significantly increased ingad CMs at both 30and 150 minutes posperfusion when
compared to oxidative damage in adult CMs at similar time pdfigures 3.17a-c). A similar
pattern of oxidative damage was demonstrated on coronary ECs, which only reached
statistical significanceetween the adult and aged hearts at 150 minutes pegterfusion

(Figures 3.17d-f).

3.2.7.Myocardial Infarct Size does not Significantly Increase with Age

Dual Ezans blue and TTC stainimgre used to determine the impact of IR injuon infarct
size in three layers of the adult and aged he@Figure3.18a). Infarct size appeared slightly
larger in aged mice all three layers of the heawhen compared to adult mice, but thisd
not attainstatisticalsignificarce. There was a significaiicrease in infarct size between layer
1 and layer 3 in the aged IR injured he@igures3.18b and 3.18¢. Area at risk (AR and
area not at risk were not significdpdifferent in the various layensithin the same age group

nor betweenadult and aged injured hear{&igure3.18d ande).
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Figure 3.12. Intravital imaging demonstrated that IR injury decreased functlarapillary density within the beating heart coronary microcirculation

vivo. Sham or IR surgery was performed on adult and aged female nhicgescently labelled antibodgonjugated tobovine serum albuminHITEBSA;

green) was injected via thearotid cannula at 12éninutes postreperfusion and imaged intravitally. Tissue paper was used to remove any liquid from the
stabilised regionpwhich wasmaged to detect leadd FITEBBSA(A) Representative intravital images of HBSA perfused coronaryionovessels at 150 mins

in sham hearts or 150 mins pestperfusion ininjured hearts(B) Representative fluorescent images of FBEA stained tissue pap@Rl) (C)Quantitative

analysis of intravital vascular perfusion data. Statistical analysis erémmped using@neg I &€ | bh+! 3 T2 f 2 ghedcestthbdwedn thé dz] S& Q&
following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus aged IR injuryRanfuaduérsus aged IR injury.
Abbreviations- IR: ischaemia reperfusion injur§Areas not perfused with FITBESA. Scale bar indicates L@@ n >Xp/group. Mean +SEM** *p=<0.001,
****n<0.0001.
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Figure 3.13. Age and IR injury increases expression of V@Al determined bymmunofluorescence studies on frozen heart sectioigham or IR surgery
was performed on adult and aged female mibtice were culled following 120 minutes of reperfusiamd hearts were harvested and snap froz€he LV

was transversely sectioned usingrgostat into 10um sections and themmunostained with an antyCAML1 antibody. Sections were imaged using a EVOS

microscope.(A) Representative images of VCAM(blue) staining of frozen heart sections. Scale bar indicategni20(B) Quantitative analyis of the
l'bh+! 3 F2ff 2 gh6cResthdveeh

immunofluorescent images of VCAMexpression. Statistical analysis was performed usionges | €

¢ dzl Se

the following groups: adult sham versus adult IR injury, adult sham versus aged sham, age@rsioanaged IR injury, and adult IR injury versus aged IR

injury. Abbreviations IRI: ischaemia reperfusion injury=4/group.Mean SEM:p<0.05, ***p<0.001, ***p<0.0001.
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Figure 3.14. Age and IR injury increagsesdative damage as determined by immunofluorescence studies on frozen heart secti®ham or IR surgery was
performed on adult and aged female middice were culled following 12finutes of reperfusionand hears were harvested and snap frozélrhe LV was
transversely sectioned using a cryostat into 10um sections andithemunostained with an arDNA/RNA damagentibodyand an antiCD31 antibody.
Sections were imaged using a EVOS micros¢@dp&epresentativémages of DNA/RNA damage (green) and CD31 (red) staining on frozen heart sections.
Scale bar indicates 20t. Quantitative analysis of the immunofluorescent image@B)DNA/RNA damage arf@)CD31 expression. Statistical analysis was
performed using@ane-¢g @ ! bh+! I F2f f 2 ghScRestbdveeh the folwih§ gRolips:Lauli sham versus adult IR injury, adult sham versus
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Figure 3.15. Gating strategy for floaytometry-basedexperimentson adult and aged collagenase digested heai$ham or IR surgery was performed on
adult and aged micaand hearts were harvested and digesté@the @ll suspension was stained with a@D31, antcTnT anti-DNA/RNA damage, and zombie
antibodies and acquisitionasperformed usingd € ! y u cytoreter(100,000 events capturediRepresentative density plots showing 48 initial gate
drawn to capture the greatest number of cells whilst ensuring any delaisewcluded, andB) the second gate drawn to exclude potential duplicates.
Representat/e histogram of IgG controls f(€)cardiac myocytegD)endothelial cells, anE)DNA/RNA damagé¢k)Quantitative analysis of thEM and EC
population within the adult and aged samples. Statistical analysis was performed usiegray ANOVA, folo@ R 6 & | ¢hdz|teStdh@vaen th? A
following groupscardiac myocytesersusendothelial cellscardiac myocytesersus dead cells, amhdothelial cellwersus dead cells between the adult and
aged groups; as well as between adult versus agedac myocytesadult versus agedndothelial cells, anddult versus agedead cellsAbbreviationsg
FS: forward scatter, SS: side scatddean +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 byofioetrgydf digested heart

tissue. Sham or IR surgery was performed on adult and aged female Mice were culled following 150 mites of reperfusiopand hearts were harvested

and digested. The cell suspension was stained with@DB1, antcTnT, an@nti-DNA/RNA damage antibodies and acquisition was performed uging & y u

ADP flow cytometer(A) Representative histogram of DNRINA damage marker showing a shift in expression in response to IR injury aQiuagsgtative

analysis of DNA/RNA damage expression{Bycardiac myocytes, an(C)endothelial cells. Statistical analysis was performed usingeway ANOVA,

followed by a¢ dz] S & ¢héc tesfbdivéen 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. Abbreviatl®isischaemia reperfusion injumn=3/group.Mean +SEM:p<0.05, **p<0.01, ***p<0.001.
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Figure 3.17. IR injury inducexidative damagdo cardiac myocytes and endothelial cells within the first 30 minutes of reperfusion in adult and aged mice
as determined by flow cytometry ofligested heart tissuelR surgery was performed on adult and aged female niiiee were culled following 0, 30, or
150minutes of reperfusion and hearts were harvested and digestaé. @ll suspension was stained with a@D31 anti-cTnT, ananti-DNA/RNA damage
antibodies and acquisition was performed using & ! yu ! 5t Quaniitaiveuiapsislof DNA/RNA damage on cardiac myocy(és aalult mice,

(B) aged mice, an@C) adult and aged mice. Quantitative analysis of DNA/RNA damage on endotie#san(D) adult mice,(E) aged mice, an@F)adult and
aged mice. Statistical analysis was performed usiogeag I € ! bh+! I F2f f 2 FldRtesdi@ween the tloing QraupgAIBAT, D 0
minutes versus 30 minutes, 0 minutes versu® fiinutes, and 30 minutes versus 150 minwés,F)x 0 minutes adult versus aged, 30 minutes adult versus
aged, and 150 minutes adult versus aged3/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 alfesurgery was performed on adult and aged female niodlowing 4hours of

reperfusion, the left anterior desceling artery was rdigated, and Evans Blue was retrograde injected via the carotid artery. Mice were aulibithe heart

was harvested, sectioned, stained with TTC and ima@gdiepresentative images of the TTC stained adult and aged IR injured Wwéhitseach layer.

Layer 1 represents the first layer below the ligatuaad layer 3 represents the apex of the he@uantitative analysis dhfarct size in(B) the individual

layers of the heart andC)in all three layers of the hearStatistical analysis waserformed usingaong | @ ! bh+! F2ff 2g &Bctesteé | ¢ dz
between the following groupslayer 1 versus layer 2, layer 1 versus layer 3, and layer 2 versus layer 3 for each of thedaggéicahiRl groups, as well as

adult IRI versus aged IRI for each of the three layguantitative analysis of therea at risk i(D)the individuallayers of the hearand (E)in all three layers

of the heart Statistical analysis wagrformed using 4 (i dzR Sy (i Q dtesdAbhdviatiNds RI: idchaemia reperfusion injury>G/group. Mean +SEM.
**p<0.01.



3.2.8.Age Increases Oxidative Damage in Human Ventricular Samples

Oxidative damage waalsoinvestigated in the young and old human samples uaihgman
anti-DNA/RNA antibody. Oxidative damage was found to be constitugprelyent albeit at
low levels, in newborn, infant/toddler and child hearts evidenced by a positive stain on
frozen tissue sectionsvhich was not seen in the IgG contr@¢Rgure 3.19a). Oxidative
damage was significantigicreased in the adult hearts when compared wyttungerhearts

(Figure3.19b).

CM density was also determined by quantifying cTnT expression levels. Therenwere
statistically significant differensebetween the groups, except for anncreasein cTnT
expression in the childnd older adult group when compared with the infant/toddler group

(Figures3.19c).

Vascular density waalsoinvestigated by quatifying CD3ZExpression levels. There were no
statistically significant differencebetween the groups, other than a decrease in CD31
expression in the infartioddler and olcer adult group when compared with thenewborn

group(Figures3.19d).
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Figure 3.19. Age increases oxidative damage in human tissue as determined by immunofluorescence studies on frozen hesus.€&Hetical samples
were harvested and snap frozefrom young and old patients following surgefhe ventricular sample was sectioned using a cryostat into 10um sections
and thenimmunostained withthe first column: antiCD31 antibody, secondnd third column: antcTnT antibody and arRBDNA/RNA damagéections were
imaged using a EVOS microscqp@g 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 indicatea . ZD@antitative analysis of the immunofluorescent images@DNA/RNA
damage,(D) cTnT, andE)CD31 expression. Statistical analysis was performed usimg& @ ! bh+! = F2f f 2 gioRiesbbéwedn the dz] S& Qa
following groupsnewbornversus infant/oddler, newbornversus childnewbornversus older adult, infant/toddler versus child, infant/toddler versus older
adult, and child versus older adutt¥6/group. Mean £+SEM:p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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