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Abstract&
$

Myocardial$Infarction$is$a$leading$cause$of$morbidity$and$mortality$worldwide.$Over$the$

past$decade,$STEMI$patient$prognosis$has$improved$in$line$with$the$increased$clinical$

use$of$ reperfusion$ therapy$by$primary$percutaneous$coronary$ intervention.$Despite$

advances$ in$ treatment$ however,$ the$mortality$ rate$ following$ STEMI$ remains$ up$ to$

43.1%,$due$to$a$range$of$short$and$long$term$complications.$Novel$treatment$options$

are$therefore$required$to$improve$outcome$following$MI.$$$

$

In$the$immune$response$to$MI,$monocytes$are$rapidly$recruited$to$the$injured$tissue$

where$ they$ contribute$ to$ the$ inflammatory$ milieu.$ While$ the$ function$ of$ classical$

monocytes$ in$ this$ response$has$ been$well$ described,$ the$ role$ of$ the$ non+classical$

monocyte$subset$is$poorly$defined.$These$cells$express$high$levels$of$the$fractalkine$

receptor,$ CX3CR1,$ which$ has$ increasingly$ been$ implicated$ in$ cardiac$ ischemia+

reperfusion$(I/R)$injury.$Expression$of$the$fractalkine$ligand,$CX3CL1,$also$known$as$

Fractalkine$(FKN)$is$elevated$in$mouse$models$of$MI,$and$neutralization$of$the$ligand$

leads$to$improved$survival.$Similarly,$in$MI$and$heart$failure$patients,$plasma$levels$of$

the$soluble$form$of$CX3CL1$are$increased.$The$aim$of$this$project$was$therefore$to$

investigate$non+classical$monocyte$behaviour$and$function$following$cardiac$I/R,$with$

relation$to$CX3CR1$expression,$in$both$STEMI$patients$and$a$mouse$model$of$cardiac$

I/R.$$The$research$presented$in$this$thesis$describes$the$distinct$dynamics$of$CX3CR1hi$

non+classical$monocytes$in$STEMI$patients$immediately$following$reperfusion.$These$

cells$ show$ an$ increased$ depletion$ in$ patients$ with$ larger$ infarcts$ and$ lower$ left$

ventricular$ ejection$ fraction,$ thereby$ acting$ as$ a$ potential$ prognostic$ biomarker$ of$

myocardial$outcome.$In$complementary$pre+clinical$mouse$studies$of$cardiac$I/R,$this$

project$ established$ that$ monocyte$ adherence$ in$ the$ coronary$ vessel$ endothelium$

occurs$over$a$post+reperfusion$timeframe$which$corresponds$approximately$to$the$90$

min$post+reperfusion$drop$in$circulating$non+classical$monocytes$in$STEMI$patients.$

Investigation$of$CX3CR1$function$using$a$Cx3cr1$knockout$mouse$demonstrated$that$

infarct+triggered$monocyte$recruitment$and$later$decrease$in$myocardial$function$are$

not$ significantly$ affected$ by$ loss$ of$ the$Cx3cr1$ gene.$ Research$ into$ the$ signalling$

pathways$ downstream$ of$CX3CR1$ activation$ identified$ the$ pro+inflammatory$NF!B$

pathway$as$a$possible$contributor$to$non+classical$monocyte$function.$Based$on$this$
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study,$the$CX3CL1/CX3CR1$axis$appears$to$have$an$important$role$in$mediating$the$

acute$post+reperfusion$dynamics$and$function$of$circulating$non+classical$monocytes$

following$human$cardiac$ I/R.$Unexpectedly,$ however,$ loss$of$Cx3cr1' in$ pre+clinical$

mouse$models$does$not$appear$to$compromise$intra+myocardial$monocyte$recruitment$

or$heart$function$following$cardiac$I/R.$
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Chapter&1.0.&Introduction&
$

1.1&Myocardial&Infarction&
$

1.1.1&Coronary&Artery&Disease&&&Atherosclerosis&&
$

Coronary$Artery$Disease$(CAD)$is$a$chronic$inflammatory$disease,$characterized$by$

remodeling$and$narrowing$of$the$coronary$arteries$supplying$oxygen$and$nutrients$to$

the$heart$ tissue.$ $The$predominant$cause$of$CAD$ is$atherosclerosis,$a$progressive$

chronic$ inflammatory$condition$driven$by$an$ interplay$of$genetic$and$environmental$

factors$[1,$2].$The$atherosclerotic$process$begins$with$the$development$of$a$lipid+rich$

atherosclerotic$lesion$known$as$the$fatty$streak,$in$which$high$numbers$of$extracellular$

lipids$and$ lipid+laden$macrophages$ (foam$cells),$occupy$ the$sub+endothelial$space,$

which$is$capped$by$fibrous$connective$tissue$[3].$Thereafter,$an$inflammatory$response$

occurs,$ which$ is$ characterized$ by$ the$ recruitment$ and$ accumulation$ of$ other$

leukocytes$ including$ lymphocytes$ and$ mast$ cells$ in$ the$ sub+endothelial$ space.$

Interaction$ between$ monocytes,$ macrophages,$ foam$ cells,$ and$ T+cells$ initiates$ a$

cellular$and$humoral$immune$response,$leading$to$a$chronic$inflammatory$state$and$

the$ release$ of$ pro+inflammatory$ mediators$ and$ growth$ factors.$ This$ drives$ further$

leukocyte$recruitment$and$the$migration$of$smooth$muscle$cells$from$the$medial$layer$

of$the$artery$into$the$intima,$leading$to$a$transition$from$a$fatty$streak$to$a$more$complex$

lesion.$Smooth$muscle$cells$present$in$the$intima$media$produce$extracellular$matrix$

molecules,$creating$a$fibrous$cap$that$covers$the$lesion.$Foam$cells$inside$the$fibrous$

cap$die$and$release$lipids$that$accumulate$in$the$extracellular$space,$forming$a$lipid+

rich$pool$within$the$necrotic$core.$The$result$of$this$process$is$formation$of$the$second$

atherosclerotic$lesion$known$as$the$fibrous$plaque$[4,$5].$Two$types$of$plaque,$stable$

and$ unstable,$ are$ defined,$ depending$ on$ the$ balance$ between$ the$ formation$ and$

degradation$of$ the$ fibrous$cap$ [6].$Stable$plaques$have$an$ intact,$ thick$ fibrous$cap$

composed$of$smooth$muscle$cells$in$a$matrix$rich$in$type$I$and$III$collagen.$Protrusion$

of$a$stable$plaque$into$the$lumen$of$the$artery$produces$flow+limiting$stenosis,$leading$

to$tissue$ischemia$and$usually$stable$angina$[7].$

$
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1.1.2&Myocardial&Infarction&
$

While$ stable$atherosclerotic$plaques$usually$manifest$as$stable$angina,$myocardial$

infarction$arises$from$an$unstable,$vulnerable$plaque.$Such$lesions$possess$a$much$

thinner$fibrous$cap$made$mostly$of$type$I$collagen$and$few$or$no$smooth$muscle$cells,$

with$ abundant$ macrophages$ and$ proinflammatory$ and$ pro+thrombotic$ molecules.$

These$plaques$are$more$prone$to$erosion$or$rupture,$exposing$the$core$of$the$plaque$

to$circulating$coagulation$proteins,$causing$thrombosis,$sudden$occlusion$of$the$artery$

lumen,$and$a$resulting$myocardial$ infarction$(MI)$[8,$9].$MI$is$defined$as$myocardial$

death$due$to$prolonged$ischaemia,$and$the$extent$of$necrosis$is$dependent$upon$the$

location$and$size$of$the$affected$artery,$duration$of$coronary$occlusion,$the$presence$

of$collateral$flow,$and$the$integrity$of$the$fibrinolytic$system$[10].$Depending$on$these$

factors,$the$same$pathological$process$leads$to$one$of$three$clinical$outcomeso$ST+

elevation$ myocardial$ infarction$ (STEMI),$ non+ST$ elevation$ myocardial$ infarction$

(NSTEMI),$and$unstable$angina$(UA),$collectively$termed$Acute$Coronary$Syndromes$

(ACS).$$

$

1.1.3&Myocardial&Infarction&Diagnosis&&&Classification&
$

Diagnosis$ of$ STEMI$ and$ NSTEMI$ involves$ the$ clinical$ assessment$ of$ a$ range$ of$

markers$including$electrocardiogram$(ECG),$elevated$levels$of$the$biomarkers$cardiac$

troponin$(cTn)$or$creatine$kinase$myocardial$band$(CK+MB),'echocardiogram,$and$a$

range$ of$ imaging$ techniques$ including$ magnetic$ resonance$ imaging$ (MRI)$ [11].$

Elevated$levels$of$blood$cTn$or$CK+MB$reflect$myocardial$injury$and$the$subsequent$

necrosis$ of$ myocardial$ cells$ [12+14].$ Although$ these$ markers$ do$ not$ explain$ the$

underlying$ mechanism,$ cTn$ (I$ or$ T)$ is$ highly$ specific$ to$ myocardial$ tissue$ and$

demonstrates$high$clinical$sensitivity.$Patients$without$such$elevated$biomarker$values$

in$the$blood$hours$after$the$initial$onset$of$ischemic$chest$pain$are$diagnosed$with$UA$

[15].$Differential$diagnosis$of$STEMI$or$NSTEMI$is$made$on$the$basis$of$ST$segment$

elevation$observed$on$an$ECG$at$presentation,$which$is$crucial$for$deciding$immediate$

treatment$strategies$such$as$reperfusion$therapy$[11].$In$the$context$of$MI,$ST$segment$

elevation$is$usually$indicative$of$complete$occlusion$of$the$infarct$related$artery,$and$
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therefore$ requires$ rapid$ intervention$ to$ open$ the$ occluded$ vessel$ (reperfusion$

therapy),$unlike$NSTEMI,$where$reperfusion$is$less$urgent.$$

$

1.1.4&Treatment&of&Myocardial&Infarction&&
$

The$ predominant$ aims$ of$ MI$ treatment$ are$ to$ re+establish$ myocardial$ perfusion,$

minimize$the$myocardial$damage$sustained,$and$prevent$subsequent$complications.$

The$therapeutic$management$of$MI$is$tailored$to$the$patient’s$final$diagnosis.$Given$

the$differences$ in$ the$underlying$pathophysiology,$different$ treatment$strategies$are$

adopted$ for$ STEMI,$ NSTEMI,$ and$ UA.$ In$ STEMI$ patients,$ there$ is$ usually$ total$

occlusion$of$ the$ infarct+related$artery,$and$therefore$requires$ immediate$reperfusion$

therapy$ to$ retrieve$ normal$ coronary$ blood$ flow$ and$ minimize$ acute$ ischemic$

myocardial$ injury.$ Primary$ percutaneous$ coronary$ intervention$ (PPCI)$ and$

thrombolysis$are$two$commonly$used$reperfusion$strategies,$both$of$which$must$be$

administered$ promptly$ and$ effectively$ after$ the$ onset$ of$ acute$ MI$ to$ salvage$

myocardium,$limit$MI$size,$preserve$left$ventricular$systolic$function,$and$prevent$long$

term$development$of$heart$failure$and$therefore$reduce$mortality$[16].$The$importance$

of$PPCI$ in$salvaging$myocardial$ tissue$ is$ illustrated$ in$Figure$1.1.$Critically,$ longer$

intervals$ between$ the$ onset$ of$ STEMI$ patient$ symptoms$ such$ as$ chest$ pain,$ and$

complete$ restoration$of$ coronary$ reperfusion,$ known$as$ the$ ‘onset+to+balloon$ time’,$

have$been$shown$to$correlate$directly$with$mortality$and$morbidity$in$STEMI$patients$

[17].$While$thrombolysis$can$be$administered$quickly$and$performed$relatively$easily,$

PPCI$ is$ superior$ at$ reducing$mortality$ and$major$ cardiovascular$ events,$ achieving$

effective$ reperfusion$ in$ over$ 90+95%$ of$ cases,$ and$ is$ therefore$ the$ current$ gold+

standard$method$for$treating$acute$STEMI$providing$it$can$be$performed$expeditiously$

[18,$ 19].$ European$ guidelines$ recommend$ PPCI$ over$ thrombolytic$ therapy$ in$ all$

patients$ wherever$ possible,$ within$ a$ 90$minute$ interval$ between$ the$ first$ qualified$

medical$contact$and$the$procedure,$known$as$the$‘door+to+balloon’$interval$[20].$$

$

During$PPCI,$the$infarct$related$artery$is$directly$opened$through$a$procedure$known$

as$angioplasty,$to$restore$blood$flow$to$the$myocardium.$A$catheter$is$firstly$inserted$

through$a$small$puncture$in$either$the$radial$or$femoral$artery,$and$advanced$over$a$

guide$wire$ into$ the$ coronary$ artery$ and$past$ the$ occlusion.$Once$ the$ catheter$ has$
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engaged$ in$ the$ coronary$ ostium$ and$ diagnostic$ angiograms$ have$ been$ obtained,$

weight+based$IV$anti+coagulants$such$as$unfractionated$heparin,$bivalirudin,$or$ low+

molecular+weight$heparin$therapy$may$be$administered$to$prevent$any$blood$clotting$

[21].$To$open$the$blocked$artery,$a$wire$mounted$balloon$is$then$threaded$over$this$

wire$and$inflated$at$the$site$of$occlusion$for$pre+dilation$of$the$vessel.$In$the$majority$of$

cases,$ a$ metallic$ stent$ of$ appropriate$ length$ is$ deployed,$ and$ expanded$ with$ the$

balloon$to$help$maintain$vessel$patency$[22].$

$

Anti+ischemic$therapies$including$Nitroglycerin$and$β+blockers$are$routinely$used$in$MI$

patients$to$reduce$oxygen$demand$or$increase$oxygen$supply$[23].$Nitroglycerin$is$a$

vasodilator$that$reduces$myocardial$oxygen$demand$by$decreasing$ventricular$preload$

via$venodilation,$and$enhances$myocardial$oxygen$delivery$by$dilating$large$coronary$

arteries$ and$ improving$ collateral$ flow$ to$ ischemic$ areas.$ β+blockers$ inhibit$ β1+

adrenergic$ receptors$ in$ the$myocardium$and$decrease$myocardial$ contractility$ and$

heart$rate,$thereby$reducing$myocardial$oxygen$demand.$$

&

1.1.5&Myocardial&Reperfusion&Injury&
$

Following$the$onset$of$acute$MI,$timely$and$effective$reperfusion$therapy$using$either$

PPCI$or$thrombolytic$therapy$is$effective$at$reducing$acute$myocardial$ischemic$injury,$

salvaging$ viable$myocardium,$ limiting$MI$ size,$ preserving$LV$systolic$ function,$ and$

preventing$ heart$ failure.$ Reperfusion$ therapy$ has$ therefore$ significantly$ improved$

clinical$outcome$and$patient$survival$following$acute$MI$[24,$25].$However,$this$process$

of$ reperfusion$ itself$ can$ independently$ induce$ cardiomyocyte$ death,$ by$ a$ process$

known$as$ischaemia$reperfusion$(I/R)$injury$[26,$27].$This$is$believed$to$be$a$result$of$

free$ radicals,$ calcium$ build+up,$ acidosis,$ inflammation$ and$ accumulation$ of$

neutrophils,$all$of$which$accumulate$to$the$opening$of$the$mitochondrial$permeability$

transition$ pore$ (MPTP)$ [24,$ 27].$ Dying$ cardiomyocytes$ also$ release$ Damage+

associated$molecular$patterns$(DAMP)s$following$myocardial$injury$which$activate$the$

immune$response$and$contribute$to$reperfusion$injury.$

$

Four$ major$ components$ of$ myocardial$ I/R$ injury$ are$ recognisedo$ reperfusion$

arrhythmias,$ myocardial$ stunning,$ microvascular$ obstruction$ (MVO),$ and$ lethal$
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myocardial$ ischemia$ reperfusion$ injury.$ The$ first$ two$ of$ these$ are$ transient$ and$

reversible,$in$contrast$to$the$latter$two$which$are$irreversible$and$contribute$up$to$50%$

of$ the$ final$ infarct$ size$ (Figure$1.1)$ [24,$27,$28].$Historical$efforts$ to$ therapeutically$

target$myocardial$reperfusion$injury$have$proved$disappointing$to$date,$and$the$varying$

susceptibility$ of$ an$ individual$ to$ reperfusion$ injury$ alongside$ the$ narrow$window$of$

opportunity$in$which$to$intervene,$adds$to$the$complexity$of$this$process.$Despite$this,$

more$recent$studies$using$a$variety$of$novel$treatments$have$shown$promise$in$proof+

of+concept$ trials$ to$minimize$ the$ impact$ of$ reperfusion$ injury,$ and$clinical$ trials$ are$

currently$underway$to$investigate$the$effects$of$these$strategies$on$clinical$outcomes$

in$PPCI$patients$[24,$29+32].$

$

1.1.6&Clinical&Outcomes&of&MI&
$

Acute$MI$and$its$accompanying$adverse$sequelae$remains$one$of$the$greatest$causes$

of$morbidity$and$mortality$worldwide.$Despite$advances$in$treatment,$the$UK$reports$

one$ heart$ attack$ occurring$ every$ three$minutes,$ and$ over$ half$ a$million$ individuals$

being$diagnosed$with$subsequent$heart$failure$[33].$Progression$to$heart$failure$after$

MI$is$multifactorial,$depending$on$the$extent$of$myocardial$damage$at$the$time$of$MI,$

recurrent$ myocardial$ ischemia,$ infarct$ size,$ ventricular$ remodelling,$ stunned$

myocardium,$MVO,$ and$mechanical$ complications$ [34,$ 35].$ Aside$ from$ the$ loss$ of$

myocardial$tissue$directly$damaged$during$the$initial$insult$of$acute$MI,$one$of$the$most$

critical$ complications$ of$ MI$ and$ prevailing$ cause$ of$ heart$ failure$ is$ adverse$ left$

ventricular$ remodelling$ [36].$ Immediately$ post+myocardial$ infarction,$ the$ heart$

undergoes$remodelling$to$attempt$to$maintain$cardiac$function$and$output.$In$around$

30%$of$ cases,$ dependent$ on$ infarct$ size,$ this$ remodelling$ process$ is$maladaptive,$

causing$a$further$decline$in$cardiac$function.$Such$patients$are$at$the$greatest$risk$of$

symptomatic$heart$failure$or$sudden$death$due$to$lethal$arrhythmia$[37].$Multiple$major$

mechanisms$ contribute$ to$ adverse$ left$ ventricular$ remodelling$ including$ early$ sub+

acute$ phase$ infarct$ expansion,$ subsequent$ infarct$ extension$ into$ adjacent$ non+

infarcted$myocardium,$ late$ chronic$ phase$ hypertrophy$ and$ dilatation$ in$ the$ remote$

myocardium,$and$scar$formation.$Left$ventricular$dysfunction$is$the$strongest$predictor$

of$mortality$following$STEMI,$and$approximately$40%$of$MI$patients$will$develop$left$

ventricular$systolic$dysfunction,$with$or$without$subsequent$clinical$heart$failure$[38].$
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Many$of$the$therapies$targeting$the$prevention$of$heart$failure$are$therefore$designed$

to$attenuate$the$adverse$remodelling$process.$While$there$is$no$approved$treatment$

for$preventing$adverse$remodelling$follow$MI$[39],$ increasing$evidence$supports$the$

use$of$both$Angiotensin$converting$enzyme$(ACE)$inhibitors$and$"+adrenergic$blockers$

to$ inhibit$ progressive$ LV$ remodelling$ and$ improve$ clinical$ outcome$ in$MI$ [40,$ 41].$

Arrhythmic$ complications$ are$ another$ deleterious$ consequence$ of$ acute$ MI,$

commonly$ including$ bradycardia,$ and$ supraventricular$ and$ ventricular$ tachycardia$

[42].$Studies$continue$to$report$that$the$majority$of$acute$MI$patients$are$complicated$

by$cardiac$arrhythmias$[43,$44].$Atrial$fibrillation$is$frequently$associated$with$severe$

left$ventricle$(LV)$damage$and$heart$failure,$and$requires$prompt$treatment$using$direct$

current$cardioversion$[45].$$

$

1.1.7&Therapeutic&Targeting&of&Myocardial&Ischemia^Reperfusion&Injury&
$

Currently,$ the$ treatment$ of$ myocardial$ ischemia$ reperfusion$ injury$ is$ primarily$

supportive,$ as$ no$ specific$ target+oriented$ therapy$ has$ been$ validated$ so$ far.$

Therapeutic$ approaches$ to$ protect$ against$ myocardial$ ischemia+reperfusion$ injury$

however$remain$an$active$area$of$ investigation$given$ the$detrimental$effects$of$ this$

phenomenon.$ Despite$ a$ significant$ amount$ of$ research$ as$ well$ as$ encouraging$

preclinical$results$with$multiple$agents,$most$of$the$clinical$trials$to$prevent$reperfusion$

injury$have$been$disappointing$[46].$$

$

Various$studies$have$shown$that$damage$caused$by$myocardial$ischemia+reperfusion$

can$be$prevented$or$limited$by$non+pharmacological$strategies$[47],$such$as$ischemic$

pre+conditioning$ [48,$ 49],$ ischemic$ post+conditioning,$ and$ remote$ ischemic$

conditioning$ [50+52],$as$well$as$hyperthermia$ [53],$ though$none$of$ these$strategies$

have$translated$into$routine$clinical$practice.$

$

A$number$of$promising$pharmalogical$agents$to$protect$from$myocardial$I/R$injury$have$

also$been$described.$Na+/H+$exchange$inhibitors$including$Cariporide$and$SM+20550$

demonstrate$ an$ attenuation$ of$ I/R$ injury$ as$ determined$ by$ improved$ LV$ function,$

reduced$ infarct$ size,$ and$minimized$myocardial$ remodelling$ [54+56].$ The$ rationale$

behind$these$agents$is$to$prevent$the$build+up$of$intracellular$calcium$resulting$from$
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inhibition$ of$ Na+/K++ATPase$ and$ by$ the$ hyperactivation$ of$ Na+/H+$ exchanger$ in$

cardiomyocytes$during$ischemia$and$reperfusion.$Atrial$natriuretic$peptide$(ANP)$and$

phosphodiesterase$ 5$ (PDE5)$ inhibitors$ have$ also$ shown$ beneficial$ effects$ in$

preventing$myocardial$ischemia$reperfusion$injuryo$clinical$studies$of$PDE5$inhibitors$

appear$ to$ act$ similar$ to$ cardiac$ pre+conditioning$ [57],$ while$ administration$ of$ ANP$

intravenously$at$the$time$of$reperfusion$reduces$infarct$size$and$improves$ventricular$

function$in$porcine$models$[58].$A$large$number$of$clinical$trials$have$also$investigated$

the$ effect$ of$ Glucose+insulin+potassium$ (GIK)$ therapy$ which$ demonstrate$ that$ this$

approach$may$be$more$effective$at$reducing$infarct$size$when$administered$to$STEMI$

patients$ in$ the$ ambulance$ prior$ to$ reperfusion$ [59].$ Through$ its$ function$ as$ an$

insulinotropic$incretin,$the$Glucagon+like$peptide+1$(GLP+1)$receptor$agonist$known$as$

Exenatide$offers$protection$during$I/R,$which$has$now$been$translated$into$the$clinical$

setting$ whereby$ Exenatide$ is$ administered$ during$ reperfusion$ [60].$ Intracoronary$

adenosine$ has$ been$ widely$ evaluated$ in$ clinical$ studies,$ demonstrating$

cardioprotection$ at$ higher$ doses$ in$ patients$ with$ previous$ infarctions$ [61],$ and$ in$

patients$receiving$primary$angioplasty$within$the$first$3$h$after$the$onset$of$pain,$as$

determined$by$reduced$infarct$size$and$improved$LVEF$at$6$months$[62].$The$mPTP$

inhibitor$Cyclosporine+A$has$also$shown$to$be$a$promising$intervention$to$limit$infarct$

size$in$pilot$studies$[63],$though$these$findings$have$not$been$replicated$in$more$recent$

research$[64,$65].$The$beneficial$effect$of$β+blockers$on$LV$remodeling,$re+infarction,$

life+threatening$arrhythmias,$and$mortality$is$well$documented.$Notably,$a$clinical$study$

aimed$ to$ determine$ the$ effect$ of$ intravenous$ metoprolol$ on$ infarct$ size$ when$

administered$ immediately$ prior$ to$ reperfusion,$ showed$ cardioprotection$ of$ this$ β+

blocker$ via$an$ increase$ in$myocardial$ salvage$without$ complications$ [66].$Other$β+

blockers$such$as$nebivolol$have$also$shown$cardioprotective$potential$[67],$however$

sufficient$ pre+clinical$ investigation,$ including$ reproducible$ results$ in$multiple$ animal$

models,$ is$required$before$ large+scale$clinical$ testing.$Glycoprotein$IIb/IIIa$ inhibitors$

were$developed$for$ the$reduction$of$ thrombotic$events$due$to$ their$potent$effect$on$

platelets$and$platelet+leukocyte$aggregates$implicated$in$ischemia+reperfusion$injury.$

Clinical$ trials$ investigating$ abciximab$ showed$ that$ this$ potent$ glycoprotein$ IIb/IIIa$

inhibitor$ can$ reduce$ infarct$ size$ and$ lead$ to$ improved$ clinical$ outcomes$ when$

administered$early$to$MI$patients$[68]$or$via$an$intracoronary$route$[69].$Over$recent$

years$ there$ has$ been$ a$ renewed$ interest$ in$ nitrates$ and$ nitroglycerin,$ as$ several$
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clinical$studies$have$shown$the$potential$of$nitrates$to$limit$myocardial$infarct$size$[70],$

and$a$pre+conditioning$mimetic$action$of$nitroglycerin$[71].$
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Figure&1.&1.&The&contribution&of&acute&myocardial&ischemic&injury,&PPCI,&and&I/R&
injury&to&final&patient&infarct&size.&
The$ red$ dashed$ line$ illustrates$ the$ development$ of$ infarct$ size$ over$ time$ without$

reperfusion$ therapy$ (PPCI).$ Myocardial$ Ischemia$ leads$ to$ irreversible$ damage$ of$

cardiac$tissue$which$continues$until$the$entire$area$at$risk$has$undergone$infarction.$

The$ yellow$ dashed$ line$ illustrates$ the$ extent$ of$ damage$ with$ PPCI$ treatment.$

Reperfusion$ leads$ to$ I/R$ injury,$ which$ has$ shown$ to$ compromise$ the$ benefit$ of$

reperfusion$ and$ contribute$ up$ to$ 50%$ of$ total$ infarct$ size.$ The$ green$ dashed$ line$

demonstrates$the$theoretical$infarct$size$following$PPCI$in$the$absence$of$subsequent$

I/R$ injury.$ The$ theoretical$ infarct$ size$without$PPCI$ represents$ the$worst$ outcome.$

Adapted$from$[24].$
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1.2&The&Immune&System&in&Myocardial&Infarction&
$

As$ the$ human$ heart$ has$ negligible$ endogenous$ regenerative$ capacity,$ repair$ and$

remodelling$of$the$infarcted$myocardium$requires$a$tightly$regulated$immune$response$

[72].$Repair$of$the$infarcted$myocardium$occurs$as$a$sequence$of$three$distinct$and$

overlapping$ phaseso$ the$ inflammatory$ phase,$ the$ proliferative$ phase,$ and$ the$

maturation$ phase.$Sudden$ coronary$ artery$ occlusion$ causes$ rapid$ ischemia$ of$ the$

myocardium$and$cardiomyocyte$death$within$the$ischemic$area.$Myocardial$necrosis$

triggers$an$ inflammatory$reaction$ that$clears$ the$wound$from$dead$cells$and$matrix$

debris,$while$activating$proliferative$and$reparative$pathways$critical$for$collagenous$

scar$formation$at$the$injured$site$[73].$Importantly,$the$molecular$and$cellular$changes$

associated$with$infarct$healing$directly$influence$ventricular$remodelling$and$therefore$

affect$prognosis$in$MI$patients$[74].$In$particular,$the$timing$of$the$events$that$occur$in$

the$immune$response$to$myocardial$injury$during$the$inflammatory,$proliferative,$and$

maturation$phases$is$critical$to$infarct$healing.$There$is$evidence$that$perturbations$in$

both$ the$ balance$ and$ transition$ between$ the$ pro+inflammatory$ and$ the$ anti+

inflammatory$reparative$phases$can$exacerbate$acute$myocardial$IRI,$and$contribute$

to$post+MI$adverse$LV$remodeling.$Adverse$LV$remodelling$is$a$process$whereby$the$

LV$ undergoes$ geometric$ and$ functional$ changes$ following$ acute$ MI,$ including$

dilation/thinning$of$the$infarcted$tissue$and$hypertrophy$of$non+infarcted$myocardium,$

resulting$ in$ reduced$ left$ ventricular$ejection$ fraction$ (LVEF)$and$ therefore$a$poorer$

clinical$prognosis.$Understanding$the$role$of$immune$cells$in$MI$is$therefore$critical$for$

the$development$of$therapeutic$strategies$aimed$at$preventing$adverse$remodeling$of$

the$infarcted$heart.$$

&

1.2.1&Inflammatory&Phase&
$

Acute$sudden$death$of$cardiomyocytes$in$the$infarcted$heart$rapidly$activates$several$

innate$immune$pathways$that$trigger$an$intense,$but$transient$inflammatory$response$

which$occurs$at$day$1+3/5$following$MI$[75]$(Figure$1.2).$The$generation$of$DAMPs$by$

necrotic$cells$and$matrix$ fragments$activates$membrane+bound$Toll+Like$Receptors$

(TLR)s$ in$ a$ number$ of$ cell$ types$ including$ resident$ cardiac$ macrophages,$

cardiomyocytes,$ vascular$ cells,$ fibroblasts,$ and$ infiltrating$ leukocytes$ (Figure$ 1.2).$
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Activation$of$TLRs$induces$cytokine$production$and$leukocyte$recruitment$to$the$site$

of$ injury.$ Specifically,$ TLR2$ and$ TLR4$ have$ pro+inflammatory$ functions$ during$

myocardial$ injuryo$genetic$knockout$or$antibody$ inhibition$of$TLR2$leads$to$reduced$

infarct$size,$improved$cardiac$function,$and$attenuated$myocardial$inflammation$[76,$

77],$while$TLR4$KO$mice$show$reduced$infarct$size,$attenuated$adverse$remodelling,$

and$ decreased$ inflammation$ [78,$ 79].$ Other$ prominent$ features$ of$ the$ early$

inflammatory$response$include$activation$of$the$complement$cascade,$generation$of$

reactive$oxygen$species$(ROS),$and$upregulation$of$cytokine$cascades.$An$initial$role$

for$complement$was$inferred$from$the$deposition$of$complement$components,$namely$

C3$ fragments,$ within$ the$ myocardium$ of$ experimental$ models$ of$ MI$ [80].$ The$

complement$ cascade$ is$ acutely$ activated$ within$ hours$ of$ MI,$ as$ supported$ by$

augmented$expression$of$complement$genes$in$ischemia$and$reperfusion$[81].$During$

this$process,$C3$and$C5$cleavage$ fragments$contribute$ to$ initiation$of$ the$ immune$

response$in$IRI$by$chemoattraction$of$ immune$cells$and$membrane$attack$complex$

(MAC)$ formation$ on$ cells$ within$ the$ ischemic$ region.$ Importantly,$ the$ depletion$ or$

inhibition$of$complement$prior$to$myocardial$I/R$has$shown$to$impair$LV$function$and$

accelerate$progression$towards$heat$failure,$thus$supporting$an$important$involvement$

of$the$complement$system$in$the$immune$response$to$MI$[82].$Other$important$stimuli$

in$ the$early$ inflammatory$ response$after$necrotic$myocardial$ injury$ include$ reactive$

oxygen$species$(ROS)$[83],$cardiomyocyte+derived$High$Mobility$Group$Box$(HMGB1)$

[84],$Interleukin$1$alpha$(IL+1α)$[85]$and$extracellular$RNAs$[86].$Activation$of$these$

innate$ signalling$ pathways$ converges$ onto$ the$ activation$ of$ the$ key$ transcription$

factor,$nuclear$ factor$kappa+light+chain+enhancer$of$activated$B$cells$(NFκB),$which$

induces$ gene$ transcription$ of$ factors$ promoting$ inflammation$ including$ cytokines,$

chemokines,$ and$ adhesion$ molecules,$ by$ multiple$ cell$ types$ including$ endothelial$

cells,$fibroblasts,$cardiomyocytes,$resident$cardiac$mast$cells,$and$macrophages$[87].$

Upregulation$ of$ proinflammatory$ cytokines,$ namely$ tumor$ necrosis$ factor$ alpha$

(TNF#),$ Interleukin$1$Beta$ (IL+1β)$ and$ Interleukin$6$ (IL+6),$ and$ chemokines,$ is$ the$

hallmark$of$ the$ inflammatory$phase$of$ infarct$healing,$which$generates$chemotactic$

gradients$that$recruit$ leukocyte$subpopulations$to$the$infarcted$area$via$interactions$

with$corresponding$chemokine$ receptors.$ $ Increased$synthesis$of$TNF#,$ IL+1β$and$

members$of$the$IL+6$family,$induce$endothelial$cell$adhesion$molecule$synthesis$and$

activate$ leukocyte$ integrins,$ mediating$ strong$ adhesive$ interactions$ that$ ultimately$
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lead$to$extravasation$of$inflammatory$cells$into$the$infarct.$IL+1+mediated$signalling$in$

particular$has$a$central$role$in$the$activation$of$the$proinflammatory$response$following$

MI.$The$release$of$active$IL+1β$is$dependent$on$the$action$of$the$inflammasome,$a$key$

molecular$platform$ required$ for$caspase+1$activation$and$subsequent$generation$of$

bioactive$IL+1β$from$pro+IL+1β.$Once$active,$IL+1β$signalling$is$an$important$source$of$

cytokine$and$chemokine$synthesis$and$mediates$inflammatory$cell$infiltration$into$the$

infarcted$ myocardium.$ Following$ MI,$ the$ expression$ of$ chemokines$ including$

neutrophil$chemoattractant$IL+8$[88],$and$the$mononuclear$cell$chemoattractant$CCL2,$

are$ upregulated$ in$ the$ infarcted$ area$ [89].$Chemokines$ released$ in$ the$ infarct$ are$

immobilized$by$binding$to$glycosaminoglycans$on$the$endothelial$surface$and$in$the$

extracellular$ matrix,$ which$ generates$ localized$ high$ chemokine$ concentrations$ in$

areas$ of$ injury$ and$ provides$ directional$ signals$ for$ extravasation$ of$ leukocyte$

subpopulations$ into$ the$ infarcted$myocardium$ [90].$ This$ inflammatory$ response$ to$

cardiac$ I/R$occurs$at$ day$1+4$ following$MI,$which$ transitions$and$overlaps$ into$ the$

proliferative$phase$around$day$4$onwards.$$

&
1.2.2&Suppression&of&Inflammation&
$

While$ the$ intense$myocardial$ inflammatory$ response$ is$essential$ for$cardiac$ repair,$

unrestrained$activity,$temporal$prolongation,$or$spatial$expansion$of$the$inflammatory$

response$is$implicated$in$the$pathogenesis$of$adverse$remodelling$and$heart$failure$in$

patients$ with$ acute$MI$ [91+93].$ Excessive$ early$ inflammation$may$ augment$matrix$

degradation$causing$cardiac$rupture,$while$prolongation$of$the$inflammatory$reaction$

may$ impair$ collagen$deposition$ leading$ to$ formation$of$a$ scar$with$ reduced$ tensile$

strength,$thus$increasing$chamber$dilation.$An$excessive,$persistent$or$expanded$pro+

inflammatory$ response$ to$ cardiac$ I/R$ may$ worsen$ adverse$ LV$ remodelling$ by$

activating$ proteases$ [94]o$ increasing$ cytokine$ expression$ which$ may$ induce$

cardiomyocyte$ apoptosis$ and$ suppress$ contractilityo$ increasing$ matrix$ deposition$

which$may$result$ in$a$stiffer$ventricle$and$causes$diastolic$dysfunction$[95],$and$the$

activation$of$cardiac$fibroblasts$in$the$infarct$border$zone$which$may$expand$fibrosis$

into$ viable$ tissue.$Defective$ containment$ of$ the$ inflammatory$ reaction$may$ lead$ to$

extension$of$the$inflammatory$infiltrate$into$the$non+infarcted$myocardium,$enhancing$

fibrosis$ and$ worsening$ diastolic$ function$ [96].$ Experimental$ studies$ have$
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demonstrated$that$myocardial$expression$levels$of$pro+inflammatory$cytokines$(IL+6,$

TNF+α,$ and$ IL+1β)$ at$ 8$ and$ 20rweeks$ after$ AMI$ in$ a$ rat$ model,$ were$ significantly$

associated$with$left$ventricular$end+diastolic$volume$[97].$Similarly,$in$STEMI$patients,$

IL+1β$levels$measured$at$pre+,$2,$and$7rdays$post+PPCI$were$able$to$predict$indexed$

left$ventricular$end+systolic$volume$and$ left$ventricular$end+diastolic$volume$$values$

measured$by$CMR$at$1ryear$[98].$In$mouse$models$of$MI,$an$excessive$or$pro+longed$

inflammatory$classical$monocyte$response$has$shown$to$contribute$to$inappropriate$

tissue$ destruction,$ infarct$ size,$ cardiac$ dysfunction,$ and$ adverse$ ventricular$

remodelling$ [99+104].$ Furthermore,$ clinical$ studies$ have$ shown$ that$ elevated$

concentrations$of$inflammatory$phase$circulating$monocytes$and$neutrophils$following$

acute$MI$are$associated$with$adverse$remodelling$and$development$of$heart$ failure$

[105,$106].$$

$

Optimum$ repair$ of$ infarcted$ myocardial$ tissue$ and$ the$ prevention$ of$ adverse$ LV$

remodelling$ following$MI$ is$ therefore$critically$dependent$on$ the$ timely$suppression$

and$containment$of$inflammation.$Suppression$of$the$inflammatory$response$occurs$

as$ necrotic$ cells$ and$ cell$ fragments$ are$ cleared$ from$ the$ infarct,$ around$ day$ 3+4$

following$ MI.$ Although$ many$ cell$ types$ contribute$ to$ the$ resolution$ of$ myocardial$

inflammation,$ reparative$ M2$ macrophage,$ and$ Treg$ populations$ in$ particular$

contribute$to$ inflammatory$suppression$following$MI.$Neutrophils$undergo$apoptosis$

and$ are$ phagocytosed$ by$ macrophages,$ and$ there$ is$ a$ shift$ from$ inflammatory$

monocytes$ and$M1$macrophages$ to$ a$ repertoire$ of$ reparative$monocytes$ and$M2$

macrophages.$Reparative$macrophages$and$lymphocytes$produce$anti+inflammatory$

mediators$including$IL+10$and$Transforming$Growth$Factor$Beta$(TGF+β),$which$are$

essential$for$repressing$the$synthesis$of$pro+inflammatory$cytokines$and$chemokines$

[107].$$
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1.2.3&Proliferative&Phase&
$

Transition$to$the$proliferative/reparative$phase$following$suppression$of$inflammation$

begins$around$day$4/5$following$MI$and$can$continue$for$weeks$[75]$(Figure$1.2).$This$

stage$is$characterised$by$fibroblast$migration,$proliferation,$and$transdifferentiation$into$

a$ myofibroblast$ phenotype.$ A$ combination$ of$ growth$ factors,$ cytokines,$ TGF+

β1/Smad3$signalling,$angiotensin$II,$and$altered$composition$of$the$extracellular$matrix$

(ECM)$ are$ particularly$ important$ reparative$ and$ fibrogenic$ mediators,$ inducing$

transdifferentiation$ of$ fibroblasts$ to$ secretory$myofibroblasts.$ Infarct$myofibroblasts$

express$ and$ secrete$ contractile$ proteins$ including$ alpha+smooth$ muscle$ actin$ (α+

SMA),$and$synthesize$and$deposit$ECM$proteins,$beginning$from$the$ infarct$border$

zone$and$progressing$toward$the$core$infarct$area$as$the$cells$migrate$along$the$newly$

synthesized$ ECM$matrix$ [99,$ 108+110].$ Myofibroblasts$ produce$ and$ deposit$ large$

amounts$of$interstitial$collagens$(initially$type$III$and$later$on,$during$the$infarct$healing,$

type$ I$ collagen),$ which$ is$ crucial$ for$ increasing$ tensile$ strength$ and$ preventing$

ventricular$wall$rupture$[111].$Fibroblast$proliferation$and$activation$is$also$associated$

with$extensive$angiogenic$signalling,$which$stimulates$endothelial$cell$proliferation$and$

infiltration$to$establish$a$microvascular$network$to$ the$ infarct$area$and$thus$provide$

adequate$oxygen$and$nutrients$ to$myofibroblasts$ in$ the$metabolically$ active$ infarct$

[112].$ As$ the$ infarct$ is$ filled$ with$ matrix,$ cellular$ proliferation$ is$ suppressed$ and$

transition$ to$ the$maturation$phase$ follows.$Although$ the$ initial$ reparative$ fibrosis$ is$

crucial$for$preventing$rupture$of$the$ventricular$wall,$an$exaggerated$fibrotic$response$

or$ fibrosis$ outside$ the$ injured$ area$ is$ detrimentalo$ enhanced$ fibrosis$ during$ the$

proliferative$ phase$ contributes$ to$ stiffening$ of$ the$ left$ ventricle,$ reduced$ LV$

compliance,$ and$ adverse$ left$ ventricular$ remodelling,$ particularly$ if$ myofibroblasts$

remain$in$non+injured$areas$of$the$heart.$Conversely,$interference$with$the$reparative$

response$ promotes$ infarct$ expansion,$ ventricular$ wall$ thinning,$ dilation,$ systolic$

dysfunction$and$propensity$to$rupture$[113].$$

$

$

$

&

&
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1.2.4&Maturation&phase&
$

The$ final$ stage$ of$ infarct$ healing$ is$ the$maturation$ phase,$ whereby$matrix$ cross+

linking$leads$to$the$formation$of$a$dense$collagenous$scar,$marking$the$end$stage$of$

myocardial$ infarct$ repair.$ This$ occurs$ from$ weeks$ to$ months$ following$ MI$ [75].$$

Fibroblasts$become$quiescent$and$undergo$apoptosis,$resulting$in$the$suppression$

of$ collagen+based$ matrix$ synthesis$ and$ deposition$ which$ is$ critical$ to$ prevent$

exaggerated$fibrosis$and$adverse$remodelling.$$Temporary$infarct$vascular$networks$

produced$during$ the$ reparative$phase$ then$either$undergo$apoptosis$or$acquire$a$

muscular$coat$[114,$115].$

$

As$with$all$stages$of$infarct$healing,$it$is$critical$that$the$transition$from$the$proliferative$

to$the$maturation$phase$occurs$at$an$appropriate$timeo$if$the$maturation$phase$begins$

too$early$the$scar$matrix$may$still$be$inadequate,$and$collagen$deposition$will$cease$

as$ myofibroblasts$ disappear,$ resulting$ in$ an$ unstable$ scar$ prone$ to$ rupture.$

Conversely,$ a$ delay$ in$ the$ events$ of$ maturation,$ allows$ for$ prolonged$ tissue$

degradation$and$collagen$formation,$creating$a$larger$scar$area$more$likely$to$cause$

cardiac$failure.$

$

$

$

$

$
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Figure&1.&2.&Activation&of&the&immune&response&and&leukocyte&recruitment&by&
myocardial&DAMPs&following&myocardial&infarction.&
Activation$ of$ innate$ signalling$ pathways$ converges$ onto$ the$ activation$ of$ the$ key$

transcription$ factor$ NFκB$ which$ induces$ gene$ transcription$ of$ factors$ promoting$

inflammation$including$cytokines,$chemokines,$and$adhesion$molecules,$by$multiple$

cell$ types$ including$ endothelial$ cells,$ fibroblasts,$ cardiomyocytes,$ resident$ cardiac$

mast$ cells,$ and$ macrophages.$ Upregulation$ of$ proinflammatory$ cytokines$ (namely$

TNF+#,$IL+1β,$and$IL+6)$and$chemokines$is$the$hallmark$of$the$inflammatory$phase$of$

infarct$healing$(day$1+3/5$post+MI),$which$induce$endothelial$cell$adhesion$molecule$

synthesis$and$activate$leukocyte$integrins,$mediating$strong$adhesive$interactions$that$

ultimately$ lead$ to$ extravasation$ of$ inflammatory$ cells$ into$ the$ infarct.$ $ Neutrophils,$

classical$monocytes$and$M1$Macrophages$dominate$the$inflammatory$phase$of$repair.$

These$cells$give$rise$to$non+classical$monocytes$and$M2$macrophages$which$promote$

the$second$anti+inflammatory,$proliferative$phase$of$ repair$ (around$day$4$ to$weeks$

post+MI).$ Myofibroblasts$ mediate$ collagen$ production$ and$ deposition$ to$ promote$

fibrosis$ and$ prevent$ cardiac$ rupture.$ The$ third$ stage$ of$ infarct$ healing$ is$ the$

maturation$ phase,$whereby$matrix$ cross+linking$ leads$ to$ the$ formation$ of$ a$ dense$

collagenous$scar,$marking$the$end$stage$of$myocardial$infarct$repair.$This$final$stage$

continues$for$weeks$to$months$following$MI.
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1.3&Monocytes&&
$

1.3.1&Monocytes:&An&Overview$
&
Monocytes$are$members$of$the$mononuclear$phagocyte$system,$a$critical$component$

of$the$innate$immune$system.$Derived$in$the$bone$marrow$from$haematopoietic$stem$

cells$(HPSC),$monocytes$circulate$the$blood$and$spleen,$occupying$a$central$role$in$

homeostasis,$inflammation,$and$immune$defence$[116].$Monocytes$can$phagocytose$

and$present$antigens,$secrete$chemokines,$and$proliferate$in$response$to$infection$and$

injury$[117].$Once$recruited$to$tissues,$monocytes$contribute$to$tissue$repair$as$well$

as$providing$a$progenitor$pool$of$cells$capable$of$differentiating$into$macrophages$and$

dendritic$ cells$ [118,$119].$The$heterogeneous,$plastic$nature$of$monocytes$permits$

their$context+dependent$functions$which$are$attributed$to$different$subpopulations$of$

these$cells$[120,$121].$The$functions$of$monocyte$subpopulations$have$been$studied$

most$extensively$using$mouse$models$of$heath$and$disease.$$

&
1.3.2&Monocyte&Development&and&Heterogeneity&
$

Monocytes$develop$ in$ the$bone$marrow$ from$HPSCs$ following$a$ transition$ through$

several$ intermediate$ progenitor$ stages$ of$ the$ common$ myeloid$ progenitor,$ the$

granulocyte/macrophage$progenitor,$and$the$monocyte/dendritic$cell$(DC)$progenitor$

[122].$Current$nomenclature$divides$monocytes$into$two$main$subpopulations$in$both$

humans$and$mice,$known$as$classical$and$non+classical$monocytes$ [123].$ $Human$

classical$and$non+classical$monocytes$are$defined$by$their$differential$expression$of$

CD14$and$CD16,$while$mouse$monocyte$subpopulations$are$classified$according$to$

differential$expression$of$Ly6C.$Classical$monocytes$(CD14++CD16+$in$humans,$Ly6Chi$

in$ mouse)$ characteristically$ express$ high$ levels$ of$ CCR2$ and$ low$ levels$ of$ the$

fractalkine$receptor,$CX3CR1.$In$contrast,$non+classical$monocytes$(CD14+$CD16++$in$

humans,$Ly6Clo$in$mouse)$express$high$levels$of$CX3CR1,$and$low$levels$of$CCR2.$

A$third$subset$of$intermediate$monocytes$has$also$been$described$in$humans$(CD14++$

CD16+),$which$express$these$surface$markers$at$levels$between$the$classical$and$non+

classical$ subsets$ [124].$Previous$studies$grouped$ intermediate$monocytes$with$ the$

non+classical$ subset$ due$ to$ their$ high$ expression$ of$CX3CR1,$ however$ increasing$
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evidence$suggests$that$human$intermediate$monocytes$are$a$third,$distinct$monocyte$

population$ [125].$ In$ addition$ to$ having$ their$ own$ distinct$ immune$ cell$ marker$

expression$profile,$monocyte$subpopulations$also$perform$unique$functions.$Accurate$

classification$ of$ these$ distinct$ monocyte$ subpopulations$ is$ therefore$ crucial$ for$

understanding$the$specific$functions$of$each$monocyte$population.$$

&

1.3.3&Origin&of&Non^Classical&Monocytes&
$

It$ currently$ remains$ unclear$ whether$ non+classical$ monocytes$ arise$ from$ an$

independent$ bone$ marrow$ monocyte$ progenitor$ distinct$ from$ that$ of$ classical$

monocytes,$or$whether$classical$Ly6ChiCCR2hi$monocytes$serve$as$an$intermediate$

lineage$for$the$subsequent$generation$of$non+classical$Ly6CloCX3CR1hi$monocytes.$A$

number$ of$ murine$ studies$ support$ the$ notion$ that$ myeloid$ precursors$ in$ the$ bone$

marrow$ initially$give$ rise$ to$classical$Ly6ChiCCR2hi$monocytes,$which$subsequently$

transition$into$non+classical$Ly6CloCX3CR1hi$monocytes$over$time$[126+131].$In$this$

manner,$mouse$blood$monocyte$subpopulations$represent$stages$of$a$developmental$

sequence.$ In$ vitro$ studies$ suggest$ that$ this$ transition$ is$ performed$ over$ 24+48h,$

whereby$Ly6Chi$monocytes$gradually$down+regulate$Ly6C$expression$while$still$in$the$

blood$ stream$ [132,$ 133].$ Under$ steady$ state$ conditions,$ in$ vivo$ peripheral$ blood$

monocytes$were$estimated$to$have$a$similar$average$transit$time$in$the$circulation$of$

�25h$[134].$In$the$absence$of$inflammation,$murine$classical$Ly6ChiCCR2hi$monocytes$

have$been$shown$to$return$to$the$bone$marrow$from$the$circulation$[127].$Research$

suggests$ that$classical$Ly6Chi$monocytes$can$downregulate$ their$Ly6C$expression,$

and$move$between$blood$and$bone$marrow$[135],$however$whether$this$loss$of$Ly6C$

expression$corresponds$to$a$conversion$of$monocyte$subset$is$unclear,$and$does$not$

exclude$ the$ existence$ of$ an$ alternative$ route$ for$ non+classical$ Ly6Clo$development$

independent$ of$ the$ classical$ Ly6Chi$ monocyte$ population.$ For$ example,$ selective$

impairment$ of$ Ly6Chi$ monocytes$ in' Irf8−/−$ mutant$mice$ or$Klf4+/+$ cells$ suggests$ an$

independent$ developmental$ pathway$ for$ non+classical$ Ly6Clo$monocytes,$ whereby$

dramatically$reduced$numbers$of$classical$Ly6Chi$monocytes$in$the$bone$marrow$does$

not$affect$ the$ counts$of$ Ly6Clo$ non+classical$monocytes$ [136,$137].$ $Such$ findings$

support$a$route$of$Ly6Clo$monocyte$development$which$is$ independent$from$that$of$

the$Ly6Chi$population$in$the$blood$or$bone$marrow,$or$originating$from$the$common$
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monocyte$ progenitor$ (cMoP).$Other$ explanations$ for$ such$ findings$may$ include$ an$

increased$survival$of$Ly6Clo$monocytes$in$these$models.$

$

Many$of$the$specific$factors$that$drive$differentiation$of$monocytes$into$three$distinct$

subsets$are$unknowno$however,$the$transcription$factor$Nur77,$encoded$by$the$NR4A1$

gene,$plays$a$crucial$role$in$non+classical$Ly6C$monocyte$developmento$Nur77+/+$mice$

show$an$absence$of$patrolling$non+classical$Ly6Clo$monocytes$in$the$blood,$spleen,$

and$ bone$marrow,$ and$ Ly6Clo$patrolling$monocytes$ remaining$ in$ the$ bone$marrow$

undergo$apoptosis$due$to$arrest$in$the$S+phase$of$$cell$cycle$progression$[138].$Human$

non+classical$ CD14+CD16++$ monocytes$ (equivalent$ to$ mouse$ Ly6Clo$ patrolling$

monocytes)$ also$ express$ high$ levels$ of$ Nur77,$ and$ are$ likely$ to$ have$ a$ common$

function$[138,$139].$$

$

1.3.4&Monocyte&Function&in&Steady&State&
$

During$ resting$state,$classical$monocytes$are$abundant$ in$ the$blood$and$ in$several$

non+inflamed$organs$ including$ the$spleen,$ lung,$ liver,$and$brain.$Following$ injury$or$

infection,$ these$pools$of$ classical$monocytes$ can$ readily$ extravasate$ to$ the$ site$of$

injury$[140].$In$contrast,$Ly6Chi+derived$Ly6Clo$non+classical$monocytes$predominantly$

remain$in$the$vascular$system,$and$have$a$lifespan$of$several$days$in$both$humans$

[141]$and$mice$[142,$143].$$

$

Total$monocytes$typically$comprise$~4%$of$all$circulating$leukocytes$in$mice,$which$is$

made$ up$ of$ ~60%$ classical$ monocytes$ and$ ~40%$ non+classical$ monocytes$ [144].$

Mouse$ Ly6Chi$ monocytes$ have$ a$ half+life$ of$ ~22h,$ while$ Ly6Chi+dervived$ Ly6Clo$

monocytes$have$a$half+life$of$~2.2$days$[128,$141].$Of$this$peripheral$blood$monocyte$

population$in$mice,$40%$are$circulating$while$60%$are$marginating$[145].$$In$humans,$

total$monocytes$occupy$~10%$of$all$circulating$leukocytes,$which$is$comprised$of$an$

approximate$ratio$of$85%$classical$monocytes,$5%$intermediate$monocytes,$and$10%$

non+classical$monocytes$in$the$blood.$As$seen$in$mouse,$human$circulating$classical$

monocytes$ have$ a$ shorter$ life+span$ (24h)$ than$ intermediate$ and$ non+classical$

monocytes,$which$circulate$for$approximately$4$days$and$7$days,$respectively$[141].$

The$bone$marrow$is$the$primary$organ$responsible$for$maintaining$monocyte$numbers$
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in$ the$ circulation$ during$ basal$ conditions.$ The$ egress$ of$ bone$ marrow$

Ly6Chi$monocytes$ during$ steady$ state$ requires$ the$ engagement$ of$ the$ chemokine$

receptor$ CCR2$ [146].$ By$ contrast,$ most$ Ly6Clo$ monocytes$ gain$ access$ to$ the$

bloodstream$independently$of$CCR2$and$rely$on$the$transcription$factor$NR4A1$for$the$

differentiation$of$ circulating$Ly6Chi$monocytes$ into$Ly6Clo$monocytes$as$previously$

described$ [138].$ In$ this$ sense,$Ly6Clo$non+classical$monocytes$are$not$necessarily$

derived$from$the$bone$marrow$directly,$but$instead$originate$from$bone$marrow$Ly6Chi$

monocytes$ following$ their$ release$ into$ the$ blood.$ Ly6Chi$ classical$ and$ Ly6Clo$ non+

classical$monocytes$exhibit$different$behaviour$during$homeostatic$conditionso$in$the$

absence$of$inflammation,$Ly6Chi$classical$monocytes$return$to$the$bone$marrow$from$

the$circulation,$however$steady$state$Ly6Clo$non+classical$monocytes$engage$in$long+

term$migration$along$the$endothelium$with$or$against$blood$flow,$in$a$process$termed$

patrolling$[147,$148].$This$unique$patrolling$of$the$luminal$endothelium$by$Ly6Clo$non+

classical$ monocytes$ provides$ a$ timely$ mechanism$ of$ surveillance$ for$ the$ immune$

system$to$respond$to$inflammatory$stimuli$following$injury$or$infection.$The$patrolling$

behaviour$of$Ly6Clo$non+classical$monocytes$ is$mediated$ through$ the$ interaction$of$

CX3CR1$with$ its$ ligand,$CX3CL1,$expressed$by$endothelial$cells.$This$patrolling$of$

non+classical$monocytes$is$a$significantly$slower$process$(~12μm/min)$that$the$rolling$

behaviour$of$classical$monocytes$in$the$circulation$[149].$Deletion$of$CX3CR1$reduces$

the$patrolling$of$Ly6Clo$monocytes$[150]$and$results$in$overall$fewer$circulating$Ly6Clo$

monocytes,$ possibly$ due$ to$ reduced$ monocyte$ survival$ resulting$ from$ CX3CR1+

dependent$expression$of$anti+apoptotic$protein$B+cell$lymphoma$2$(BCL+2)$[151].$This$

CX3CL1/CX3CR1$ interaction$ promotes$ further$ adhesion$ of$ patrolling$ non+classical$

monocytes$to$the$vascular$endothelium$via$the$lymphocyte$function$antigen+1$(LFA+1)$

which$ is$ an$ integrin$ comprising$ CD11a$ and$ CD18$ that$ interact$ with$ Intercellular$

Adhesion$Molecule$1$(ICAM1)$and$Intracellular$Adhesion$Molecule$2$(ICAM2)$on$the$

endothelial$ cell$ surface$ [150].$ ICAM1$ and$ ICAM2$ behave$ in$ a$mutually$ redundant$

fashion$ to$ facilitate$ LFA+1$ dependent$ monocyte$ adhesion,$ and$ ICAM1/2$ double$

knockout$ mice$ demonstrate$ a$ dramatically$ reduced$ frequency$ of$ non+classical$

monocyte$adhesion$ to$ the$vasculature$ [125].$ In$ vivo$ inhibition$of$LFA+1$using$anti+

CD11a/CD18$ antibodies$ also$ leads$ to$ the$ prolonged$ dissociation$ of$ non+classical$

monocytes$from$the$endothelium$and$abolishes$patrolling$behaviour$[152].$Expression$

of$ CX3CR1$ and$ LFA+1$ by$ non+classical$ monocytes$ is$ therefore$ crucial$ to$ their$
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patrolling$behaviour.$Transcriptomic$and$functional$comparison$studies$suggest$that$

human$CD14+CD16++$non+classical$monocytes$are$ the$human$counterpart$ to$ these$

patrolling$Ly6Clo$monocytes$ in$mouse$ [124,$139,$153],$which$also$exhibit$patrolling$

behaviour$ when$ infused$ into$ mice$ [154].$ Further$ details$ on$ the$ role$ of$ CX3CR1$

expression$in$non+classical$monocyte$function$are$described$in$section$1.4.$

$

1.3.5&The&Monocyte&Response&Following&Myocardial&Infarction&
$

The$ importance$of$monocytes$and$macrophages$following$MI$has$been$extensively$

demonstrated$in$mouse$models$of$MI.$In$mouse$models$of$cardiac$injury,$monocyte$

depletion$increases$mortality$and$reduces$ventricular$function$[113],$suggesting$that$

monocytes$ are$ necessary$ for$ effective$ wound$ healing$ and$ repair$ of$ heart$ tissue.&
Following$MI$in$mice,$monocytes$are$preferentially$released$from$the$spleen,$which$is$

highly$sensitive$to$ischaemic$myocardial$injury$and$can$rapidly$mobilize$this$reservoir$

of$monocytes$to$be$recruited$to$the$myocardium$via$CCL2$and$angiotensin$II$signals.$

The$vasoconstrictive$hormone$angiotensin$II$is$particularly$important$in$promoting$the$

splenic$release$of$Ly6Chi$monocytes$[155].$MI$also$induces$the$exit$of$HSPCs$from$the$

bone$marrow$via$sympathetic$nervous$system$(SNS)$signalling$pathways,$which$seed$

the$spleen$and$provide$a$sustained$boost$in$monocyte$production$[156].$

$

Nahrendorf$et$al$describe$the$migration$of$monocytes$released$from$the$bone$marrow$

and$spleen$to$the$injured$myocardium$as$a$biphasic$response,$governed$by$the$actions$

of$ chemokines.$ Classical$ and$ non+classical$ monocyte$ subpopulations$ express$ a$

different$repertoire$of$chemokine$receptors,$allowing$their$differential$recruitment$from$

the$bone$marrow$and$into$tissues.$Classical$monocytes$express$high$levels$of$CCR2,$

and$migrate$from$the$bone$marrow$into$the$circulation$predominantly$in$response$to$

CCL2,$and$also$CCL7$and$CCL12.$As$expected,$CCR2$deficient$mice$show$an$80%$

reduction$ in$classical$Ly6Chi$monocyte$emigration$ from$the$bone$marrow,$while$ the$

distribution$ of$ non+classical$ Ly6Clo$ monocytes$ is$ relatively$ normal$ [157].$ Classical$

Ly6Chi$ monocytes$ dominate$ the$ first$ phase$ (day$ 1+4)$ of$ the$ monocyte$ response$

following$MI$in$mouse,$and$differentiate$into$M1$pro+inflammatory$macrophages$that$

exhibit$ phagocytic$ and$ proteolytic$ functions$ to$ remove$ debris$ in$ the$ injured$ infarct$

tissue$[158].$The$emigration$of$Ly6Clo$non+classical$monocytes$from$the$bone$marrow$
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and$their$recruitment$to$the$injured$myocardium$is$however$ less$clearly$defined.$As$

previously$described,$non+classical$monocytes$express$high$ levels$of$CX3CR1$and$

primarily$ exhibit$ patrolling$ behaviour$ along$ the$ vasculature$ by$ responding$ to$

endothelial$expressed$CX3CL1.$In$the$inflammation$that$ensues$following$MI,$vascular$

endothelial$ cells$ upregulate$ the$ expression$ of$ CX3CL1,$ allowing$ patrolling$ non+

classical$monocytes$to$firmly$arrest$and$adhere$to$the$vascular$lumen.$This$interaction$

permits$ the$ subsequent$ extravasation$ of$ non+classical$ monocytes$ into$ the$ injured$

myocardial$ tissue.$ In$ the$ later$stages$of$ repair,$pro+inflammatory$Ly6Chi$monocytes$

and$M1$macrophages$can$also$differentiate$into$pro+fibrotic$Ly6Clo$monocytes$and$M2$

macrophages$via$TGF+"$activation$and$have$attenuated$inflammatory$properties$[158],$

highlighting$ the$ plasticity$ of$ the$monocyte/macrophage$ lineage.$M2+like$ pro+fibrotic$

macrophages$promote$ the$reparative$phase$of$healing$by$stimulating$myofibroblast$

accumulation,$ angiogenesis,$ and$ collagen$deposition$ [158].$ This$ temporal$ biphasic$

monocyte$response$in$mouse$models$of$MI$has$also$been$reported$to$occur$in$human$

MI,$whereby$an$initial$rise$of$inflammatory$classical$CD14++CD16+$monocytes$at$day$

2+3$ is$ followed$ by$ the$ sequential$ recruitment$ of$ non+classical$ CD14+CD16++$

monocytes$at$day$4+5$[159].$This$study$was$however$limited$to$observed$changes$in$

monocyte$counts$in$the$blood.$Studies$of$monocytes$in$human$heart$tissue$following$

MI$are$limited$due$to$the$unavailability$of$tissue$specimens,$however$an$autopsy$study$

by$Van$der$Laan$et$al$showed$that$CD14+$cells$accumulate$in$distinct$regions$of$the$

infarcted$myocardium$in$different$phases$of$healing$following$acute$MIo$CD14+$cells$

were$ recruited$ in$ the$ post+MI$ inflammatory$ phase$ (12h–5$ days$ post+MI)$ and$

predominantly$accumulated$in$the$infarct$border$zone.$In$the$subsequent$proliferative$

phase$(5–14$days$post+MI),$CD14+$cells$almost$exclusively$invaded$the$infarct$core.$

This$study$noted$that$there$was$an$abundant$population$of$the$CD14+CD16–$classical$

monocyte$ subset$ in$ the$ border$ zone$ in$ the$ inflammatory$ phase$ after$MI,$ whereas$

comparable$proportions$of$classical$CD14+$CD16–$and$non+classical$CD14+$CD16+$

monocytes$were$present$in$the$infarct$in$the$proliferative$phase.$$

$

Importantly,$ disruption$ of$ the$ finely$ tuned$ balance$ between$ the$ early$ classical$

monocyte$and$subsequent$non+classical$monocyte$response$is$highly$detrimental$to$

infarct$ healing$ [113]o$ an$ excessive$ or$ prolonged$ inflammatory$ classical$ monocyte$

response$ contributes$ to$ inappropriate$ tissue$ destruction,$ infarct$ size,$ cardiac$
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dysfunction,$ and$ adverse$ ventricular$ remodelling$ [99+104],$ while$ disruption$ of$ the$

phase$2$non+classical$monocyte$response$hinders$ the$formation$and$remodeling$of$

granulation$tissue.$Nur77$deficient$mice$which$ lack$non+classical$Ly6Clo$monocytes$

demonstrate$adverse$cardiac$remodelling$post+MI$[160],$highlighting$the$importance$

of$ the$ Ly6Clo$ non+classical$ monocyte$ response.$ Furthermore,$ in$ the$ absence$ of$

classical$ Ly6Chi$ monocytes,$ the$ half+life$ of$ non+classical$ Ly6Clo$ monocytes$ is$

increased$from$around$2.5$days$to$11$days$[128],$indicating$an$increased$surveillance$

function$of$non+classical$patrolling$monocytes$ in$ the$vasculature$when$the$classical$

monocyte$population$has$been$disrupted$or$recruited$to$inflammatory$sites.$$

$

Nahrendorf$et$al$describe$Ly6Clo$monocyte$infiltration$into$the$myocardium$occurring$

in$the$second$proliferative/reparative$phase$(day$5+9)$of$infarct$healing.$This$traditional$

concept$of$a$biphasic$monocyte$model$of$infarct$healing$has$been$challenged$in$recent$

years$ by$ new$ insights$ into$ monocyte$ behaviour,$ particularly$ of$ the$ non+classical$

monocyte$subpopulation.$This$evidence$has$suggested$a$much$earlier$ role$of$non+

classical$monocytes$ than$that$originally$ thoughto$ real+time$ imaging$revealed$a$rapid$

infiltration$of$CX3CR1+$monocytes$ into$ the$ injured$site$within$several$minutes$after$

acute$MI$ [161].$Such$ findings$ suggested$ that$ following$ cardiac$ I/R,$monocytes$are$

recruited$rapidly$(<15min)$from$the$vascular$reservoir$and$then$later$from$the$spleen.$

These$early$non+classical$monocytes$are$postulated$to$actively$attract$neutrophils$to$

the$infarct,$as$observed$in$lung$inflammation$[162].$Furthermore,$Li$et$al$have$shown$
by$ intravital$ 2+photon$ imaging$ of$ the$ beating$ heart$ that$ CX3CR1hi$ monocytes$ are$

rapidly$ recruited$ to$ the$ heart$within$ one$hour$ of$ reperfusion,$ and$ displayed$ rolling,$

adhesion,$ and$ intraluminal$ crawling$ behavior$ characteristic$ of$ non+classical$

monocytes$[163].$The$dynamics$of$non+classical$monocytes$in$response$to$cardiac$I/R$

are$therefore$not$clearly$understood$and$further$research$ is$required$to$define$their$

exact$kinetics$following$reperfusion.$

$

Research$has$also$demonstrated$that$human$non+classical$monocytes$have$a$greater$

inflammatory$ profile$ than$ previously$ believed.$ Non+classical$ monocytes$ have$

traditionally$ been$ viewed$ as$ the$ anti+inflammatory,$ pro+fibrotic$ subpopulation$ of$

monocytes,$ however$ research$ has$ now$ shown$ that$ upon$ activation,$ non+classical$

monocytes$are$the$predominant$producers$of$inflammatory$cytokines$TNF+α$and$IL+
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1β$ among$ monocyte$ subsets$ [154,$ 164+167],$ via$ stimulation$ of$ TLR$ 2,$ 5$ and$ 9.$

Notably,$administration$of$a$TLR2$antagonist$just$five$minutes$before$reperfusion$has$

been$shown$ to$ reduce$ inflammation$and$ infarct$ size,$and$ improve$cardiac$ function$

following$MI$[76].$In$addition$to$this,$the$co+stimulatory$molecules$HLA+DR,$CD80,$and$

CD86$are$expressed$at$high$levels$by$non+classical$monocytes,$which$may$facilitate$

their$contribution$to$inflammation$via$CD40+mediated$T+cell$activation$[167].$The$exact$

function$of$non+classical$monocytes$following$cardiac$I/R,$in$addition$to$their$patrolling$

behaviour,$is$therefore$yet$to$be$defined.$

$

Though$much$of$the$evidence$describing$non+classical$monocyte$function$following$MI$

is$derived$from$mouse$models,$analysis$of$the$monocyte$transcriptome$across$mouse$

and$human$species$has$shown$that$human$non+classical$monocytes$are$functionally$

orthologous$to$their$mouse$Ly6Clo$equivalent.$Gene$expression$profiling$showed$that$

63$genes$were$more$abundant$ in$both$human$and$mouse$non+classical$monocytes$

relative$ to$ their$ classical$ counterpart,$ including$ LFA+1,$ MAC+1,$ CX3CR1$ and$ TNF$

[153].$ Furthermore,$ human$ non+classical$ monocytes$ have$ increased$ metabolic$

activities$and$efficient$cytoskeletal$dynamics$indicative$of$actively$patrolling$cells,$and$

demonstrate$vasculature$patrolling$in$lipid+deficient$mice$[168].$This$high$conservation$

of$the$monocyte$transcriptome$and$function$between$mice$and$humans$following$AMI$

[169]$supports$the$use$of$mouse$models$of$cardiac$I/R$to$investigate$the$recruitment$

of$non+classical$monocytes$to$the$injured$myocardium$following$myocardial$I/R.$$
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1.3.6&Clinical&Implications&of&Monocyte&Subset&Counts&
$

In$clinical$studies$of$STEMI$patients,$ increasing$evidence$has$shown$that$counts$of$

circulating$monocyte$ subpopulations$ following$ reperfusion$ hold$ predictive$ value$ for$

cardiovascular$events$and$patient$outcome$post+cardiac$I/R.$For$example,$$peak$levels$

of$classical$(CD14++CD16+)$monocytes$at$day$2.6$post+MI$were$negatively$associated$

with$the$extent$of$myocardial$salvage$at$7$days$post+MI$and$recovery$of$LVEF$during$

the$chronic$phase$at$6$months$post+MI$[170].$Such$associations$were$not$observed$in$

the$ case$ of$ CD16+$ monocytes$ however$ this$ study$ did$ not$ differentiate$ CD16+$

intermediate$from$CD16++$non+classical$monocytes$and$therefore$the$exact$dynamics$

of$each$monocyte$subpopulation$was$not$determined.$In$a$similar$study,$peak$levels$

of$ classical$ (CD14++CD16+)$ monocytes$ at$ day$ 2.8$ post+MI,$ but$ not$ those$ of$ non+

classical$ monocytes,$ were$ significantly$ higher$ in$ patients$ with$ MVO$ than$ in$ those$

without$MVO$[171].$STEMI$patient$high$counts$of$classical$monocytes$at$~day$5$have$

been$ shown$ to$ predict$ impaired$ LVEF,$ larger$ infarct$ size,$ and$ MVO,$ while$ high$

classical$ monocyte$ counts$ at$ 4+month$ follow$ up$ were$ negatively$ associated$ with$

regional$systolic$LV$function$[172].$

$

There$ is$ also$ evidence$ that$ the$ intermediate$ monocyte$ population$ independently$

predicts$ cardiac$ outcome$ in$ STEMI$ patients.$ In$ a$ study$ of$ 100$ STEMI$ patients,$

monocytosis$of$intermediate$(CD14++CD16+)$monocytes$during$the$acute$phase$after$

STEMI$ $ (day$ 1+7)$ was$ predictive$ of$ 2+year$ post$MI$major$ adverse$ cardiac$ events$

following$PPCIo$ [79].$Furthermore,$analysis$of$post+reperfusion$monocyte$counts$at$

day$1,3$and$7$following$PCI$showed$that$STEMI$patients$had$a$60+80%$increase$in$

total$ monocyte$ counts$ and$ a$ disproportionate$ increase$ (3+fold)$ in$ intermediate$

(CD14++CD16+)$ monocytes$ compared$ CAD$ patients$ and$ healthy$ controls.$ This$

increase$in$intermediate$monocyte$counts$was$significantly$correlated$with$troponin,$

plasma$cytokines,$and$convalescent$left$ventricular$function$[173].$In$a$large$study$of$

951$patients$referred$for$angiography,$baseline$intermediate$monocyte$counts$were$

strongly$associated$with$acute$MI$and$non+hemorrhagic$stroke,$and$those$patients$with$

the$highest$counts$of$this$monocyte$subset$had$a$40%$risk$of$a$cardiovascular$event$

within$ three$ years$ of$ study$ enrollment$ [174].$ The$ non+classical$ (CD14+CD16++)$

monocyte$ subpopulation$ has$ also$ been$ shown$ to$ have$ predictive$ value,$ whereby$
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decreased$counts$of$these$cells$in$the$peripheral$blood$after$MI$confers$an$increased$

risk$of$ventricular$thrombus$formation$following$MI$(time$point$not$specified)$[175].$The$

important$dynamics$of$monocyte$subpopulations$in$predicting$patient$prognosis$has$

also$ been$ reported$ in$ the$ context$ of$ stroke$ patients$ [176+178].$ A$ trend$ between$

circulating$non+classical$monocytes$at$day$5$post+MI$and$worse$systolic$LV$function$at$

follow$up$has$also$been$ reported$ [245].$Monocytosis$of$ the$ intermediate$monocyte$

population$ at$ day$ 1+7$ post+MI$ is$ reported$ to$ predict$ 2$ year$major$ adverse$ cardiac$

events$ post+PCI$ [246].$ Peak$ levels$ of$ classical$ monocytes$ post+MI$ are$ negatively$

associated$with$the$extent$of$myocardial$salvage$at$day$7$post+MI,$and$the$recovery$

of$LVEF$at$6$months$[247].$A$more$recent$study$[244]$of$102$STEMI$patients$at$day$

1,3,$and$7$post+PCI$found$that$classical$and$intermediate$monocyte$counts$are$directly$

associated$with$infarct$size$and$inversely$with$LVEF,$while$non+classical$monocytes$

were$directly$correlated$with$scar$border$zone$mass$and$the$formation$of$an$adverse$

myocardial$scar.$

$

Monocyte$ subpopulations$ therefore$ appear$ to$ specifically$ respond$ to$ the$ extent$ of$

cardiac$ injury,$ suggesting$ that$manipulation$ of$monocyte$ heterogeneity$ could$ be$ a$

novel$ therapeutic$ target$ for$ salvaging$ ischemic$ damage,$ or$ may$ offer$ reliable$

biomarkers$to$prioritise$patients$for$follow$up$treatments/management.$Further$studies$

are$ however$ required$ to$ determine$ the$ precise$ dynamics$ of$ circulating$ monocyte$

subpopulations$ in$ STEMI$ patients$ following$ reperfusion.$ In$ particular,$ the$

aforementioned$ studies$ have$ investigated$ circulating$ monocyte$ subpopulation$

dynamics$ from$ the$earliest$ time$point$ of$ day$1$ following$cardiac$ I/R,$and$ therefore$

classical,$ intermediate$and$non+classical$monocyte$behaviour$during$ the$acute$24h$

post+I/R$remains$to$be$studied.$$
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1.4&The&Chemokine&System&and&CX3CL1/CX3CR1&
$

1.4.1&The&Chemokine&System&
$

The$directional$migration$of$leukocytes$during$normal$and$inflammatory$processes$is$

a$highly$ complex$process,$ requiring$adhesion$ to$ the$ vascular$ luminal$ endothelium,$

transendothelial$migration,$ and$ subsequent$ leukocyte$ chemotaxis,$ all$ of$which$ are$

tightly$ regulated$ by$ members$ of$ the$ chemotactic$ cytokine$ family$ known$ as$

chemokines.$ Chemokines$ are$ a$ group$ of$ small$ (�8–14$ kDa),$ structurally+related$

secreted$ proteins$ which$ regulate$ leukocyte$ trafficking$ via$ their$ interactions$ with$

chemokine$ receptors,$ a$ large$ family$ of$ seven+transmembrane$ domain,$ G+protein$

coupled$ receptors.$ They$ target$ all$ types$ of$ leukocytes$ including$ haematopoietic$

precursors,$mature$leukocytes$of$the$innate$immune$system$as$well$as$naive,$memory,$

and$ effector$ lymphocytes$ [179].$ Human$ chemokines$ are$ classified$ into$ four$

subfamilies,$based$on$the$position$of$the$first$two$of$four$highly$conserved$N+terminal$

cysteine$ residues:$ CXC,$ CC,$ and$ CX3C$ [6].$ The$ C$ chemokine$ sub+family$ is$ an$

exception$ which$ has$ only$ one$ N+terminal$ cysteine$ residue.$ Uniquely,$ the$ CX3C$

chemokine$family$is$comprised$of$only$a$single$chemokine,$CX3CL1,$also$known$as$

Fractalkine$ (FKN).$ In$addition$ to$ their$structural$classification,$chemokines$are$also$

defined$ into$ two$ functional$ subsetso$ inflammatory$ and$ homeostatic$ chemokines.$

Inflammatory$chemokines$are$upregulated$in$response$to$inflammation,$infection,$and$

tissue$injury.$They$often$have$broad$target$cell$selectivity$and$act$on$both$innate$and$

adaptive$ cells$ of$ the$ immune$ system.$ In$ contrast,$ homoeostatic$ chemokines$ are$

constitutively$expressed$in$specific$tissues$where$they$regulate$leukocyte$homing.$This$

includes$haematopoiesis$ in$ the$bone$marrow$and$ thymus,$ the$ initiation$of$adaptive$

immune$ responses$ in$ the$ spleen$ and$ lymph$ nodes,$ and$ immune$ surveillance$ of$

healthy$ peripheral$ tissues.$ Several$ chemokines$ are$ reported$ to$ be$ ‘dual$ function’$

chemokines,$whose$properties$cannot$be$assigned$to$either$of$the$two$groups$[179].$

$

Binding$ of$ endothelium+associated$ chemokines$ to$ leukocyte+expressed$ chemokine$

receptors$is$required$for$the$extravasation$of$leukocytes,$by$inducing$a$rapid$increase$

in$ integrin$ affinity/avidity$ and$ allowing$ firm$ and$ transient$ leukocyte$ adhesion.$ The$

repertoire$of$chemokine$receptors$constitutes$6$CXCRs,$10$CCRs,$1$CX3CR,$and$2$
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XCRs$[180,$181].$Adhered$leukocytes$subsequently$traffic$across$the$endothelium$and$

the$underlying$basement$membrane$ into$ the$ tissue$whereby$a$chemokine$gradient$

directs$ their$ migration$ [182].$ Leukocyte$ adhesion$ and$ transmigration$ is$ largely$

determined$ by$ the$ selectively$ of$ the$ chemokine$ system,$ whereby$ only$ those$

leukocytes$that$are$responsive$to$the$chemokines$present$on$the$local$endothelium$at$

the$ given$ vascular$ site$ are$ able$ to$ transmigrate.$ Such$ selectivity$ ensures$ specific$

appropriate$ tissue$ distribution$ of$ distinct$ leukocyte$ subsets$ under$ both$ normal$ and$

inflammatory$ conditions$ [183].$ Another$ essential$ component$ of$ transendothelial$

migration$ is$ the$ immobilisation$ of$ chemokines$ on$ endothelial$ surfaces$ through$

interactions$with$glycosaminoglycans$(GAGs)$[184].$Importantly,$a$breakdown$in$the$

control$ of$ leukocyte$ mobilisation$ contributes$ to$ chronic$ inflammatory$ diseases,$

suggesting$that$therapeutic$interference$of$chemokine$function$may$offer$a$promising$

approach$ for$ the$ treatment$ of$ inflammatory$ conditions$ [179].$&
$

1.4.2&The&CX3CL1/CX3CR1&Axis&
$

CX3CL1$consists$of$a$chemokine$domain$linked$to$a$transmembrane$domain$via$an$

extended$mucin+rich$stalk$of$an$extracellular$domain$(Figure$1.4).$Unlike$most$other$

known$ chemokines,$CX3CL1$ exists$ in$ two$ isoformso$ transmembrane$CX3CL1$ and$

soluble$ CX3CL1,$ which$ results$ from$ proteolytic$ cleavage$ of$ membrane+anchored$

CX3CL1$ by$ the$ enzymes$ A$ Disintegrin$ and$ metalloproteinase$ domain+containing$

protein$10$(ADAM10)$or$ADAM17$[185].$These$isoform$properties$are$also$true$for$the$

chemokine$ CXCL16$ [186].$ Such$ isoforms$ allow$ for$ both$ the$ chemoattractive$ and$

adhesive$ properties$ of$ CX3CL1.$ The$ membrane+anchored$ form$ of$ CX3CL1$ is$

expressed$on$activated$endothelial$cells,$macrophages,$dendritic$cells,$and$neurons,$

and$ functions$as$an$adhesion$molecule.$Under$normal$conditions,$endothelial$ cells$

express$basal$levels$of$CX3CL1,$however$stimulation$with$inflammatory$stimuli$such$

as$TNF+α,$IFN+γ,$and$LPS$upregulates$the$expression$of$endothelial$CX3CL1$[187].$

High$affinity$interactions$between$endothelial$transmembrane+expressed$CX3CL1$and$

its$receptor$CX3CR1,$which$is$expressed$on$monocytes,$CD8+$effector$T+cells,$NK+

cells,$dendritic$cells,$mast$cells,$and$vascular$smooth$muscle$cells,$promotes$adhesion$

and$arrest$of$these$leukocytes$to$endothelial$cells$under$physiological$flow$conditions$



$

$

30$

[188].$ Notably,$ this$ CX3CL1+mediated$ adhesion$ can$ occur$ independently$ of$ other$

integrin$and$chemokine$interactions.$$

$

In$response$to$inflammatory$stimuli,$the$general$mechanism$of$leukocyte$adhesion$is$

mediated$ by$ selectins$ (Figure$ 1.5A).$ Leukocyte+expressed$ L+selectin$ is$ the$ most$

important$adhesion$molecule$to$initiate$leukocyte$tethering$and$rolling$on$the$vascular$

endothelium$via$interaction$with$endothelial+expressed$Glycosylation+dependent$Cell+

adhesion$Molecule+1$ (GlyCam+1)$ [189].$ Following$ this$ binding,$ P+selectin$ interacts$

with$ the$ selectin$ ligand$ P+selectin$ glycoprotein$ ligand+1$ (PSGL+1)$ expressed$ by$

leukocytes.$Binding$of$selectins$to$their$respective$ ligands$ is$a$rapid$process$which$

allows$fast$flowing$leukocytes$to$initially$be$captured$from$the$bloodstream$and$bind$

tentatively$ to$ the$ endothelium$ as$ they$move$ along$ in$ a$ process$ known$ as$ rolling.$

Binding$ of$ E+selectin$ to$ its$ ligand$ E+Selectin$ Glycoprotein$ Ligand+1$ (ESGL+1)$

expressed$by$leukocytes$promotes$‘slow$rolling’$due$to$partial$activation$of$leukocyte$

integrins.$This$rolling$and$slow$rolling$behaviour$brings$leukocytes$into$contact$with$the$

endothelium$ to$ induce$ further$ activation$ of$ leukocytes$ by$ chemokines$ and$

proinflammatory$ agents$ expressed$ by$ endothelial$ cells.$ This$ leads$ to$ activation$ of$

leukocyte+expressed$integrins$including$the$"1+integrin$Very$Late$Antigen$4$(VLA+4)$

which$ binds$ to$ endothelial+expressed$ Vascular$ Cell$ Adhesion$ Protein$ 1$ (VCAM+1)$$

This$integrin+ligand$interaction$allows$leukocytes$to$arrest$on$the$vascular$endothelial$

surface.$ The$ "2+integrin$ LFA+1$ (CD11a/CD18)$ expressed$ by$ leukocytes$ is$ also$

involved$ in$ the$ firm$ adhesion$ of$ leukocytes$ through$ interaction$ with$ endothelial+

expressed$ ICAM+1.$ This$ firm$ adhesion$ then$ allows$ leukocytes$ to$ crawl$ along$ the$

vasculature,$ before$ extravasating$ at$ endothelial$ cell+cell$ junctions$ in$ a$

platelet/endothelial$ cell$ adhesion$ molecule$ 1$ (PECAM)+dependent$ mechanism$

towards$the$site$of$inflammation$or$injury$[190,$191].$PECAM$is$expressed$diffusely$on$

the$surfaces$of$most$leukocytes$and$is$concentrated$at$the$borders$of$endothelial$cells$

where$ it$ is$ implicated$ in$ the$ control$ of$ diapedesis.$ These$ molecules$ are$ not$ an$

exhaustive$list$of$those$involved$in$leukocyte$adhesion$and$extravasation,$but$describe$

the$general$scheme$of$selectin/integrin+mediated$events.$

$

Leukocytes$ expressing$ CX3CR1,$ namely$ CX3CR1+$ non+classical$ monocytes,$

however,$can$interact$with$the$endothelium$using$a$method$that$is$independent$of$P+
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selectin/Integrin$ interaction$ [192,$ 193]$ (Figure$ 1.5B).$ In$ this$ scenario,$ circulating$

CX3CR1+$leukocytes$are$captured$and$bound$by$endothelium+expressed$CX3CL1$in$

an$interaction$that$has$a$higher$affinity$than$VCAM+1$binding$to$integrins$[194].$This$

CX3CL1/CX3CR1+mediated$ interaction$ between$ leukocytes$ and$ vascular$

endothelium$ initially$ occurs$ independently$ of$ other$ adhesion$ molecules$ [195]$ and$

facilitates$ the$patrolling$behaviour$ of$CX3CR1+$monocytes$ in$ the$blood$ [144].$This$

CX3CL1/CX3CR1$ interaction$ then$ promotes$ further$ adhesion$ of$ patrolling$ non+

classical$ monocytes$ to$ vascular$ endothelium$ via$ interaction$ between$ LFA+1$ and$

ICAM1/2$ on$ the$ endothelial$ cell$ surface$ [150].$ ICAM1$ and$ ICAM2$ behave$ in$ a$

redundant$ fashion$ to$ facilitate$LFA+1$dependent$monocyte$adhesion,$and$ ICAM1/2$

knockout$ mice$ demonstrate$ a$ dramatically$ reduced$ frequency$ of$ non+classical$

monocyte$adhesion$ to$ the$vasculature$ [125].$ In$ vivo$ inhibition$of$LFA+1$using$anti+

CD11a/CD18$ antibodies$ leads$ to$ the$ prolonged$ dissociation$ of$ non+classical$

monocytes$from$the$endothelium$and$abolishes$patrolling$behaviour$[152].$Expression$

of$ CX3CR1$ and$ LFA+1$ by$ non+classical$ monocytes$ is$ therefore$ crucial$ to$ their$

patrolling$behaviour.$Under$flow$conditions,$a$high$frequency$of$CD16+$intermediate$

and$non+classical$monocytes$ have$been$ shown$ to$ arrest$ on$membrane+expressed$

CX3CL1$[196].$This$patrolling$behaviour$occurs$continuously$during$basal$conditions$

as$ CX3CR1+$ cells$ act$ on$ ‘stand+by’$ for$ inflammatory$ stimuli.$ This$ method$ of$

surveillance$ therefore$ prepares$ the$ immune$ system$ for$ the$ timely$ detection$ and$

resolution$of$damage.$In$CX3CR1+$monocytes,$this$patrolling$behaviour$is$known$to$

be$slower$than$rolling,$and$occurs$ independently$of$blood$flow$[149].$The$response$

following$MI$is$discussed$in$section$1.4.3.$

$

The$ soluble$ form$ of$ CX3CL1$ is$ released$ following$ constitutive$ shedding$ of$

transmembrane$endothelial$CX3CL1$which$is$mediated$by$ADAM10,$while$shedding$

under$inflammatory$conditions$is$mediated$primarily$by$ADAM17$[197,$198].$CX3CL1$

functions$ as$ a$ conventional$ chemokine,$ demonstrating$ efficient$ recruitment$ of$

CX3CR1+expressing$ monocytes,$ NK$ cells,$ T$ cells,$ and$ dendritic$ cells$ to$ specific$

tissues.$ Importantly,$ this$ chemotactic$ function$ of$ the$ CX3CL1/CX3CR1$ axis$ in$

regulating$ leukocyte$ recruitment$ has$ been$ associated$ with$ the$ pathophysiology$ of$

numerous$ inflammatory$ disorders,$ infections,$ neurological,$ and$ tumorigenesis$
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processes$ [185,$ 198].$ As$ such,$ the$ CX3CL1/CX3CR1$ axis$ has$ recently$ received$

significant$attention$as$an$attractive$candidate$to$target$therapeutically.$$
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& &
Figure&1.&3.&The&Molecular&Structure&of&CX3CL1&(Fractalkine).&
The$ structure$ of$ the$membrane+bound$ isoform$ of$CX3CL1,$ showing$ the$ specific$ 4$

domains$of$the$molecule:$N+terminal$CX3C$domain,$mucin+like$stalk,$transmembrane$

α+helix,$and$cytoplasmic$C$terminal.$The$soluble$form$of$CX3CL1$is$produced$from$the$

membrane+bound$form$by$the$cleaving$action$of$the$metalloproteinases$ADAM10$or$

ADAM17o$normal$constitutive$shedding$is$mediated$by$ADAM10,$while$shedding$under$

inflammatory$conditions$is$mediated$primarily$by$ADAM17.$

$

$

$

$

$
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1.4.3&The&CX3CL1/CX3CR1&Axis&Following&MI&
$

In$ response$ to$ myocardial$ damage$ following$ cardiac$ I/R,$ necrotic$ cardiomyocytes$

release$ alarmins$ which$ activate$ innate$ immune$ cells$ and$ thereby$ increase$ the$

production$ of$ pro+inflammatory$ cytokines$ IFN+γ,$ IL+1,$ TNF+α,$ IL+10,$ and$ IL+6.$

Stimulation$ of$ vascular$ endothelial$ cells$ by$ these$ pro+inflammatory$ cytokines$

upregulates$the$expression$of$CX3CL1$by$the$endothelium.$This$increased$expression$

of$ endothelium$membrane+anchored$ CX3CL1$ strengthens$ the$ interaction$ between$

circulating$CX3CR1+$leukocytes$and$the$vasculature$luminal$endothelium$described$

earlier$in$section$1.4.2.$This$process$ensures$the$firm$adhesion$and$arrest$of$CX3CR1+$

leukocytes,$namely$non+classical$monocytes,$from$the$rapidly$flowing$bloodstream$to$

the$endothelium$to$permit$their$extravasation$into$the$injured$myocardial$tissue.$

$

During$ this$ process,$ CX3CL1+CX3CR1$ interaction$ promotes$ further$ monocyte$

adhesion$via$interactions$between$lymphocyte$function+associated$antigen$1$(LFA+1)$

comprising$CD11a$and$CD18$ integrins,$with$ ICAM1$and$ ICAM2$on$ the$endothelial$

surface$[144,$199]$(Figure$1.5B).&Membrane+bound$CX3CL1$expressed$on$vascular$
endothelial$cells$also$induces$changes$in$the$cell$shape$of$firmly$adherent$monocytes$

[200,$201].$The$inflammatory$cascade$that$ensues$following$cardiac$I/R$also$leads$to$

the$ cleavage$ of$ endothelial+expressed$ membrane+anchored$ CX3CL1$ into$ soluble$

CX3CL1.$ This$ process$ is$ mediated$ by$ the$ enzyme$ ADAM17,$ and$ leads$ to$ the$

increased$release$of$CX3CL1$into$the$circulation$which$creates$a$chemotactic$gradient$

for$the$recruitment$of$CX3CR1+$leukocytes,$in$particular$non+classical$monocytes.$This$

CX3CL1$concentration$gradient$stimulates$the$directional$migration$of$peripheral$non+

classical$monocytes$to$the$site$of$myocardial$injury,$where$they$can$extravasate$into$

the$injured$tissue$via$CX3CL1/CX3CR1+mediated$adhesion$and$extravasation$through$

the$vessel$wall.$

$

$

$

$

$
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Figure'1.'4.!The'different'steps'of'cell'interaction'with'vascular'endothelial'cells'during'adhesion'and'transmigration'
between'leukocytes'and'CX3CR1+'patrolling'nonBclassical'monocytes.''
A.!The!general!scheme!of!leukocyte!adhesion!is!firstly!mediated!by!interaction!of!leukocyte:expressed!L:selectin!with!endothelial!
expressed!GlyCam:1.!This! leukocyte!tethering!then!promotes! interaction!between!endothelial!P:selectin!and!E:selectin!with! their!

respective!leukocyte!ligands!PSGL:1!and!ESGL:1.!Binding!of!selectins!to!their!respective!ligands!allows!fast!flowing!leukocytes!to!

initially!be!captured!from!the!bloodstream!and!‘roll’!along!the!vasculature.!This!rolling!behaviour!brings!leukocytes!into!contact!with!

the!endothelium!to!induce!further!activation!of!leukocytes!by!chemokines!and!proinflammatory!agents!expressed!by!endothelial!cells,!

leading!to!activation!of!leukocyte:expressed!integrins!including!the!!1:integrin!VLA:4!which!binds!to!endothelial:expressed!VCAM:1.!

This!integrin:ligand!interaction!allows!leukocytes!to!arrest!on!the!vascular!endothelial!surface.!The!!2:integrin!LFA:1!(CD11a/CD18)!

expressed!by!leukocytes!is!also!involved!in!the!firm!adhesion!of!leukocytes!through!interaction!with!endothelial:expressed!ICAM:1.!

This!firm!adhesion!then!allows!leukocytes!to!crawl!along!the!vasculature,!before!extravasating!at!endothelial!cell:cell! junctions!in!

PECAM:dependent!mechanism!towards!the!site!of! inflammation!or! injury.!B.!Leukocytes!expressing!CX3CR1,!namely!CX3CR1+!
non:classical!monocytes,!can! interact!with! the!endothelium!using!a!method! that! is! independent!of!P:selectin/Integrin! interaction.!

Circulating!CX3CR1+!leukocytes!are!captured!and!bound!by!endothelium:expressed!CX3CL1!in!an!interaction!that!initially!occurs!

independently! of! other! adhesion! molecules! and! facilitates! the! patrolling! behaviour! of! CX3CR1+! monocytes! in! the! blood.! This!

interaction!promotes!further!adhesion!of!patrolling!non:classical!monocytes!to!vascular!endothelium!via!interaction!between!LFA:1!

and! ICAM1/2! on! the! endothelial! cells! surface.! ICAM1!and! ICAM2!behave! in! a! redundant! fashion! to! facilitate! LFA:1! dependent!

monocyte!adhesion.!This!patrolling!behaviour!occurs!continuously!during!basal!conditions!as!CX3CR1+!cells!act!on!‘stand:by’!for!

inflammatory!stimuli,!providing!a!method!of!immune!surveillance!for!the!timely!detection!and!resolution!of!damage.!This!patrolling!

behaviour!of!CX3CR1+!monocytes!is!known!to!be!slower!than!rolling,!and!occurs!independently!of!blood!flow.!
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1.4.4$Clinical$Implications$of$the$CX3CL1/CX3CR1$Axis$after$MI$
!

The! chemotactic! function! of! the! CX3CL1/CX3CR1! axis! in! regulating! leukocyte!

recruitment!has!been!associated!with!the!pathophysiology!of!an!extensive!range!of!

diseases,! including! numerous! inflammatory! disorders,! infections,! neurological,! and!

tumorigenesis!processes! [185,!202].!Among! these!diseases,! the!CX3CL1/CX3CR1!

axis!has!been!frequently!implicated!in!determining!the!extent!of!myocardial!damage!

following!cardiac!I/R.!Accumulative!evidence!from!in!vitro!studies,!mouse!models!of!

cardiac! I/R,! and! STEMI! patients! suggests! that! the! CX3CL1/CX3CR1! system! is!

detrimental!to!myocardial!repair!following!cardiac!I/R.!In!vitro!evidence!has!shown!that!

exposure! of! cultured! rat! cardiomyocytes! to! CX3CL1! increases! cardiomyocyte!

expression! of! natriuretic! peptide! A! (NTRproBNP),! a! marker! of! left! ventricular!

dysfunction![203].!Mouse!models!of!permanent!MI!have!demonstrated!that!CX3CL1!

gene! and! protein! expression! are! enhanced! in! the! failing! heart! [204],! and! that!

neutralization! of! CX3CL1! using! antiRCX3CL1! antibody! reduces! macrophage!

recruitment! to! the! injured! myocardium,! diminishes! infarct! size,! and! improves! MIR

induced! heart! failure.!Other! reports! have! demonstrated! that! antiRCX3CL1! (TP233)!

reduces!cardiac!remodelling!after!transRaortic!constriction!and!MI,! improves!cardiac!

function,!and!decreases!infarct!size!(2R3!weeks)!after!permanent!MI![203].!In!a!porcine!

model! of! cardiac! I/R! injury,! PCI! stents! coated! with! a! CX3CR1! antagonist!

(AZ12201182),! led! to! a! decrease! in! monocyte! recruitment! and! reduced! stenosis!

without! affecting! reRendothelialisation! [205].! ! Based! on! these! studies! it! therefore!

appears!that!the!action!of!CX3CL1/CX3CR1!in!response!to!cardiac!I/R!is!detrimental!

to!infarct!healing.!Since!inhibition!of!the!CX3CL1/CX3CR1!axis!has!proven!successful!

in! improving! cardiac! outcome! following! myocardial! I/R,! therapeutic! targeting! of!

CX3CL1!or!its!receptor!CX3CR1!may!be!a!useful!intervention!to!improve!outcome!and!

prevent!progression!to!heart!failure!following!I/R.!

!

This!association!between! the!CX3CL1/CX3CR1!axis!and!cardiac! function!has!also!

been!observed!in!STEMI!patient!and!heart!failure!patients.!Notably,!the!time!course!

of!myocardial!CX3CL1!gene!expression!in!mice!has!a!pattern!similar!to!the!soluble!

CX3CL1!change!in!AMI!patients![206].!Research!has!also!shown!that!STEMI!patients!

have!significantly!elevated!levels!of!circulating!CX3CL1!at!3!hours!and!12!hours!postR
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PCI!compared!to!stable!angina!pectoris!(AP)!patients,!which!was!positively!correlated!

with!NTRproBNP!levels!at!1!month!postRMI!and!therefore!worse!cardiac!function![207].!

In!addition!to!this,!circulating!levels!of!CX3CL1!were!found!to!be!increased!in!patients!

with!chronic!heart!failure!in!accordance!with!disease!severity,!in!both!cardiomyocytes!

and!fibrous!tissue![208].!Boag!et!al!describe!that!STEMI!patients!with!fewer!circulating!

CX3CR1+!lymphocytes!following!reperfusion!have!a!poorer!prognosis!than!those!with!

increased! circulating! CX3CR1+! lymphocytes,! possibly! due! to! an! increase! in!

recruitment!of!cytotoxic!T!cells!to!the!injured!heart!tissue![209].!This!study!established!

that! STEMI! patient! concentration! of! circulating! CX3CL1! peaked! at! 90! minutes!

following!reperfusion!by!PCI.!Other!studies!have!demonstrated!that!higher!levels!of!

STEMI!patient!circulating!CX3CL1!at!24h!postRreperfusion!were!predictive!of!MACE!

and!reduced!myocardial!salvage![210].!!

!

In! addition! to! its! apparent! role! in! compromising! cardiac! repair! and! promoting!

myocardial! damage,! the! CX3CL1/CX3CR1! axis! has! also! been! shown! to! hold!

predictive!value!for!those!at!risk!of!cardiovascular!disease.!It!has!been!reported!that!

the! CX3CR1! I249! allele! markedly! reduces! the! risk! of! acute! coronary! events!

independent! of! established! coronary! risk! factors,! and! is! therefore! an! independent!

genetic! risk! factor! for!CAD! [211].!A!direct!correlation!between!CX3CR1!V249I!and!

T280M!polymorphisms!with!the!occurrence!of!acute!fatal!MI!has!also!been!reported!

[212].! These! alleles! were! found! to! code! for! CX3CR1! that! is! overexpressed! by!

activated! inflammatory!cells,!with!a!higher!binding!affinity! for!CX3CL1.! ! It!has!also!

been! shown! that! homozygosity! for! the! rare! CX3CR1! alleles! I249! and! M280! is!

associated!with!an!increased!risk!of!brain!infarction![213].!This!study!also!showed!that!

heterozygosity! for! the! CX3CR1! I249! allele! increases! adhesion! of! monocytes! to!

immobilised!CX3CL1.!

!

The!CX3CL1/CX3CR1!axis!has!also!been!held!partly!accountable!for!the!development!

and!progression!of!atherosclerotic!plaques.! In!mouse!models,!deletion!of!CX3CR1!

decreases!plaque!size!by!reducing!macrophage!recruitment!and!adhesion,!while!an!

antagonist!of!CX3CR1!reduced!the! levels!of! inflammatory!monocytes!which! in! turn!

decreased! the! size! of! atherosclerotic! lesions! [214,! 215].! Plaque! size! was! also!

improved!by!a!vaccine!targeting!CX3CR1,!which!led!to!the!production!of!antiRCX3CR1!
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antibodies!leading!to!reduced!macrophage!infiltration!and!diminished!lipid!deposition!

[216].! Injection! of! a! longRacting! CX3CL1! into! mice! was! also! found! to! attenuate!

atherosclerosis,! by! reducing! monocyte! adhesion! to! endothelial! cells! [217].! Such!

evidence!suggests!that!CX3CL1!contributes!to!atherosclerotic!plaque!burden,!through!

mechanisms!including!monocyte!survival,!recruitment,!and!extravasation!into!plaque!

lesions,!which!in!turn!potentiate!the!immune!response.!While!the!exact!contribution!of!

each!mechanism!is!not!completely!clear,!there!is!considerable!evidence!that!inhibition!

of!CX3CL1!may!be!successful! at! reducing!atherosclerotic! lesions!by! impairing! the!

monocyte!response.!

!

Based!on!this!evidence!from!both!experimental!models!of!MI!and!STEMI!patients,!the!

CX3CL1/CX3CR1!axis!appears!to!have!a!direct!and!critical!role!in!the!extent!of!repair!

and!therefore!function!of!the!heart!following!cardiac!I/R.!Inhibition!or!neutralization!of!

CX3CL1! or! inhibition! of! its! receptor! CX3CR1! may! therefore! offer! an! effective!

therapeutic!target!to!improve!long!term!outcome!in!STEMI!patients.!!

$

1.4.5$CX3CL1/CX3CR1$Signalling$
!

The!precise!downstream!signalling!pathways!that!are!activated!following!binding!of!

CX3CL1!to!its!receptor!CX3CR1!are!not!clearly!defined!to!date.!Reported!pathways!

that!have!been!shown!to!be!activated!downstream!of!CX3CL1/CX3CR1!include!RafR

1/MEK1/2RERK1/2,!phosphoinositide!3Rkinase!!(PI3K)/Akt,!and!NF!B!signalling.!One!

of!the!most!wellRestablished!functions!downstream!of!CX3CR1!signalling!is!an!antiR

apoptotic!pathway.!A!key!study!by!Landsman!et!al!showed!that!interaction!of!CX3CL1!

with!CX3CR1!is!required!for!the!survival!of!CX3CR1+!nonRclassical!monocytes![218]c!

CX3CR1!activation!induces!upregulation!of!the!antiRapoptotic!genes!BclR2!and!BRcell!

lymphomaRextra!large!(BclRXL).!In!the!absence!of!CX3CL1!in!homeostatic!conditions,!

counts!of!circulating!nonRclassical!monocytes!decreased!and!introduction!of!the!BclR2!

transgene!into!CX3CR1R/R!mice!rescued!levels!of!nonRclassical!monocytes!in!the!blood!

[218].!Furthermore,!addition!of!CX3CL1!to!cultured!human!monocytes!showed!that!

treatment!with! the! ligand! reduced! serumRinduced! and! oxysterolRinduced!monocyte!

death.!White!et!al! report! that!CX3CL1Rinduced!proRsurvival!signals! in!monocytes! is!

also!dependent!on!oxidative!stressc!an!increase!in!the!survival!of!cells!following!serumR
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starvation!correlated!with!reduced!levels!of!intracellular!ROS.!Finally,!treatment!with!

CX3CL1! increased! levels!of!hypoxiaRinducible! factorR1α! (Hif1α),!which! is! known! to!

regulate!the!expression!of!genes!regulating!both!apoptosis!and!angiogenesis![219].!

Interestingly,! recombinant! soluble! CX3CL1! (full! length! without! transmembrane!

anchor,! aa! 1R337)! has! been! shown! to! protect! primary! human! monocytes! from!

apoptosis! [218],! in! contrast! to! mice! whereby! this! effect! is! mediated! by! fullRlength!

transmembrane–,!but!not!soluble!CX3CL1![220].!!

!

This!proRsurvival!function!of!CX3CL1/CX3CR1!signalling!has!also!been!documented!

in!brain!microglial!cells,!via!tight!regulation!of!BclRXL![221].!Furthermore,!activation!of!

the!PI3KRAkt!pathway!by!CX3CL1!stimulation!has!shown!to!promote!the!survival!of!

vascular!SMCs![222,!223],!neuronal!cells![224],!TRhelper!cells,!and!endothelial!cells!

during!angiogenesis![225].!Interestingly!the!two!isoforms!of!CX3CL1!confer!different!

effects!on!CX3CR1+!cell!survivalc!in!a!CX3CL1R/R!mouse!model,!transgenic!introduction!

of! CX3CL1! did! not! recover! the! depleted! population! of! circulating! nonRclassical!

monocytes! [226].!The!CX3CL1/CX3CR1!axis!also! functions! to! reduce!apoptosis! in!

pancreatic! tumour! cells! [227]c! CX3CL1! induced! activation! of! the! Akt/NF!B/p65!

signalling! cascade! to! increase! the! expression! of! BclRXL! and! BclR2,! and! inhibited!

caspase!3!cleavage,! thereby! inhibiting!apoptosis! in!pancreatic! cells!and!promoting!

tumour! development.! ! This! effect!was! blocked! by! inhibition! of! the!NF!B!pathway.!

Activation! of! the! NF!B! pathway! by! CX3CL1! also! markedly! enhanced! cell! cycle!

transition!from!the!G1!to!the!S!phase,!thus!promoting!the!proliferation!and!growth!of!

pancreatic!cancer!cells.!!

!

In!addition!to!this!proRsurvival!function!of!the!CX3CL1/CX3CR1!axis,!studies!have!also!

demonstrated! the! importance! of! CX3CL1/CX3CR1! signalling! in! the! adhesion! and!

migration!of!CX3CR1+!cells,!predominantly!monocytes.!CX3CL1Rinduced!activation!of!

downstream! SAPKs! (via! Src! activation),! ERKs! (via! Syk! activation),! and! PI3K!

pathways!are!reported!to!work!in!conjunction!to!mediate!CX3CL1Rdependent!adhesion!

of!human!monocytes![228].!Inhibitors!of!all!such!kinases!are!successful!in!reducing!

monocyte!adhesion,!indicating!that!a!complex,!integrated!array!of!signal!transduction!

pathways!is!necessary!to!complete!full!CX3CL1Rdependent!monocyte!adherence.!Liu!

et!al![229]!demonstrated!that!monocyte/macrophageRspecific!deletion!of!Ras!homolog!
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gene! family! member! A! (RhoA)! downregulates! CX3CR1! and! reduces!

monocyte/macrophage! recruitment! to! inhibit! chronic! rejection! of! mouse! cardiac!

allografts,! suggesting! a! role! for! the! RhoA/ROCK! pathway! in! CX3CR1Rmediated!

monocyte!function.!In!mouse!models,!monocytes!have!been!shown!to!rely!on!MAPKR

independent! activation! of! Syk! by! CX3CL1! for! proper! reorganization! of! the! actin!

cytoskeleton!and!thus!monocyte!chemotaxis!to!CX3CL1![230].!The!chemokine!CCL2,!

which!is!heavily!involved!in!classical!monocyte!recruitment!from!the!bone!marrow!and!

spleen,!has!been!shown!to!regulate!CX3CR1Rdependent!monocyte!adhesionc!CCL2!

induces! a! rapid! increase! in! CX3CR1! surface! density! on! human! monocytes! and!

significantly! increases!monocyte!adhesion! to! immobilized!CX3CL1!via!activation!of!

the!p38!MAPK!pathway![231].!CX3CL1!stimulation!has!also!been!shown!to!activate!

the!epidermal!growth! factor! receptor! (EGFR)! to!regulate!cell!proliferation! in!human!

vSMCs![222]c!activation!of!CX3CR1!leads!to!the!release!epiregulin,!which!activates!

its! receptor!EGFR! leading! to!PI3K!activation!and!subsequent!Akt!phosphorylation.!

Notably,!PI3K!activation!via!EGFR,!but!not!ERK,! is!essential! for! the!antiRapoptotic!

effect!of!CX3CL1.!PI3K!activation!is!also!required!for!proliferation,!and!without!dual!

activation! of! both! ERK! and! PI3K! pathways,! proliferation! will! not! proceed.! Finally,!

CX3CL1!stimulation!has!been!shown!to!mediate!intracellular!Ca++!signallingc!CX3CL1!

increased!the!transient!amplitude!of!Ca++!and!decreased!phosphorylation!of!cardiac!

troponin!I,!suggesting!that!CX3CL1!depresses!myocyte!contractility!by!mechanisms!

downstream!of!intracellular!calcium![232].!

!

The! CX3CL1/CX3CR1! axis! is! known! to! positively! regulate! itself,! as! activation! of!

endothelialRexpressed!CX3CR1!by!CX3CL1! leads! to!upregulated!expression!of! the!

receptor!by!the!endothelium![223].!In!this!way,!the!CX3CL1/CX3CR1!axis!acts!in!a!

positive!feedback!loop!to!upregulate!its!downstream!signalling!pathways.!!

!

While!research!has! implicated!a!detrimental! role! for!CX3CL1/CX3CR1!signalling! in!

the! pathophysiology! of! myocardial! I/R,! no! treatments! specific! for! the!

CX3CL1/CX3CR1!axis!have!been!translated!into!clinical!use!due!to!the!inadequate!

understanding! of! its! physiological!mechanism.! Further! studies! are! therefore! highly!

desired!to!evaluate!the!role!and!molecular!mechanisms!regulating!CX3CR1Rmediated!

nonRclassical!monocyte!function!following!cardiac!I/R.!!
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Figure$1.$5.$CX3CL1/CX3CR1$Signalling$Pathways.$$
The! signalling! pathways! that! are! activated! downstream! of! CX3CR1! are! poorly!

understood,! however! a! range! of! pathways! have! been! shown! to! be! activated! in!

response! to! CX3CL1.! Inhibition! of! apoptosis! is! the! most! established! function!

downstream! of! CX3CL1/CX3CR1! signalling,! occurring! in! a! range! of! cell! types!

including!monocytes.!MAPK!(ERK)!and!PI3K!pathways!are!reported!to!be!involved!in!

CX3CL1Rdependent!adhesion!of!human!monocytes.!CX3CR1!activation!can!lead!to!

the!release!of!epiregulin!which!activates!its!receptor!EGFR!leading!to!PI3K!activation.!

Intracellular! Ca++! signalling! is! mediated! by! CX3CR1! activation! which! can!

subsequently! induce! the! NF!B! pathway.! CX3CL1/CX3CR1! signalling! therefore!

represents!a!complex,!complicated!array!of!downstream!signalling!pathways!which!

govern!the!function!of!different!CX3CR1+!leukocytes.!!!

!
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1.5.$The$NF!B$Signalling$Pathway$
 

1.5.1$NF!B$Pathway$Stimuli$and$Target$Genes$
!

The! NF!B! Signalling! pathway! is! divided! into! two!main! pathways! known! as! the! i)!

canonical!(classical)!pathway!and!ii)!nonRcanonical!(alternative)!pathway.!These!two!

pathways! have! different! mechanisms! of! signalling,! however! are! both! crucial! for!

regulating!immune!and!inflammatory!responses![233R235].!A!diverse!range!of!soluble!

and! membraneRbound! extracellular! ligands! activate! the! NFκB! canonical! pathway,!

including! ligands! of! various! cytokine! receptors,! PRRs! [236,! 237]! ,! TNF! receptor!

superfamily!members,!TRcell!receptor!(TCR)!and!BRcell!receptor!(BCR)s![25,!238,!239].!

Other! stimuli! including!chemical!agents,!environmental! stresses,! ischemia/hypoxia,!

and!reoxygenation!are!also!inducers!of!the!NF!B!pathway![240R242].!In!line!with!its!

broad!repertoire!of!stimuli,!the!NF!B!pathway!regulates!the!expression!of!an!equally!

diverse!array!of!immunomodulatory!cellular!genes,!including!cytokines,!chemokines,!

adhesion! molecules,! antimicrobial! factors,! cell! cycle! regulators,! and! cell! survival!

factors.!This!NF!B!regulation!of!gene!expression!occurs!in!a!stimulusR!and!cell!typeR

specific! manner,! leading! to! the! finely! tuned! regulation! of! only! a! subset! of! NF!BR

responsive!genes.!!

!

The! nonRcanonical! ‘alternative’! NF!B! pathway! is! activated! by! immunomodulatory!

factors!including!the!TNFRfamily!cytokines,!lymphotoxin!β!(TNFSF3)![243,!244],!CD40!

ligand! (CD40L!and!TNFSF5)! [243],!B!cell!activating! factor! (BAFF!and!TNFSF13B)!

[245],!and! receptor!activator!of!NFκB! ligand! (RANKL!and!TNFSF11)! [246],!but!not!

TNFRα![247R249].!Activation!of!this!canonical!pathway!leads!to!induction!of!a!different!

signalling!pathway!to!that!of!the!canonical!pathway![245],!and!thus!induces!regulation!

of!different!sets!of!NF!BRresponsive!genes.!

!

In! addition! to! its! primary! function! as! an! inducible! transcription! factor,! NF!B! also!

controls!the!expression!of!other!transcription!factors,!highlighting!its!importance!in!the!

activation!of!other!pathways!and! the! indirect! control!of!expression!of!other! sets!of!

genes![43].!Studies!have!also!demonstrated!that!NFκB!activation!can!have!contrasting!

roles!in!sameRcell!lineage,!depending!on!the!physiological!context![250].!
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One!of!the!most!wellRrecognized!functions!of!NFκB!is!its!regulation!of!inflammation.!

While! NF!B! can! engage! in! direct! transcriptional! induction! of! proRinflammatory!

cytokines,! chemokines,! and! inflammatory! mediators! in! a! range! of! different! innate!

immune!cells,!its!activation!can!also!induce!inflammation!through!indirect!mechanisms!

such!as!promoting!the!activation,!differentiation,!and!effector!function!of!inflammatory!

TRcells! [251R253],! and! promoting! M1! inflammatory! macrophage! polarization! [254].!

NFκB! also! has! a! role! in! regulating! the! activation! of! inflammasomes! [255].! NF!B!

therefore!represents!a!complex,!tightly!regulated!signalling!pathway!whose!aberrant!

activation!underlines!a!wide!range!of!chronic!inflammatory!diseases![25,!250,!256].!

The! specific! role! of! NF!B! pathway! induction! in! driving! cardiovascular! disease! is!

discussed!in!section!1.5.3.!!

$

1.5.2$The$Canonical$NF!B$Signalling$Pathway$
 

The!work! described! in! this! thesis! focuses! on! activation! of! the! canonical,! classical!

pathway!of!NF!B!signalling,!therefore!the!details!of!this!pathway!are!described!herein.!

Activation! of! the! canonical! pathway! is! dependent! on! the! phosphorylation! and!

inactivation!of!a!protein!known!as!the!inhibitor!of!!B!(I!B),!which!inhibits!activation!of!

the!NF!B!complex![257].!In!the!absence!of!an!appropriate!stimulus,!the!NF!B!subunits!

p65!(RelA),!p50!(RelB)!and!cRRel!are!sequestered!in!the!cytoplasm!by!the!I!B!family!

of!inhibitors.!This!sequestration!specifically!blocks!the!nuclear!localization!signals!on!

the! NF!B! subunits! thus! preventing! its! transfer! to! the! nucleus.! In! this! classical!

canonical! signalling! pathway,! a! specific! stimulus! transduces! a! signal! to! a! protein!

kinase,! namely! transforming! growth! factor! betaRactivated! kinase! 1! (TAK1),! which!

subsequently! induces! phosphorylation! of! the! downstream! IKK! complex.! The! IKK!

complex! is! composed! of! two! catalytic! subunits,! IKK"! and! IKK#,! and! a! regulatory!

subunit!known!as!NFκB!essential!modulator!(NEMO)!(or!IKK$)![258].!TAK1Rinduced!

phosphorylation! of! the! IKK! complex! typically! occurs! on! the! IKK#! subunit,! which!

subsequently!stimulates!phosphorylation!of!I!B.!IKK!phosphorylates!the!I!B"!subunit!

at!two!NRterminal!serine!residues!which!triggers!ubiquitinRdependent!degradation!of!

I!B"! in! the! proteasome,! and! therefore! results! in! Its! dissociation! from! the! NF!B!

subunits!p65,!p50!and!cRRel![259,!260].!As!NF!B!is!no!longer!held!in!the!cytoplasm!
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by! its! I!B! inhibitors! it! can! then! rapidly! translocate! into! the! nucleus! to! regulate!

transcription! of! its! target! genes.! The! NF!B! subunits! p65,! p50! and! cRRel! all! have!

transactivation! domains! (TAD)s! at! their! CRterminus! which! governs! their! ability! to!

regulate!the!expression!of!target!genes.!!

!

A! range! of! different! stimuli! can! activate! this! canonical! NF!B! pathway,! including!

cytokines,! growth! factors,! mitogens,! stress! mediators,! and! bacterial! components.!

Each! stimulus! has! its! own! specific! NF!B! signalling! specificities,! highlighting! the!

complexity!of!the!NF!B!system,!however!the!majority!of!signals!converge!on!the!IKK!

complex![261,!262].!

!
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Figure$1.$6.$The$Canonical$NF!B$Signalling$Pathway.$$

Activation!of! the! canonical! ‘classical’!NF!B!pathway! controls! the! transcription!of! a!

plethora!of!genes!in!response!to!a!diverse!range!of!stimuli.!!The!NF!B!subunit!dimers!

p65!and!p50!are!sequestered! in! the!cytoplasm!by! the! inhibitor! I!B"!during! resting!

state.! In! the! presence!of! a! stimulus! such!as!TNFR",! a! signal! is! transduced! to! the!

tyrosine!kinase!TAK1!which!subsequently!induces!phosphorylation!of!the!IKK#!subunit!

of! the! IKK! complex.! Activated! IKK#! phosphorylates! I!B"! leading! to! its! ubiquitinR

dependent! degradation! by! the! proteasome! and! resulting! dissociation! from! NF!B!

p65/p50.!These!liberated!subunits!can!then!rapidly!and!transiently!translocate!into!the!

nucleus!to!regulate!genes!involved!in!the!response!to!inflammation!and!infection!such!

as!cytokines!and!chemokines!as!well!as!antigens!and!immunoreceptors.!Other!target!

genes!are! linked!with! response! to! stress!and!apoptosis!as!well! as!growth! factors,!

ligands!and!enzymes.!!

!
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1.5.3$The$NF!B$Signalling$Pathway$in$Cardiovascular$Disease$
 

Activation!of!NFκB!constitutes!the!central!part!of!many!cardiovascular!inflammatory!

diseases,! and! has! proven! to! have! a! key! role! in! cardiac! I/R! [263].! NFκB! targets!

inflammation!not!only!directly!by!increasing!the!production!of!inflammatory!cytokines,!

chemokines! and! adhesion! molecules,! but! also! by! regulating! cell! proliferation,!

apoptosis,! morphogenesis! and! differentiation,! therefore! it! is! not! surprising! that!

deregulated!NF!B!signalling!has!been!linked!with!the!development!of!cardiovascular!

disease.!A!number!of!studies!in!mouse!models!of!cardiac!I/R!have!demonstrated!that!

inhibition!of!the!NF!B!pathway!is!beneficial!to!myocardial!repair!following!I/R.!Cardiac!

I/R!has!shown!to!increase!the!DNA!binding!activity!of!the!NF!B!subunits!p50!and!p65,!

which!leads!to!an!increase!in!ILR18!expression.!Pharmalogical!neutralization!of!ILR18!

significantly! reduced! infarct! size,! therefore! suggesting! that! NF!B! activation! may!

potentiate! injury! following! I/R! [264].! Inhibition!of! IKK#! by!Bay!65R1942! in!a!mouse!

model!of!I/R!reduced!infarct!size!and!preserved!cardiac!function!when!administered!

intraperitoneally!either!prior!to!ischemia,!at!reperfusion,!or!at!2h!following!reperfusion,!

through!attenuated! inflammation!as!measured!by!decreased!serum! levels!of!TNF"!

and!interleukinR6!(ILR6)![265].!Chronic!inhibition!of!NFκB!signalling!in!mice!has!also!

shown!to!reduce!mortality!from!heart!failure,!decrease!inflammatory!cytokine!secretion!

(ILR1β,!ILR6,!and!TNFα),!and!diminish!levels!of!apoptosis![235].!Deletion!of!the!NF!B!

subunit!p50!has!shown!to!reduce!the!extent!of!I/R!injury!in!vivo,!through!a!mechanism!

that!is!associated!with!decreased!neutrophil!infiltration!into!the!infarct![266].!!A!number!

of!other!studies!have!also!reported!that!the!extent!of!I/R!injury,!which!contributes!up!

to!50%!of! the!total! infarct!size,!can!be! improved!by! inhibition!of! the!NFκB!pathway!

[267,! 268].! ! Other! agents! that! inhibit! NF!B! signalling! including! sulfasalazine! and!

acetylsalicylic! acid! have! also! shown! a! beneficial! effect! on! patient! cardiac! function!

following!MI![269].!

!

!

!

!

!

!
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1.5.4$CX3CL1$and$NF!B$Signalling$
!

A! number! of! studies! have! provided! evidence! for! a! relationship! between! the!

CX3CL1/CX3CR1!axis!and!the!NF!B!signalling!pathway.!In!a!recent!study,!Ganga!et!

al!showed!that!CX3CL1! induces!activation!of! the!NF!B!proRinflammatory!signalling!

pathway! through!MSK1! in!microglial! cells! [270].! Knockdown! of!MSK1!with! siRNA!

decreased!MSK1!protein!levels!by!~50%,!which!was!enough!to!decrease!CX3CL1R

induced! mRNA! levels! of! ILR1#,! TNFR"! and! iNOS.! The! absence! of! CX3CR1! also!

impaired!the!mRNA!levels!of!NF!B!p65!genes!regulated!by!this!transcription!factor.!In!

a!mouse!model!of!sepsis,!Raspe!et!al!demonstrated!that!NF!B!can!reverseRregulate!

CX3CL1! and! CX3CR1! during! cecal! ligation! and! punctureRinduced! sepsis! (CLP)R

induced! sepsisc! CLP! stimulated! upregulation! of! CX3CL1! and! downregulation! of!

CX3CR1,!in!a!mechanism!that!is!mediated!by!NF!B,!likely!via!reduced!liberation!of!

proinflammatory!cytokines![271].!In!rat!aortic!SMCs,!TNFR"!induces!the!expression!of!

CX3CL1!and!CX3CR1!in!a!mechanism!mediate!by!NF!B!activation.!This!study!also!

found! that! CX3CL1! induces! its! own! expression,! which! is! also! mediated! by! the!

PI3K/Akt/NF!B!signalling!pathway![272].!In!hippocampal!neurons,!CX3CL1!induces!

translocation!of!the!NF!B!subunit!p65!into!the!nucleus.!This!process!is!abrogated!by!

a! specific! inhibitor! of! PI3K,! suggesting! that! CX3CL1! activates! NF!B! through! the!

PI3K/Akt!pathway! in!hippocampal!neuronal! cells! [273].! In! intestinal! epithelial! cells,!

CX3CL1!activates!NF!B!and!which! results! in! ILR8!and!CX3CL1!mRNA!expression!

[274].!Activation!of!NF!B!has!also!been!shown!to!be! involved! in!TNFR"!stimulated!

CX3CL1! production! in! vascular! SMCs.! Downregulation! of! p65/NF!B! signals! by!

pertussis!toxin!(PTX)!may!provide!an!explanation!for!the!antiRCX3CL1!effect!of!PTX!

[275].! The! shedding! and! release! of! soluble! astrocytic!CX3CL1! has! also! shown! to!

potentially!involve!the!NF!B!pathway!alongside!ADAM10!protease![276].!Such!studies!

provide! preliminary! evidence! for! the! involvement! of! the! NF!B! pathway! in!

CX3CL1/CX3CR1! signalling.! Further! research! connecting! CX3CL1! to! the! NF!B!

pathway! is! therefore!necessary! to!confirm!and!build!upon! this!existing!knowledge.!

Therapeutic!modulation! of!NF!B!activity! via!manipulation! of! the!CX3CL1/CX3CR1!

axis!in!the!heart!temporally!and!spatially!may!therefore!offer!a!key!target!to!prevent!a!
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chronic! or! prolonged! inflammatory! state! following! cardiac! I/R,! and! in! turn! improve!

myocardial!repair.!!

!
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Chapter$2.0.$Hypotheses$&$Aims$
!

While!the!monocyte!response!to!MI!has!been!investigated!previously!in!mouse!models!

of! the!disease,! there!have!been!discrepancies! in!both! the! temporal! dynamics!and!

function!of!nonRclassical!monocytes!in!the!response!to!cardiac!I/R.!Such!differences!

may!be!due!to!variation!in!the!method!of!defining!these!cells,!or!the!study!of!permanent!

MI! models! versus! models! of! cardiac! I/R! which! are! known! to! have! a! different!

pathophysiology.!This!is!in!contrast!to!the!function!of!classical!monocytes!whose!role!

in!the!immune!response!to!MI!is!well!described.!The!unclear!function!of!nonRclassical!

monocytes!may!be!linked!to!their!high!expression!of!the!fractalkine!receptor,!CX3CR1,!

though!the!signalling!pathways!downstream!of!this!unique!receptor!are!poorly!defined.!

The! CX3CL1/CX3CR1! axis! has! been! strongly! linked! to! the! extent! of! myocardial!

damage!following!cardiac!I/R,!and!points!to!the!involvement!of!CX3CR1+!nonRclassical!

monocytes!in!potentiating!injury!in!the!acute!postRreperfusion!period.!!

!

The!principle!hypotheses!of!this!thesis!are:!

!

i.! STEMI! patient! circulating! nonRclassical! monocytes! have! distinct! temporal!

dynamics! in! the! acute! postRreperfusion! period,! which! are! associated! with!

subsequent!myocardial!outcomes.!!PreRclinical!mouse!models!show!a!similar!

pattern! of! nonRclassical! monocyte! dynamics! following! cardiac! I/R.!!!

!

ii.! Genetic! knockout! of! the! fractalkine! receptor! CX3CR1! in! a!mouse!model! of!

cardiac! I/R! compromises!monocyte! adhesion! and! infiltration! into! the! injured!

myocardium! which! influences! repair! and! myocardial! function! following! MI.!!

!

iii.! Activation! of! monocyteRexpressed! CX3CR1! by! CX3CL1! binding! induces!

downstream! activation! of! the! NFκB! pathway! which! promotes! the! proR

inflammatory!function!of!nonRclassical!monocytes.!!

!

!

!

!
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These!hypotheses!were!addressed!in!the!corresponding!aims:!!

!

i.! Determine! the! precise! dynamics! of! circulating! monocyte! subpopulations! in!

STEMI!and!NSTEMI!patients!at!time!points!from!ischemia!to!24h!postRPCI!by!

FACS!analysis,!and!investigate!their!relationship!with!STEMI!infarct!size!and!

LVEF.! Quantify! mouse! monocyte! subpopulations! at! similar! time! points!

following!cardiac!I/R!to!identify!interRspecies!similarity!in!monocyte!dynamics.!

!

ii.! Investigate! adhesion! and! recruitment! of! monocyte! subpopulations! into! the!

injured!myocardium!following!cardiac!I/R!by!using!immunofluorescent!staining!

to!quantify!myocardial!postRcapillary!venule!endothelial!monocyte!adhesion!and!

monocyte! infiltration! in! the! infarct! region! at! 2h,! 24h,! and! day! 3! postRI/R.!

Determine! the! effect! of! CX3CR1! knockout! by! comparing! CX3CR1+/+,!

CX3CR1+/GFP,! and! CX3CR1GFP/GFP! phenotypes.!

!

iii.! Examine!activation!of!the!NFκB!pathway!in!human!monocytes!in!response!to!

CX3CL1!stimulation!by!investigating!phosphorylation!of!the!NFκB!subunit!p65!

and! regulation! of! downstream! target! genes! ILR1#,! ILR6,! ILR8! and! IκBα.!!

!

Together! this! information! will! shed! light! on! the! exact! dynamics! of! nonRclassical!

monocytes!following!reperfusion,!the!role!of!CX3CR1!expression!in!this!response!and!

its!relation!to!cardiac!function!after!MI.!A!greater!understanding!of!the!behaviour!of!

CX3CR1+!nonRclassical!is!critical!to!understand!the!process!of!repair!following!I/R,!and!

therefore!develop!therapeutic!strategies!to!optimise!healing.!!

!

!

!

!

!

!
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Chapter$3.0$Materials$&$Methods$
$

3.1$Retrospective$STEMI$Patient$Study$ $
!

Analysis! of! previously! obtained! FACS! data! (courtesy! of! Dr.! Stephen! Boag! and!

Professor! Ioakim!Spyridopoulos)!was!used! to!quantify!monocyte!subpopulations! in!

the!blood!of!53!STEMI!patients!presenting!with!acute!STEMI!to!the!Freeman!Hospital,!

Newcastle!upon!Tyne,!at! the! time!of!PPCI! for!acute!MI,!and!at!15,!30,!90!minutes!

(arterial! blood)! and! 24! hours! (venous! blood)! postRreperfusion.! In! a! subset! of! 23!

patients,!a!follow!up!venous!blood!sample!was!collected!at!3R6months.!The!original!

study!was!designed!to!analyse!lymphocyte!responses!in!STEMI!patients!(Boag!et!al!

JCI! 2015),! however! the! FACS! data! obtained! allowed! additional! interrogation! of!

monocyte!subset!responses!postRMI!(used!here!in!this!retrospective!study).!Inclusion!

criteria!for!STEMI!patients! included!onset!of!chest!pain!within!6!hours!and!new!ST!

segment!elevation!on!ECG!of!0.1mV!in!at!least!two!contiguous!leads.!A!detailed!list!

of! inclusion!and!exclusion!criteria!is!described!in!Table!3.1.!A!group!of!15!NSTEMI!

patients!undergoing!nonRemergency!angiography!with!PPCI!were!also!recruited!as!a!

control!group!for!the!study,!in!order!to!investigate!whether!any!changes!in!the!STEMI!

group!were!related!to!I/R!rather!than!a!procedureRrelated!outcome!of!PPCI.!STEMI!

patient! infarct! size! and! MVO! were! assessed! using! cardiac! MRI! 1R8! days! postR

reperfusion.!Each! blood! sample!was! analyzed! using!BD!FACS!FlowJo!acquisition!

software.!!

!

3.1.1$Clinical$Database$of$STEMI$Patients$ $
!

A! clinical! database! of! STEMI! and! NSTEMI! patients! enrolled! in! the! retrospective!

STEMI!patient!analysis!is!listed!in!Chapter!4,!Table!4.1.!!

!

!

!

!
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!

Table$3.$1.$List$of$inclusion$and$exclusion$criteria$for$retrospective$and$
prospective$STEMI$patient$studies.$$
!

!

!

!

Inclusion$Criteria$ Exclusion$Criteria$

Onset! of! chest! pain! within! 6!

hours! with! new! ST! segment!

elevation! of! 0.1mV! in! at! least!

two!contiguous!leads!

Cardiogenic!shock!

Previous!myocardial!infarction!or!coronary!artery!

bypass!grafting!(CABG)!

A!known!active!malignant!process!

Active!infection!

Chronic! inflammatory! conditions! requiring!

treatment!with!immunosuppressive!agents!

!

PreRexisting! contraindications! to! cardiac! MRI!

scanning! e.g.! ! pacemaker,! severe!

claustrophobia,!breathlessness!or!frailty!likely!to!

limit!tolerability!of!scan!

!

Patent!arterial! flow!(Thrombolysis! in!Myocardial!

Infarction! (TIMI)! grade! 2! or! 3! flow)! in! infarct!

related!artery!on!initial!angiography!

!
Presence! of! visible! collateral! circulation!

supplying!infarct!region!

! Inability!or!unwillingness!to!give!informed!consent!
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3.1.2$Monocyte$Subpopulation$Flow$Cytometry$Analysis$ $
!

Total!monocytes!were!first!gated!based!on!their!characteristic!forward!and!side!scatter!

properties.!Any!TRcells!and!NKRcells!confounding!this!total!monocyte!population!were!

then! removed! using! CD3RFITC! (clone! UCHRT1,! #555332,! BD! Biosciences),! and!

CD56–PerCPReFluor710! (clone! CMSSB,! #42R0567R42,! eBioscience),! respectively.!

Monocyte! subsets! were! then! defined! using! CD16RPE! (clone! B73.1,! #561313,! BD!

Biosciences),! to!quantify! classical! (CD16R),! intermediate! (CD16+)!and!nonRclassical!

(CD16++)!monocytes! (see!Figure!4.1).!This!analysis!generated! relative!numbers!of!

monocyte!subsets!for!all!patient!samples.!The!absolute!cell!counts!of!each!monocyte!

subset!were!then!calculated!using!these!relative!values!in!conjunction!with!previously!

determined! absolute! counts! for! the! parent! monocyte! population! in! the! TruCount!

assay,!as!described!in!the!following!formula:!

!

Absolute)count) = ()subset)eventsparent)events))))x)parent)absolute)count)(TruCount))!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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3.2$Prospective$STEMI$Patient$Flow$Cytometry$Analysis$ $
!

3.2.1$ Patient$ Recruitment/Populations,$ Primary$ Percutaneous$ Coronary$
Intervention,$and$Blood$Sampling$
!

A!cohort!of!13!STEMI!patients!were!prospectively!recruited!to!the!Freeman!Hospital,!

NewcastleRupon!Tyne.!Inclusion!criteria!was!onset!of!chest!pain!within!6!hours!with!

new!ST!segment!elevation.!Exclusion!criteria!were!as!described!for!the!retrospective!

study!(Table!3.1).!Coronary!angiography!and!PPCI!were!performed,!and!arterial!blood!

was! acquired! at! the! start! of! the! procedure,! then! at! 90! and! 180!minutes! following!

reperfusion! (Figure!3.1).!Arterial!blood!was!collected! from! the!aorta,! right!coronary!

artery!(RCA)!and!left!coronary!artery!(LCA)!to!compare!monocyte!dynamics!between!

preRreperfusion! vasculatures.! Venous! blood! was! obtained! at! 24! hours.! Ethical!

approval!for!this!prospective!study!was!obtained!from!the!National!Research!Ethics!

Service! (NRES)! North! East! Ethics! Committee! and! NHS! permissions! granted! by!

Newcastle!University!Hospitals!NHS!Trust!(REC!reference:!16/NE/0405).!

!

!

!
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Figure$3.$1.$Prospective$STEMI$Patient$study$design.$Blood$was$taken$at$the$
indicated$time$points$for$subsequent$FACS$analysis$of$monocyte$
subpopulations.$$
!

!

!

!
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3.2.2$Total$Monocyte$TruCount$Assay$
!

Blood!was!obtained!as!above!in!4!ml!EDTA!tubes!(BD!Biosciences).!Absolute!counts!

of! total! monocytes! were! determined! by! the! clear! forward/side! scatter! gate! of!

monocytes!and!TruCount!beads!(BD!Biosciences,!#340334).!!

!

3.2.3$ EightVColour$ Flow$ Cytometric$ Assay:$ Quantification$ of$ Monocyte$
Subpopulations$$
!

Absolute!counts!of!monocyte!subpopulations!were!determined!using!an!eightRcolour!

flow!cytometric!assay,!in!conjunction!with!the!total!monocyte!counts!obtained!in!the!

TruCount!assay.!Per!patient!time!point,!50μl!of!whole!blood!was!stained!with!a!cocktail!

of! the! following! antibodies! (5μl! of! each! antibody):! CD14RBV510! (clone! M5E2,!

#301842),! CD16RAPCRH7! (clone! 3G8,! #560715,! BD!Biosciences),! HLARDRRBV421!

(clone! L243,! #307636),! CD3RFITC! (clone! UCHT1,! #300406),! CD19RFITC! (clone!

HIB19,! #302206),! CD56RFITC! (clone! HCD56,! #318304),! CCR2RPERCy7! (clone!

K036C2,! #357212),! CX3CR1RAPC! (clone! 2A9R1,! #341610).! All! antibodies! were!

supplied! from!BioLegend! unless! stated! otherwise! (Table! 3.6).! Samples!were! then!

lysed!using!Pharm!Lyse!solution!(BD!Biosciences)!diluted!1/10!in!dH2O!for!15!minutes!

at!RT,! followed!by! two!wash!steps!using!a!BD!Lyse!Wash!Assistant!machine! (BD!

Biosciences).!Analysis!was!performed!using!a!BD!LSRFortessa!machine!with!FCS!

Express! 6/7! De! Novo! Software.! Manual! compensation! was! performed! using!

compensation! beads! (UltraComp! eBeads,! #01R2222R41,! Invitrogen).! One! drop! of!

eBeads!was!added!to!a!3μl!sample!of!each!individual!antibody.!Unstained!whole!blood!

was! used! as! a! universal! negative! control! to! set! up! compensation.! Compensation!

control!samples!were!acquired!on!a!BD!LSRFortessa!machine!and!analysed!using!

FCS!Express!6/7!De!Novo!Software!to!set!up!a!compensation!matrix!which!could!then!

be!applied!to!patient!blood!samples.!A!thorough!and!reproducible!method!of!classical,!

intermediate,! and! nonRclassical! monocyte! subset! classification! was! performed! as!

illustrated!in!Figure!4.8.!The!cell!count!for!each!subset!was!calculated!as!the!count!of!

the! parent! population! (derived! from! TruCount! assay! above)! multiplied! by! the!

percentage!of!the!parent!cells!within!the!subset!gate,!as!previously!described.!
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3.3$Mouse$Lines$and$Genotyping$ $
!

All!animal!procedures!were!performed!under!a!UK!Home!Office!license.!!

!

3.3.1$Mouse$Lines$ $
!

The!care!and!use!of!animals!were!in!accordance!with!the!UK!Government!Animals!

(Scientific!Procedures)!Act!1986!and!were!approved!by!Newcastle!University’s!Animal!

Welfare!and!Ethical!Review!Body.!Wild!type!C57BL/6!male!mice!were!purchased!from!

Charles!River!UK.!CX3CR1EGFP!mice!on!the!C57BL/6J!background!were!provided!by!

Dr.! David!Grainger! (University! of!Manchester),! with! permission! from!Steffen! Jung!

[277].! In! this! mouse! line,! the! EGFP! gene! replaces! the! first! 390bp! of! the! second!

CX3CR1!exon!encoding!the!N!terminus!of!the!sevenRtransmembrane!receptor!shown!

to! be! crucial! for! interaction!with!CX3CL1.!Heterozygous!CX3CR1+/EGFP!mice! have!

reduced! fractalkine! receptor! expression! and! also! serve! as! a! reporter! line,! while!

CX3CR1EGFP/EGFP!mice!have!a!complete!CX3CR1!knockout!and!report!only!an!EGFP!

signal.!

$
3.3.2$Genotyping:$DNA$Extraction$ $
!

Tissue! was! obtained! from!mice! ear! clips! for! DNA! extraction! and! the! subsequent!

genotyping!of!each!mouse.!Ear!clips!were!first!incubated!in!100μl!lysis!buffer!1!(section!

3.3.5)!for!1!hour!in!a!thermomixer!set!at!95°C!at!350rpm.!After!a!brief!vortex!of!the!

tubes,!100μl!of!lysis!buffer!2!(section!3.3.5)!was!added!to!the!clips.!The!tubes!were!

then!vortexed!and!centrifuged!at!13,000!rpm!for!5min!to!pellet!any!undigested!tissue!

or!debris.!The!resulting!supernatant!contained!extracted!DNA!which!was!then!stored!

at!R20.C!until!required.!!

$

3.3.3$Genotyping:$Polymerase$Chain$Reaction$(PCR)$
!

Each!PCR!reaction!was!made!up!to!a!total!volume!of!10ul!in!PCR!tubes.!Individual!

PCR!reaction!mixtures!were!calculated!and!made!up!for!the!appropriate!number!of!

animals! to! be! genotyped.! This! consisted! of! 5μl! 25mM!MgCl2,! 2.5μl! 10x!Reaction!
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Buffer!IV,!0.2μl!Red!Hot!Taq!DNA!Polymerase!(all!purchased!from!ABgene,!Thermo!

Scientific),! 0.25μl! of! each! forward!and! reverse!primer! (20μM),! 0.5μl! 10mM!dNTPs!

(New!England!Biolabs),!2μl! template!DNA!and!dH2O!made!up! to!a! final!volume!of!

10μl.!All!primers!used!for!genotyping!are!listed!in!Table!3.2.!For!each!PCR,!a!negative!

(dH2O)!and!positive!control!(animal!confirmed!positive)!was!included.!PCR!reactions!

were! performed! using! the! conditions! detailed! in! Table! 3.3! using! a!C1000! thermal!

cycler!(BioRRad).!!

!

3.3.4$Genotyping:$Agarose$Gel$Electrophoresis$
!

For!the!visualization!of!PCR!products,!2%!agarose!gels!were!prepared!by!dissolving!

2g!of!DNA!agar!(Seakem!LE!Agarose!for!gel!electrophoresis)!in!100ml!of!1xTAE!buffer!

(section! 3.3.5)! and! boiling! in! a! microwave! for! 5R10! minutes! until! the! agar! was!

completely!dissolved.!Gel!solution!was!topped!up!with!1xTAE!to!the!original!100ml!

volume.!The!gel!solution!was!then!allowed!to!cool!before!adding!0.001%!of!Ethidium!

Bromide!solution!(10μl!per!100ml)!for!later!visualization!of!DNA!bands.!The!gel!was!

then!carefully!poured!into!a!horizontal!gel!tray!and!well!combs!inserted!and!left!to!set!

for!45!minutes.!Once!set,!the!well!comb!was!carefully!removed!and!the!gel!was!placed!

in! an! electrophoresis! tank! and! fully! immersed! in! 1xTAE! buffer! (section! 3.3.5).! A!

volume!of!9μl!of!each!PCR!product!was!then!loaded!into!the!wells.!A!1kb!DNA!ladder!

(Invitrogen)! was! also! loaded! alongside! the! samples! to! allow! assessment! of! PCR!

product!size.!The!loaded!gel!was!left!to!run!at!approximately!80volts!for!60!minutes.!

The!DNA!bands!were! finally!visualised!by!exposure! to!UV! light!and! image!capture!

using!a!GeneGnome!System!and!GeneSnap!Software!(Syngene!Bio!Imaging).!

!

!

!

!

!
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$

Table$3.$2.$List$of$primers$used$for$genotyping.$$
!

$
$

Table$3.$3.$PCR$reaction$conditions$used$for$genotyping.$
!

!

!

!

!

!

!

!

!

!

$

Primer$
No.$
Bases$

SEQUENCE$ Product$Size$

CX3CR1!

Trans! 19! CTCCCCCTGAACCTGAAAC! !

CX3CR1!Transgenic!≈!500bp!

CX3CR1!WT!=!410bp!

!

WT! 20! GTCTTCACGTTCGGTCTGGT!

Common! 19! CCCAGACACTCGTTGTCCT!

Total$Rxn$Vol$ PROG$ Cycle$Details$ Cycle.$No.$

10μl! GTRCre!

5!minutes!at!95°C!

30!seconds!at!95°C!

30!seconds!at!62°C!

90!seconds!at!72°C!

5!minutes!72°C!

15°C!forever!

X!35!
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3.3.5$Reagents,$Solutions$and$Buffers$
!

GoTaq!G2!Hot!Start!Green!Master!Mix!

Promega.!Cat!no.!M7421,!M7422,!M7423.!

!

Lysis!buffer!1!

(25mM!NaOH!and!0.2!mM!EDTA)�2.5ml!of!0.5M!NaOH!+!0.02ml!of!0.5M!EDTA!in!

50ml!of!milliRQ!H2O,!adjust!to!pH12!with!NaOH.!$
!

Lysis!buffer!2!

(40mM!TrisRHCl)�4ml!of!0.5M!TrisRHCl!in!50ml!milliRQ!H2O,!adjust!to!pH5!with!HCl.!!

!

1X!TAE!Buffer!

40mM!tris!baseRacetate!and!1mM!EDTA!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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3.4$Mouse$Model$of$Myocardial$IschemiaVReperfusion$ $
!

Acute! myocardial! infarction! was! induced! in! adult! male! C57BL/6! mice,! Cx3cr1+/+,!

Cx3cr1+/GFP! and! Cx3cr1GFP/GFP! mice! (12R14! weeks! of! age)! by! an! experienced!

microsurgeon!(Dr.!Rachael!Redgrave).!Mice!were!anaesthetised!using!isoflurane!(3%!

isoflurane/97%! oxygen)! and! general! anaesthesia! was! maintained! throughout! the!

surgery!using!mechanical!ventilation!following!endotracheal!intubation.!Under!sterile!

conditions,!leftRside!thoracotomy!was!performed!through!the!fourth!intercostal!space!

and! the! left! anterior!descending!coronary!artery! (LAD)!was! identified! running! from!

beneath!the! left!atria! towards!the!apex!of! the!heart.!To!generate!MI,!a!7R0!prolene!

suture!was!placed!under!the!LAD,!(approximately!1R2mm!distal!to!the!left!atria),!and!

loosely!tied!in!a!double!knot.!A!1R2mm!piece!of!PER10!tubing!was!inserted!into!the!

suture!loop!and!the!knot!was!tightened!and!secured,!causing!occlusion!of!the!LAD!to!

create!a! transient! infarction.!Myocardial! ischemia!was!verified!by!visible! immediate!

blanching! of! the! left! ventricular!myocardium.! The! chest! wall! was! then! temporarily!

closed!and!reopened!after!60!minutes!of!ischaemia,!followed!by!removal!of!PE!tubing!

from! the! suture! to! allow! reperfusion! of! the! LAD.! ShamRoperated! mice! underwent!

thoracotomy! and! pericardial! opening! but! no! LAD! ligation.! After! completion! of! the!

procedure,!the!chest!was!closed!and!anaesthesia!was!discontinued.!In!addition,!the!

mice!were!administered!0.05mg/kg!buprenophrine!subcutaneously!to!alleviate!postR

operative!pain.!Mice!were!subsequently!placed!in!a!33°C!incubator!and!given!soaked!

diet!to!facilitate!recovery.!At!either!2h,!24h,!3!days,!or!6!weeks!following!reperfusion,!

mice!were!humanely!culled!and!heart!tissue!harvested.!!

$$

3.5$Preparation$of$Tissue$for$Immunostaining$ $
!

Hearts! were! dissected,! washed! in! PBS! to! remove! blood! clots! from! the! ventricle!

chambers!and!subsequently!placed!in!a!light!fixative!of!0.2%!or!1%!paraformaldehyde!

overnight! at! 4°C.! Following! fixation,! hearts! were! transferred! into! a! 30%! sucrose!

solution! and! left! at! 4°C!overnight.!Hearts!were! then!embedded! in!Optimal!Cutting!

Temperature!compound! (OCT)! for!30!minutes!on!dry! ice!and!stored!at! R80°C!until!

required.!Tissue!blocks!were!equilibrated!to!approximately!R20°C!for!30mins!prior!to!

sectioning.! Transverse! sections! of! 10µm! thickness! were! cut! from! base! to! apex!
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following!a!sister!section!methodology!(Figure!3.3)!using!a!Lecia!cryostat.!Sections!

were! collected! apical! to! the! ligature! (Figure! 3.2)! and! mounted! on! Superfrost!

(ThermoFisher!Scientific)!slides.!Slides!were!then!air!dried!for!30mins!at!RT!prior!to!

their!storage!at!R80°C.!

!

!

! !

! !

!

!

!

!

!

!

!

!

!

!

Figure$3.$2.$Processing$of$mouse$heart$tissue.$$
Tissue!was!sectioned!and!collected!from!the!ischaemic!heart!region,!identified!as!the!

area! between! the! LAD! ligature! and! the! apex! of! the! heart.! Naïve! and! sham! heart!

sections!were!collected!at!approximately!the!same!point!in!the!heart.!!

!

!
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!

!

!

!
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Figure$3.$3.$Method$of$sister$sectioning$of$mouse$heart$tissue.$$
Sister!sectioning!of!tissue!following!a!10Rsister!set!method!ensured!10!sets!of!slides!

were!created!with!each!neighbouring!10μm!section!on!any!one!slide!separated!by!

approximately!100µm!of!heart!tissue.!The!numbers!on!the!slides!correspond!to!the!

order!in!which!the!sections!were!cut.!Dependent!on!the!size!of!the!heart!the!number!

of!sets!per!heart!varied,!generating!up!to!5!sets!(from!ARE)!with!10R14!sections!per!

slide.!This!method!permits!10!different! staining! runs!and!allows!analysis!of! similar!

heart!regions!between!different!experiments.!

!
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3.6$ Immunofluorescence$ Staining$ of$ Leukocytes$ and$ Monocytes!
$

3.6.1$Single$CD45$Leukocyte$Staining$
!

Heart!sections!were!air!dried!and!fixed!in!4%!paraformaldehyde!(PFA)!for!10!minutes!

at!room!temperature!(RT).!Sections!were!washed!for!5!minutes!3!times!in!PBS!and!

subsequently! permeabilised! using! 0.3%! TritonR100! in! PBS! for! 30! minutes! at! RT.!

Following!permeablisiation,!sections!were!blocked!in!1%!BSA!for!30!minutes!at!RT.!

Appropriate!concentrations!of!primary!antibody!(Table!3.8)!were!then!added!and!left!

in!a! levelled,!humidified!staining!chamber!overnight!at!4°C.!On!day!2,! slides!were!

washed!three!times!in!PBS!to!remove!excess!primary!antibody.!Secondary!antibody!

staining!was!then!performed!for!2!hours!at!RT!in!the!dark.!After!three!5!minute!PBS!

washes,! coverslips!were!mounted! using! Prolong!Gold! antifade! reagent! with!DAPI!

(ThermoFisher!Scientific)! and! left! at! 4°C!overnight! in! the!dark.!Data!was!acquired!

using!M2!Axio!Imager!(Zeiss).!Images!were!taken!at!x5,!x20!and!x40!magnification!

and! analysed! using! ZEN! 2.3! software! (Zeiss).!

!

3.6.2$Multiplex$CD11b$CCR2$GFP$Monocyte$and$Neutrophil$Staining$
!

Heart!sections!were!air!dried!and!briefly!washed! in!PBS!before!being!blocked! in!a!

solution!of!5%!goat!serum,!1%!BSA!and!0.5%!Tween20! for!2h!at!RT.!Appropriate!

concentrations! of! primary! antibody! (Table! 3.8)! diluted! in! block! solution! were! then!

added!and!left!in!a!levelled,!humidified!staining!chamber!overnight!at!4°C.!On!day!2,!

slides!were!washed!three!times!in!PBS!to!remove!excess!primary!antibody.!Tissue!

was!then!stained!with!appropriate!secondary!antibodies!diluted!in!block!solution!for!2!

hours!at!RT!in!the!dark.!After!three!5!minute!PBS!washes,!coverslips!were!mounted!

using!Prolong!Gold!antifade!reagent!with!DAPI!and!left!at!4°C!overnight.!Data!was!

acquired!and!analysed!as!previously!stated.!

!

!

!

!
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3.6.3$Multiplex$F4/80$GFP$Macrophage$Staining$
!

Staining!of!heart!tissue!macrophages!was!performed!as!described!in!section!3.6.2!but!

using!an!Alexa!Fluor!647!antiRmouse!F4/80!Antibody!(Table!3.8).!

!

3.7$Imaging$and$Analysis$
!

To! calculate! the! density! of! leukocyte! (CD45⁺),! monocyte! (CD11b+GFP+),! or!

macrophage!(F4/80+)!infiltrate,!8!representative!fields!of!view!(FOV)!were!taken!at!x40!

magnification!within!the!infarct!region!(Figure!3.4).!The!number!of!positively!stained!

cells!of!interest!per!FOV!were!then!manually!counted!using!the!event!function!of!Zen!

2.3!software.!Three!sections!per!heart!were!used!to!calculate!an!average!density!per!

heart.!!

!

For! the! definition! of! CD11b+GFPmid! classical! monocytes! and! CD11b+GFPhi! nonR

classical!monocytes,!the!GFP!MFI!of!randomly!selected!classical!and!nonRclassical!

monocyte!cells!in!40x!images!from!three!individual!Cx3cr1+/GFP!hearts!was!analysed.!

This!was!performed!by!manually!drawing!a! line!across! the!width!of!a!given!cell!of!

interest!which!would!then!generate!a!ZenRautomated!value!for!the!GFP!MFI.!This!was!

performed!for!n=50!cells!of!each!monocyte!subpopulation.!!

!

!

!

!

!

!

!
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!
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!
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!

!

Figure$3.$4.$Technique$used$to$quantify$cell$counts$of$interest$in$mouse$heart$
tissue.$$
Representative!image!of!CD45!staining!to!quantify!the!density!of!leukocyte!infiltrate!in!

the!injured!mouse!myocardium.!!Eight!fields!of!views!(yellow!boxes)!within!the!infarct!

region! (dotted! white! line)! that! were! considered! representative! of! the! infarct! were!

imaged!per! section.!For!each!FOV,!an! image!was! taken!at! x40!magnification!and!

CD45+!DAPI! (nucleated)! cells!were!manually! counted! on!Zen! 2.3! software.! Three!

sections! per! heart! were! analysed! and! used! to! calculate! an! average! number! of!

leukocytes!within!the!infarcted!and!remote!regions.!The!same!technique!was!applied!

to! monocyte! (CD11b+GFP+),! neutrophil! (CD11b+GFPR)! and! macrophage! (F4/80+)!

quantification.!$
!

!

!

!

!

!
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3.8$Mouse$Blood$Sampling$and$Flow$Cytometry$Analysis$$
!

20R40μl! tailRvein! murine! peripheral! blood! was! collected! into! EDTA! tubes! (Teklab,!

#K100PP).!Samples!were!incubated!with!Fc!block!(1/10!dilution)!for!10!minutes!at!RT.!

Samples!were!incubated!with!antibodies!against!CD11b,!CD115,!Ly6G,!LY6C,!CCR2,!

and!CX3CR1! (Table! 3.7)! for! 30!minutes! at!RT! in! the! dark.! 1ml! of! BD!Pharmlyse!

solution!(1/10! in!dH2O)!was!added!to!each!sample,!briefly!vortexed,!and!left! for!15!

minutes! in! the!dark!at!RT!to!allow!red!blood!cell! lysis! to!occur.!1.5ml!FACS!buffer!

(PBS!+!1%!BSA)!was!then!added!to!each!sample!to!neutralize!the!lysis!buffer!and!

centrifuged!at!400g!at!4°C!for!5!minutes.!Supernatants!were!discarded!and!samples!

were!centrifuged!again.!Samples!were!then!reRsuspended!in!300µl!FACS!buffer!and!

kept!on!ice!until!data!acquisition.!Immediately!before!acquisition!on!BD!LSRFortessa,!

30µl!DAPI!(BD!Pharmingen,!#564907)!was!added!to!each!sample.!To!determine!the!

absolute!counts!of!cells!per!μl!of!blood,!samples!were!transferred!to!TruCount!bead!

tubes!(BD!Biosciences,!#340334).!Absolute!counts!of!the!cell!population!of! interest!

were!calculated!by!dividing!the!number!of!positive!cell!events!by!the!number!of!bead!

events,! and! then! multiplying! by! the! BD! TruCount! bead! concentration! (beads! per!

test/test!volume).!!

!

!

!

!

!

!

!

!
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!
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3.9$Preparation$of$Mouse$Tissue$for$Flow$Cytometry$Analysis$ $
$

3.9.1$Mouse$Splenocyte$Isolation$and$FACS$Staining$ $
!

Spleens!were!dissected!from!sacrificed!mice.!Spleens!were!gently!ground!with!a!2ml!

syringe!plunger!through!a!70µm!filter!preRwet!with!2ml!PBS.!Samples!were!centrifuged!

at! 300g! for! 5! minutes! at! 4°C! and! supernatants! discarded.! Pellets! were! then! reR

suspended!in!3ml!1x!Pharm!Lyse!solution!for!5!minutes!at!RT.!10ml!of!FACS!buffer!

(PBS!+!1%!BSA)!was!then!added!to!the!samples!to!neutralise!the!RBC!lysis!buffer,!

and!centrifuged!again!at!300g!for!5!minutes!before!suspending!in!fresh!FACS!buffer.!

Cell!suspensions!were!then!filtered!through!a!30µm!filter.!100μl!of!cell!suspension!was!

used!per!FACS!sample.!Fc!block!(1/50)!was!added!to!each!sample!and!incubated!for!

10!minutes!at!RT.!A!mix!of!antibodies!(CD11b,!Ly6C,!Ly6G,!NK.1,!CD11c,!CD4,!CD8,!

CD19,!CCR2,!CX3CR1!(Table!3.7)!was!added!to!each!sample!and!incubated!on!ice!

for!30!minutes!in!the!dark.!Samples!were!then!washed!in!2ml!FACS!buffer,!centrifuged!

at!300g!for!5!minutes!and!reRsuspended!in!300µl!FACS!buffer!before!acquisition!on!

BD!LSRFortessa.!30µl!of!DAPI!was!added!to!samples!immediately!before!acquisition.!$

$

3.9.2$Bone$Marrow$Isolation$and$FACS$Staining$ $
!

Bone!marrow!was!obtained!from!the!femur!and!tibia!of!humanely!killed!mice.!Bone!

with! the! head! removed!was! inserted! into! an! appropriate! size! pipette! tip!within! an!

eppendorf!and!centrifuged!at!1000g!for!60!seconds!to!obtain!a!pellet!of!bone!marrow!

cells.!Bone!marrow!pellets!were!reRsuspended!in!50μl!of!1x!Pharm!Lyse!solution!to!

break!up!the!pellet!and!remove!RBCs,!and!incubated!for!one!minute!at!RT.!Samples!

were! then!washed! in!200µl!FACS!buffer!and!centrifuged!at!1000g! for!60!seconds.!

Supernatant!was!discarded!and!samples!were!reRsuspended!in!200μl!FACS!buffer.!

Cells!were! then! filtered!using!30!µm!CellTrics! filters.!100μl!of!cell!suspension!was!

used!per!sample.!Samples!were!incubated!in!50μl!Fc!block!(BioLegend,!#101302)!for!

10!minutes!at!RT!followed!by!incubation!in!a!cocktail!of!antibodies!(CD11b!CD45!Ly6C!

Ly6G! CCR2! CX3CR1)! (Table! 3.7)! for! 30! minutes! at! 4°C! in! the! dark.! Cells! were!

washed!in!2ml!FACS!buffer!and!centrifuged!at!800g!for!5!minutes.!Samples!were!then!
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reRsuspended!in!300µl!FACS!buffer!prior!to!acquisition!on!BD!LSRFortessa.!DAPI!was!

added!to!samples!immediately!before!acquisition.!

!

3.9.3$Mouse$Cardiac$Digest$and$FACS$Staining$ $
!

Isolation!of!the!Mouse!Heart!

!

Mice!were!euthanized!by!either!CO2!asphyxiation!or!cervical!dislocation,!and!placed!

in!the!supine!position!and!immobilised!by!pinning!the!paws!and!feet!to!the!dissection!

surface.!The!heart!was! removed!and! the! left!and! right!atria!were! trimmed!away! to!

ensure!only!the!intact!myocardium!(left!and!right!ventricular!tissues)!was!isolated.!The!

isolated!heart!was!then!placed!in!ice!cold!HBSS!in!a!50ml!falcon.!

!

Mechanical!and!Enzymatic!Digestion!of!the!Mouse!Heart!

!

The!isolated!heart!was!placed!on!tissue!culture!dish!on!ice!containing!5!ml!HBSS.!The!

heart!was!chopped!into!three!or!four!pieces!to!expose!interior!surfaces!of!ventricles!

and!rinse!out!any!blood!(if!any)!that!may!remain!in!ventricular!cavities.$Heart!pieces!
were! then! transferred! to! a! fresh! tissue! culture! dish,! minimizing! the! amount! of!

transferred!buffer.!Next!the!heart!tissue!was!finely!minced!and!then!transferred!to!a!

previously!prepared!50ml!tube!containing!10ml!Collagenase!solution.!The!tissue!and!

solution!were!gently!mixed!and!suspended!before!incubating!in!a!37°C!water!bath!for!

30!min!with!gentle!agitation.!The!mixture!was!agitated!every!5R10!minutes!to!ensure!

that!large!tissue!aggregates!were!minimized.!After!incubation,!the!digestion!mixture!

was!mixed!by!pipetting.$
!

The!digestion!mixture!was!then!centrifuged!at!400g!for!5min!at!4°C.!The!supernatant!

was!removed!and!the!pellet!was!resuspended!in!5ml!preRchilled!collagenase!solution!

until!there!were!no!large!tissue!aggregates!visible.!The!solution!was!then!incubated!in!

a!37°C!water!bath! for!20min!with!gentle!agitation.!The!digestion!reaction!was!then!

terminated!by!adding!5ml!ice!cold!1xHBSS,!and!placed!on!ice.!The!digestion!mixture!

was!resuspended!briefly!and!transferred!into!a!15ml!tube!through!a!50μm!ficon!filter!

membrane.! The! solution! was! then! centrifuged! at! 400g! for! 10min! at! 4°C,! the!
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supernatant!removed!and!the!pellet!reRsuspended!in!1!ml!2%!FBS/PBS!solution.!This!

was!repeated,!followed!by!the!addition!of!150μl!2%!FBS/PBS!solution!and!kept!on!ice!

for!subsequent!antibody!staining.!

!

Cardiac!Digest!Cell!Suspension!FACS!Staining!

!

Fc!block!was!first!added!(1μl!per!sample)!to!50μl!of!cell!suspension,!mixed,!and!kept!

on!ice!for!5min.!A!cocktail!of!antibodies!(CD45,!CD11b,!Ly6C,!CX3CR1,!CCR2)!(Table!

3.7)!diluted!in!2%!FBS/PBS!was!added!and!mixed!by!pipetting!and!left!for!15min!on!

ice.!The!samples!were!then!washed!in!200μl!2%!FBS/PBS!and!centrifuged!at!400g!

for!5min.!The!pellet!was!then!resuspended!in!200μl!2%!FBS/PBS,!and!transferred!to!

a!5ml!flow!cytometry!tube!through!a!50μm!falcon,!and!analysed!by!a!BD!LSRFortessa!

Flow!Cytometer.!!

!

3.10$Cell$Lines$&$Cell$Culture$
!

The! THPR1! human! monocytic! cell! line! is! an! immortalizedRmonocyteRlike! cell! line!

derived!from!the!peripheral!blood!of!a!childhood!case!of!acute!monocytic! leukemia!

(M5!subtype)![278].!THPR1!cells!represent!a!valuable!tool!for!researching!monocyte!

function! in! both! health! and! disease.! All! procedures!were! carried! out! under! sterile!

conditions!in!a!tissue!culture!hood.!THPR1!monocytes!were!cultured!at!a!density!of!1R

5x105cells/ml! in! RPMI! 1640! Dulbecco’s! modified! Eagle's! medium! (DMEM)!

supplemented!with!5%!heat! inactivated! fetal!calf!serum!(FCS)!and!0.5%!PenicillinR

Streptomycin!(P/S),!at!37oC.!The!medium!was!replaced!every!2R3!days.!The!Mono!

Mac! 6! (MM6)! cell! line! is! established! from! the! peripheral! blood! of! a! patient! with!

monoblastic!leukemia![279].!MM6!monocytes!were!cultured!at!the!same!density!and!

in!the!same!conditions!as!THPR1!cells!and!the!medium!was!replaced!every!2R3!days.!

U937! is! a! proRmonocytic,! human! myeloid! leukaemia! cell! line! isolated! from! the!

histiocytic!lymphoma!of!a!37RyearRold!male![280].!U937!cells!metabolize!faster!than!

THPR1! and! MM6! monocytes! and! therefore! required! a! higher! frequency! of! media!

changes!every!~2!days.!

!
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3.11$THPV1$Stimulation$with$CX3CL1$ $
!

Cultured!THPR1!cells!were!serum!starved! for!48h!prior! to!stimulation!with!CX3CL1!

(Recombinant!Human!CX3CL1/Fractalkine!(Full!Length)!Protein,!R&D!Systems!#365R

FRR025)!or!TNFR"!(Recombinant!Human!TNFRalpha!Protein,!R&D!Systems,!#210RTAR

005).!THPR1!cells!were!preRtreated!with!the!inhibitors!(BI605906,!#5300,!Tocris!and!

AZD8797!CX3CR1!antagonist!compound!18a)!where!appropriate!for!30!minutes!prior!

to!CX3CL1!or!TNFR"!stimulation.!Cells!were!subsequently!processed!for!either!protein!

extraction!(section!3.14.1)!or!RNA!extraction!(3.13.1).!

!

3.12$RealVTime$PCR$ $
!

3.12.1$RNA$Extraction$ $
!

Total!RNA!from!cell!lysates!(approximately!5x105!cells!per!sample)!was!isolated!using!

the!RNeasy!Mini!Kit!(Qiagen)!followed!by!the!RNeasy!Micro!Kit!(Qiagen)!to!purify!and!

concentrate! the! final! yield.! Protocols! were! followed! according! to! manufacturers’!

recommendations!including!the!on!column!DNase!digestion!step.!RNA!is!vulnerable!

to!degradation!therefore!prior!to!doing!any!practical!work!the!laboratory!bench!was!

cleaned!with!RNase!Zap!wipes!(Invitrogen),!gloves!were!worn!and!barrier!filter!tips!

were!used.!RNA!concentration!(in!ng/μl)!was!measured!using!the!Nanodrop!NDR1000!

spectrophotometer!(Thermo!Scientific)!at!an!absorbance!of!260nm!(A260).!Purity!of!

obtained!RNA!was!also!assessedc!RNA!was!considered!pure!when!the!A260/A280!

ratio! was! above! 1.9! and! the! A260/A230! was! between! 1.8R2.2! (if! either! ratio! is!

appreciably! lower! than! these! values! this! suggests! the! presence! of! contaminating!

protein!or!coRpurified!contaminants!respectively).!RNA!was!stored!at!R80oC!in!RNase!

free!water!until!required.!

!

3.12.2$Reverse$Transcription$and$cDNA$Synthesis$$
!

cDNA! was! prepared! from! extracted! RNA! using! a! High! Capacity! cDNA! Reverse!

Transcription!kit!(Applied!Biosystems).!Briefly,!1μg!RNA!in!10μl!DEPCRtreated!dH2O!

was!added!to!a!reaction!mix!consisting!of!2μl!10X!reverse!transcription!buffer,!0.8μl!
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25X!dNTP!mix,!2μl!10X!random!primers,!2μl!Multiscribe!Reverse!Transcriptase!and!

made!up!to!a!final!volume!of!20μl!with!4.2μl!with!DEPCRtreated!dH2O.!The!mixture!

was! incubated! at! 25°C! for! 10minutes! (to! allow! primer! extension),! 37oC! for! 120!

minutes,!85°C!for!5!minutes!and!cooled!down!swiftly!to!4°C!degrees!and!stored!at!R

20°C!until!required.!!

!

3.12.3$RTVPCR$ $
!

RTRPCR!reaction!mixtures!were!made!up!to!a!total!volume!of!50μl!in!0.2!ml!thin!walled!

PCR!tubes!and!consisted!of!5μl!MgCl2!(25mM),!5μl!10X!Buffer!IV,!0.4μl!Taq!red!hot!

polymerase! (Applied! Biosystems),! 1μl! 20mM! dNTPs! (New! England! Biolabs),! 1μl!

forward! primer! (20μM),! 1μl! reverse! primer! (20μM),! 33.6μl! dH2O,! and! 2μl! sample!

cDNA.!Reactions!were!carried!out!using!a!C1000!thermal!cycler!(BioRRad).!

!

!

!

!

!

!
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$

Table$3.$4.$List$of$primers$used$in$RealVTime$PCR.$
!

!

Table$3.$5.$RealVTime$PCR$reaction$conditions$and$cycles.$
!

!

!

!

!

!

!

!

!

!

!

!

Gene$ Assay$ID$ Cat$no.$ Company$

GAPDH! Hs02786624! 4331182! Applied!Biosystems!

RPL13A! Hs03043885_g1! 4331182! Applied!Biosystems!

ILR6! Hs00174131_m1! 4331182! Applied!Biosystems!

ILR8! Hs00174103_m1! 4331182! Applied!Biosystems!

I!B"! Hs00153283_m1! 4331182! Applied!Biosystems!

ILR1#! Hs01555410_m1! 4331182! Applied!Biosystems!

qPCR$details$ Hold$Stage$ PCR$Stage$

QuantStudio!7!Flex!System!

384Rwell!

Comparative!CT!(DDCT)!

Taqman!Reagents!

Standard!Run$

2!minutes!at!50°C!

10!minutes!at!95°C!

!

15!seconds!at!95°C!

1!minute!at!60°C!

X!40!Cycles!



!

!

76!

3.13$Protein$Analysis$
!

3.13.1$Protein$Extraction,$BCA$Assay$and$SDSVPAGE$
!

Protein!Extraction!

!

For!the!extraction!of!protein,!approximately!5x105!cells!were!washed!in!PBS,!pelleted!

and!stored!in!400μl!lysis!buffer!(section!3.13.4)!at!R80°C.!Protein!samples!were!then!

denatured! at! 95°C! for! 5! minutes! in! a! thermomixer,! centrifuged! for! 5! minutes! at!

10,000g,!and!briefly!sonicated!5x.!The!bicinchoninic!acid!assay!(BCA!assay)!was!then!

used! to!determine!protein!concentration! to!allow!subsequent!calculation!of!sample!

volume!required!for!30μg!protein.!Prior!to!separation!via!SDSRPAGE,!samples!were!

diluted! in! dH2O,! Laemmli! buffer! (containing! 1/10! #Rmercaptoethanol),! to! a!

concentration!of!30μg!protein!per!sample.!

!

SDSRPAGE!

!

For!the!separation!of!proteins,!40μl!of!whole!cell!lysate!was!loaded!per!well!of!a!preR

cast!10%!TrisRHCl!polyacrylamide!miniRgel!(BioRRad).!The!gels!were!run!in!1X!SDS!

running!buffer! initially! for!10!minutes!at!150!volts,! followed!by!1!hour!at!100!volts.!

Molecular!weights!of!the!proteins!were!determined!using!a!preRstained!protein!marker!

(New!England!Biolabs).!Equal!loading!of!protein!was!assessed!by!using!αRtubulin!as!

a!loading!control.!!

!

3.13.2$Western$Blotting$
!

Protein!Transfer!to!Membrane!

!

Following!protein!separation!by!SDSRPAGE,!the!separated!proteins!were!transferred!

in!a!wet! transfer!apparatus! (BioRRad)! to!polyvinylidene! fluoride! (PVDF)!membrane!

(GE!healthcare)!at!4oC!in!cold!transfer!buffer!for!1!hour!30!minutes!at!20!volts.!Prior!

to!transfer,!the!PVDF!membrane!was!activated!in!methanol!for!15!seconds!followed!

by!equilibration! in!cold!transfer!buffer!for!20!minutes.!Where!necessary,!successful!
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transfer! and! equivalence! of! protein! loading!was! confirmed! using!Ponceau!S! stain!

(Sigma).!Briefly,!membranes!were!incubated!with!Ponceau!S!solution!for!5!minutes!at!

room!temperature!then!rinsed!in!dH2O!to!remove!background!staining!and!allow!clear!

visualization!of!the!transferred!protein!bands.!To!deRstain,!membranes!were!washed!

2!x!5!minutes!in!TBST!wash!buffer.!

!

Immunoblotting!

!

Membranes!were!incubated!in!blocking!buffer!(4%!Marvel!dry!milk/TBST)!for!1!hour!

at! room! temperature! to! avoid! nonRspecific! antibody! binding.! This! was! followed! by!

incubating!membranes!overnight!at!4oC!with!primary!antibodies!diluted!to!a!specific!

concentration!(Table!3.9)!in!primary!antibody!diluent!(2%!BSA/TBST).!The!following!

day,!membranes!were!briefly!rinsed!in!TBST!before!being!washed!3!x!5!minutes!in!

4%! Marvel/TBST.! The! membranes! were! then! incubated! with! the! appropriate!

secondary!antibody!directed!against!the!primary!antibody’s!species!of!origin!(Table!

3.9).! Secondary! antibodies! were! diluted! to! a! 1/10,000! concentration! in! 4%!

Marvel/TBST!and!left!to!incubate!for!1!hour!at!room!temperature.!Membranes!were!

again!briefly!rinsed!in!TBST!before!being!washed!3!x!5!minutes!in!TBST.!

!

3.13.3$Densitometry$Analysis$
!

Successful!antibody!binding!was!visualized!by!Odyssey!CLx! Imager.!Densitometry!

analysis! was! performed! using! ImageQuant! TL! image! analysis! software! (GE!

Healthcare)!which!allows! fully!automatic! lane!and!band!detection!and!quantitation.!

Results!were!expressed!as!the!densitometry!ratio!of!target!gene!bands!to!the!"Rtubulin!

bands.!

!

!

!

!

!

!

!
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3.13.4$Solutions$&$Buffers$
!

Lysis!Buffer!

10mM!TrisRHCl!pH!7.4,!1%!Triton!XR100,!1/100!dilution!of!protease!inhibitors!(Sigma),!

1/10!dilution!pf!10X!phosphatase!inhibitor!(PhosSTOP!tablets,!Roche)!

!

2X!SDS!Loading!Buffer!

12.5ml!0.5M!TrisRbase!pH!6.8,!10ml!glycerol,!20ml!10%!Sodium!Dodecyl!Sulphate!

(SDS),!7ml!dH2O,!0.5ml!βRmercaptoethanol,!20mg!Bromphenol!Blue!

!

1X!SDS!Running!Buffer!

14.4g!Glycine,!3g!TrisRbase!and!10ml!of!10X!SDS!dissolved!in!1!litre!of!dH2O!

!

1X!Transfer!Buffer!

14.4!g!Glycine,!3g!TrisRbase!dissolved!in!1!litre!dH2O!

!

10X!TBS!!

24.2g!TrisRbase,!88g!NaCl!dissolved!in!1!litre!of!dH2O.!PH!adjusted!to!7.6!with!HCl!

!

TBST!

150mM!NaCl,!50mM!TrisRHCl,!0.1%!TweenR20!

!

!

!

!

!

!

!

!

!

!

!

!



!

!

79!

3.14$Isolation$of$Human$Peripheral$Blood$Monocytes$$

$
EDTA! antiRcoagulated! blood! was! obtained! from! healthy! volunteers! after! informed!

consent!and!in!accordance!with!the!ethical!guidelines!of!the!institution.!PBMCs!were!

firstly! removed! by! centrifugation! of! whole! blood! over! Histopaque! (Sigma! Aldrich,!

#10771),!followed!by!erythrocyte!lysis!using!Lysing!Buffer!(BD!Pharm!Lyse,!#555899).!

PBMCs! were! then! subject! to! monocyte! negative! selection! using! the! Monocyte!

Isolation!Kit!II!and!manual!columns!(Miltenyi!Biotec,!#130R042R201),!strictly!according!

to!the!manufacturer's!protocol.!The! isolation!of!viable!monocytes!was!evaluated!by!

trypan! blue! staining! and!manual! counting! using! a! haemocytometer.! The! purity! of!

human! monocytes! was! evaluated! by! fluorescent! staining! with! the! previously!

established!human!monocyte!marker!antibody!panel! (CD14,!CD16,!HLARDR,!CD3,!

CD9,!CD56,!CCR2,!CX3CR1)!and!FACS!analysis.!

!

3.15$FACS$Analysis$of$Phosphorylated$p65$in$MM6$Monocytes$$
!

In!CX3CR1! inhibitor! treated! cells,!MonoMac6! (MM6)!monocytes!were! treated!with!

KAN567!for!30!minutes!prior!to!stimulation!with!CX3CL1.!CX3CL1!was!then!added!for!

60!minutes,!or!TNFR"!for!15!minutes!as!a!positive!control.!Following!stimulation,!cells!

were!pelleted,!washed!once!in!cold!PBS,!and!resuspended!in!100μl!PBS.!MM6!cells!

were!then!incubated!with!monocyte!marker!antibodyRfluors!CD14!and!CD16!(5μl!of!

each!antibody!per!sample)!for!30!minutes!in!the!dark!at!RT!(Table!3.6).!Cells!were!

then!washed!with!excess!PBS,!centrifuged!at!400g!and!supernatant!removed.!To!fix!

the!cells,!they!were!resuspended!in!500μl!4%!PFA!in!the!dark!for!15!minutes!at!RT.!

Following!fixation,!cells!were!washed!in!excess!PBS,!centrifuged!at!400g!for!5!minutes!

and!supernatant!removed.!!Cell!samples!were!then!transferred!to!15ml!falcon!tubes,!

followed!by!the!addition!of!3.6ml!of!ice!cold!methanol!dropwise!while!vortexing.!Cells!

were!then!left!on!ice!for!30!minutes!in!the!dark!to!allow!cell!permeablisiation.!Cells!

were!then!washed!in!excess!PBS,!centrifuged!at!400g!for!5!minutes,!resuspended!in!

1ml!PBS!and!transferred!to!an!Eppendorf!tube.!Cells!were!again!pelleted!and!then!

resuspended!in!100μl!of!antiRphosphoRp65!primary!antibody!diluted!in!PBS!+!1%!BSA!

and!incubated!for!1h!in!the!dark!at!RT!(Table!3.9).!!Cells!were!then!washed!in!excess!

PBS!(1%!BSA),!centrifuged,!supernatant!removed,!resuspended!in!1/100!secondary!
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antibody!(AntiRrabbit!IgG!PE!Conjugate,!#8885,!Cell!Signalling),!diluted!in!PBS!+!1%!

BSA!and!incubated!for!30!minutes!in!the!dark!at!RT.!Following!secondary!antibody!

incubation,! cells! were! washed! twice! in! PBS,! resuspended! in! 500μl! PBS! and!

transferred!to!FACS!tubes!for!subsequent!acquisition!using!a!BD!LSRFortessa!cell!

analyzer.!!

!

3.16$Statistical$Analyses$
$
All!statistical!analysis!was!performed!using!SPSS!or!GraphPad!Prism!and!all!graphs!

were!produced!in!GraphPad!Prism.!Where!multiple!comparisons!were!made,!reported!

values!are!those!corrected!for!multiple!tests.!!Correlations!between!parameters!were!

assessed! using! Spearman! correlation! coefficient.! Data! are! expressed! as! mean! ±!

standard!error!of!the!mean!(SEM)!except!where!otherwise!stated.!A!p!value!of!less!

than! 0.05! was! considered! significant.! Statistical! analyses! of! patient! data! were!

reviewed!and!approved!by!a!chartered!senior!statistician!(Dr.!Kim!Pearce).!

$

3.17$Study$Approval$
!

The!prospective!STEMI! patient! study!was!approved!by! the! local! ethics! committee!

(REC!reference:!16/NE/0405),!and!was!conducted!according!to!the!principles!set!out!

in! the! Declaration! of! Helsinki.! Written! informed! consent! was! obtained! from! all!

prospective!patients.!

!

Ethical!approval! for!volunteer!human!blood!samples! from!the!Newcastle!University!

Medical!School!as!part!of! the!study! ‘The! role!of! inflammation! in!human! immunity’.!

Samples!were!arranged!and!collected!by!Dr.!MarieRHelene!RuchaudRSparaganoa!and!

Jonathon!Scott.!
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Table&3.&6.&List&of&antibodies&used&in&human&blood&FACS.&
!

!

!

!

Anti9Human&Antibody& Fluorochrome& Clone& Company& Cat&No.&

CD16! APC)H7! 3G8! BD!Biosciences! 560715!

CD14! BV510! M5E2! BioLegend! 301842!

CCR2! PE)Cy7! K036C2! BioLegend! 357212!

CX3CR1! APC! 2A9)1! BioLegend! 341609!

HLA)DR! BV421! L243! BioLegend! 307635!

CD3! FITC! UCHT1! BioLegend! 300406!

CD19! FITC! HIB19! BioLegend! 302206!

CD56! FITC! HCD56! BioLegend! 318304!
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!

Table&3.&7.&List&of&antibodies&used&in&mouse&blood,&spleen,&bone&marrow,&and&cardiac&digest&tissue&FACS.&
!!

!

Anti9Mouse&Antibody& Fluorochrome& Clone& Company& Cat#&

CD11b! APC! M1/70! BioLegend! 101211!

Ly6C! PE! HK1.4! BioLegend! 128007!

CX3CR1! BV421! SA011F11! BioLegend! 149023!

CCR2! PE)Cy7! SA203G11! BioLegend! 150611!

LY6G! PerCP)Cy5.5! 1A8! BioLegend! 127615!

CD115! BV711! AFS98! BioLegend! 135515!

F4/80! BV605! BM8! BioLegend! 123133!

CD45! BV785! 30)F11! BioLegend! 103149!

CD4! BV711! RM4)5! BioLegend! 100549!

CD8a! BV711! 53)6.7! BioLegend! 100747!

CD19! BV711! 6D5! BioLegend! 115555!

NK1.1! BV605! PK136! BioLegend! 108739!

CD11c! BV785! N418! BioLegend! 117335!

Brilliant!Stain!Buffer! ! ! BD! 563794!

Fc!Block!)!CD16/32! )! 93! BioLegend! 101302!
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!

Table&3.&8.&List&of&antibodies&used&in&Immunofluorescent&Staining&of&mouse&heart&tissue.&
!

!

Antibody& Species&raised&in& Concentration& Vendor& Cat&No.&

Primary!Antibodies!

Anti)mouse!CD45! Rat! 1/100! BioLegend! 103102!

Anti)mouse!CD11b! Rat! 1/100! BD!Pharminogen! 553308!

Anti)mouse!GFP! Chicken! 1/300! Abcam! ab13970!

Anti)mouse!CCR2! Rabbit! 1/50! Abcam! ab203128!

Alexa!Fluor!647!Anti)mouse!F4/80!

Antibody!
Rat! 1/100! BioLegend! 123121!

Anti)mouse!CD68! Rat! 1/100! ABD!Serotec! MCA1957GA!

Secondary!Antibodies!

Anti)rat!Alexa)488! Goat! 1/200! Life!Technologies! A11006!

Anti)chicken!Alexa)568! Goat! 1/200! Life!Technologies! A11041!

Anti)rabbit!Alexa)647! Goat! 1/200! Abcam! ab150079!
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Table&3.&9.&List&of&antibodies&used&in&THP91&western&blot&protein&expression&analysis.&
All!secondary!antibodies!supplied!from!LICOR.!

!

Primary&
Antibody&

Species& Blocking&
Solution&

Working&
Dilution&

Size&
(kDa)&

Vendor& Cat.&No& Secondary&Antibody& Working&
Dilution&

Cat.&No&

RelA/NFkB!

p65!Antibody!

Sheep! 4%!

Marvel/TBST!

1µg/ml! 65! Biotechne! AF5078! IRDye!800CW!Donkey!

anti)Goat! IgG!

Secondary!Antibody!

1:10000! 92632214!

Phospho)NF)

κB! p65!

(Ser536)!

(93H1)!

Rabbit! 4%!

Marvel/TBST!

1:1000! 65! Cell!

Signalling!

3033! IRDye!800CW!Donkey!

anti)Rabbit! IgG!

Secondary!Antibody!

1:10000! 92632213!

Phospho)IκBα!

(Ser32/36)!

(5A5)!

Mouse! 4%!

Marvel/TBST!

1:1000! 40! Cell!

Signalling!

9246! IRDye! 680RD! Donkey!

anti)Mouse! IgG!

Secondary!Antibody!

1:10000! 92668072!

IκBα!Antibody! Rabbit! 4%!

Marvel/TBST!

1:1000! 40! Cell!

Signalling!

9242! IRDye!800CW!Donkey!

anti)Rabbit! IgG!

Secondary!Antibody!

1:10000! 92632213!

Tubulin!

(Sigma)!

Mouse! 4%!

Marvel/TBST!

1:1000! 50! Sigma! T6074! IRDye! 680RD! Donkey!

anti)Mouse! IgG!

Secondary!Antibody!

1:10000! 92668072!

!
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Chapter(4.0.(STEMI(Patient(Monocyte(Subpopulation(Counts(and(

Prognostic(Significance(

!

4.1(Introduction( (

!

The! central! role! of! monocytes! in! the! innate! immune! response! to! MI! was! initially!

discovered! in!mouse!models,!which!established! that!monocytes!and!macrophages!

dominate!the!myocardial!cellular! infiltrate!during!the!first!2!weeks!following!MI,!and!

participate!significantly!in!infarct!repair!(section!1.3.5).!This!work!lead!to!the!prevailing!

concept! that! MI! leads! to! an! acute! inflammatory! response,! which! is! mediated! by!

classical!monocytes! from!day!1D4!postDMI,! and! is! subsequently! followed!by!a!proD

fibrotic!reparative!response!dominated!by!nonDclassical!monocytes!from!day!5D9!postD

MI![158,!281]!(see!section!1.3.5).! Importantly,!a!perturbation!of!either!phase!during!

the!biphasic!monocyte! response!has!been!shown! to! severely! compromise!cardiac!

repair!in!a!parabolic!mannerJ!if!inflammatory!classical!monocytes!persist!too!long!in!

the! infarct,! the! reparative! functions!of!nonDclassical!monocytes,!myofibroblasts!and!

endothelial! cells! are! impaired,! however! if! the! infarct! recruits! insufficient! classical!

monocytes,!wound!healing!is!delayed!since!debris!cannot!be!cleared!efficiently!and!

therefore! cannot! be! replaced! with! granulation! tissue! and! collagen! matrix! [282].!

Evidence!documenting!the!monocyte!response!to!human!MI!is!however!sparse!due!

to!the!low!availability!of!tissue!specimens!for!obvious!ethical!reasons.!Clinical!studies!

of!STEMI!patients!have!therefore!been!largely!restricted!to!investigating!the!dynamics!

of!circulating!monocyte!subpopulations!(classical,!intermediate,!nonDclassical)!in!the!

blood!following!reperfusion!by!PPCI.!Such!access!to!blood!samples!is!clinically!very!

feasible!since!STEMI!patients!require!vascular!access!as!part!of!their!routine!clinical!

care!during!reperfusion!by!PPCI!following!STEMI.!This!scenario!is!different!from!many!

traditional! preclinical! models! of! MI! which! study! the! monocyte! response! following!

unreperfused! MI,! in! contrast! to! postDischemia! reperfusion.! Although,! more!

contemporary! studies! use! mouse! models! of! cardiac! I/R! which! physiologically!

resemble!that!of!the!clinical!setting!more!closely.!Nevertheless,!preclinical!models!are!

usually!surgical!models!that!require!invasive!procedures!such!as!thoracotomy!drive!a!

systemic!inflammatory!response!even!in!the!sham!situation.!
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Among! the! small! number!of! studies!published! to!date,! there!has!been!a! focus!on!

monocyte!subpopulation!dynamics!following!MI!at!time!points!ranging!from!day!1!to!7!

following!reperfusion![170D175,!283].!Monocyte!subpopulations!in!the!blood!have!been!

shown! to!specifically! respond! to! the!extent!of!cardiac! injury! following!MI,!and!may!

therefore! offer! reliable! biomarkers! to! prioritize! patients! for! follow! up!

treatments/management.!However,!the!reported!associations!are!varied!and!in!some!

cases!contradictory! (see!Chapter!1! section!1.3.6).!The!precise! link!between!blood!

levels!of!monocyte!subpopulations!and!STEMI!patient!cardiac!outcome!is!therefore!

yet!to!be!determined.!Moreover,!the!earliest!time!point!studied!among!those!published!

is! day! 1! postDreperfusion.!As! such,! current! literature! has!not! addressed!monocyte!

subset!dynamics!within!the!first!immediate!24h!following!reperfusion,!which!represents!

a! critical! time! point! to! intervene,! and! is! prior! to! patient! discharge.! In! this! study,! I!

therefore!investigated!monocyte!dynamics!at!time!points!within!the!first!24h!following!

by!PPCI,!during! the!very! immediate!acute!phase! following! reperfusion.!To!achieve!

this,! a! database! of! 53! STEMI! patient! blood! samples! from! preDreperfusion,! 15min,!

30min,!90min,!and!24h!following!reperfusion!by!PPCI!were!retrospectively!analysed.!

All!patients!were!admitted!to!the!Freeman!Hospital,!Newcastle!upon!Tyne,!between!

September!2012!and!March!2015! (see!Table!4.1! for!patient!database).!All!STEMI!

patients! received! a! cardiac!MRI! therefore!monocyte! dynamics! could! be! assessed!

against!markers!of!myocardial! injury!(infarct!sizeJ!IS!and!microvascular!obstructionJ!

MVO)!or!myocardial!function!(left!ventricular!ejection!fractionJ!LVEF).!In!a!subset!of!

STEMI! patients! (n=20),! 3Dmonth! follow! up! samples! were! also! collected.! NSTEMI!

patients!(n=15)!were!recruited!as!a!control!population!in!this!study,!as!this!allows!the!

study! of! MI! without! the! sudden! ischemia! and! intense! inflammatory! cascade! that!

characterises! STEMI! following! vessel! openingJ! NSTEMI! patients! still! undergo! the!

same!PCI!procedure!(urgent,!though!nonDemergency),!however!have!only!a!partially!

narrowed!artery!and!therefore!do!not!have!significant!myocardial!tissue!damage,!and!

therefore!demonstrate!a!differential! inflammatory!pattern!which! is!evidenced!by!an!

absence! of! significant! correlations! between! inflammatory! indexes! and! myocardial!

infarction!at!admission!(t0),!12h!after!symptoms![284].!NSTEMI!blood!samples!were!

collected!at!preDreperfusion,!15min,!30min,!and!90min!postDPCI.!By!comparing!STEMI!

and!NSTEMI!patient!populations!in!this!study,!it!was!therefore!possible!to!distinguish!

monocyte!subpopulation!dynamics! that!are!specific! to!cardiacDischemiaDreperfusion!
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[STEMI].!In!particular,!this!study!focussed!on!the!nonDclassical!monocyte!population,!

which!represent!5D10%!of!total!human!blood!monocytes![141,!285,!286].!This!focus!

was! due! to! their! known! high! expression! of! CX3CR1,! compared! to! classical! and!

intermediate! monocytes! which! express! low! and! medium! levels! of! the! fractalkine!

receptor,!respectively.!In!both!mouse!and!human,!numerous!studies!have!now!linked!

the!CX3CL1/CX3CR1!axis! to!postDreperfusion!cardiac!repair! [210,!287D291].! In! this!

chapter,! I! therefore!hypothesised! that!circulating!CX3CR1hi!nonDclassical!monocyte!

dynamics! in! STEMI! patient! blood! postDPCI! are! associated! with! long! term! cardiac!

function.!!!
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4.2(Results( (

!

4.2.1(Monocyte(Subpopulation(Dynamics(in(Retrospective(STEMI(and(NSTEMI(

Patient(Cohort(

!

Human! circulating! classical,! intermediate,! and! nonDclassical!monocyte! populations!

were! defined! by! FACS!analysis! as! shown! in! Figure! 4.1! (details! in! section! 3.1).! A!

database! of! patient! clinical! parameters! is! described! in! Table! 4.1.! Retrospective!

analysis! of! STEMI! and! NSTEMI! patient! blood! samples! at! time! points! from! preD

reperfusion! to! 24h! postDPCI! revealed! distinct! temporal! dynamics! of! monocyte!

subpopulations! following! PPCI! (Figure! 4.2A).! STEMI! patient! circulating! CD16D!

classical!monocyte!counts!dropped!in!the!circulation!from!baseline!to!90!minutes!postD

reperfusion! by! 16%! (p=0.023).! This! was! followed! by! a! sharp! recovery! in! CD16D!

classical!monocytes!at!24h!postDPCI! (p<0.0001)! from!90min!by!46%,! increasing! to!

and! surpassing! preDreperfusion! baseline! counts.!When! comparing! CD16D! classical!

monocyte!dynamics!between!ACS,!there!were!no!significant!differences!in!classical!

monocyte! counts! between! STEMI! and!NSTEMI! patients! at! any! of! the! time! points!

studied! (Table!4.2).!The!dynamics!of! intermediate!monocytes! following! reperfusion!

followed!a!similar!pattern!to!that!of!classical!monocytesJ!CD16+!intermediate!monocyte!

counts!decreased! in! the!circulation!from!preDPCI! to!90!minutes!postDreperfusion!by!

24%! (p=0.044),! followed! by! an! increase! at! 24h! postDreperfusion! (p<0.0001)! from!

90min!by!100%!to!beyond!baseline!levels.!Again,!no!significant!differences!in!CD16+!

intermediate!monocyte!counts!were!observed!between!STEMI!and!NSTEMI!patients!

throughout!the!time!course!studied!(Table!4.2).!

!

While!classical!and!intermediate!monocyte!populations!showed!a!modest!drop!in!the!

circulation! from! preDreperfusion! to! 90min,! the! extent! of! nonDclassical! monocyte!

depletion!was!much!greaterJ!STEMI!patients!showed!an!acute!46%!fall!in!circulating!

CD16++!nonDclassical!monocytes!from!preDPCI!to!90!minutes!postDreperfusion!(39±5!

to!21±4!cells/μl,!p<0.0001).!By!24h,!CD16++!nonDclassical!monocytes!increased!from!

90min!by!133%,!and!returned!to!but!did!not!surpass!preDperfusion!counts!(p=0.015).!

In!contrast!to!classical!and!intermediate!monocyte!counts!which!did!not!significantly!

vary!between!ACS!groups,!nonDclassical!monocyte!counts!were!significantly!different!
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between!STEMI!and!NSTEMI!patients.!STEMI!patients!had!significantly!lower!counts!

of! circulating! nonDclassical! monocytes! than! their! NSTEMI! counterparts! at! 15min!

(p<0.05),!30min!(p<0.01),!and!90!minutes’!(p<0.05)!postDreperfusion.!Follow!up!blood!

samples! in!a!subgroup!(n=20)!of!STEMI!patients!at!3!months!following!reperfusion!

revealed! that!all!monocyte!subset!counts!returned!to!baseline! levels!(Figure!4.2B).!

Absolute!monocyte!subpopulation!cell!counts!are!stated!in!Table!4.2.!
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Table(4.(1.(Baseline(data(for(STEMI(and(NSTEMI(patients(in(a(retrospective(and(

prospective(study(of(blood(monocyte(subpopulations(postFreperfusion.

!

Baseline(data(for(STEMI(and(NSTEMI(patients(in(a(retrospective(and(prospective(

study(of(blood(monocyte(subpopulations(postFPCI.(

! Retrospective! Prospective!

! STEMI!(n=53)!
NSTEMI!

(n=15)!
P!value! STEMI!(n=13)!

Age! 59.3!±!10.7! 61.1!±!11.8! 0.742! 58.9!±!10.5!

Male!(%)! 44!(74.6)! 11!(73.3)! 1.000! 10!(76.9)!

BMI! 26.8!±!4.6! 30.9!±!6.0! 0.006! 28.9!±!6.6!

Diabetes!(%)! 6!(10.2)! 0!(0)! 0.337! 1!(7.7)!

Active!smoker!(%)! 31!(52.5)! 4!(26.7)! 0.089! 6!(46.2)!

Hypertension!(%)! 19!(32.2)! 10!(66.7)! 0.020! 6!(46.2)!

Anterior!MI!(%)! 28!(47.5)! N/A! N/A! 10!(76.9)!

Peak!troponin!T!(ng/l)! 4899!±!3385! 207!±!214! <0.001! 3173!±!2838!

Procedural!characteristics!

DoorDtoDballoon! time!

(minutes)!
26.8!±!14.3! N/A! N/A! 27.4!±!13.7!

OnsetDtoDreperfusion!

time!(minutes)!
164.6!±!81.3! N/A! N/A! 151.9!±!81.4!

PreDPCI! flow! (TIMI!

0/1/2/3)!
55/4/0/0! 2/1/0/12! <0.001! 13/0/0/0/!

Post! PCI! flow! (TIMI!

0/1/2/3)!
0/0/0/59! 1/0/0/14! 0.203! 1/1/1/10!

Vascular! access!

(radial/femoral)!
56/3! 13/2! 0.265! 13/0!

Continuous!variables!expressed!as!mean!±!SDJ!categorical!variables!expressed!as!n!

(%)!
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!

! !

Figure(4.(1.(Flow(Cytometry(gating(strategy(for(retrospective(monocyte(subset(

analysis(in(STEMI(and(NSTEMI(patient(blood.((

Quantification!of!monocytes!was!achieved!using!the!scatter!properties!of!monocytes,!

excluding!TDcells!and!NKDcells!on!the!basis!of!CD3!and!CD56!expression!respectively,!

followed!by!CD16!expression!to!define!each!monocyte!subset!(CD16D!classical,!CD16+!

intermediate,! CD16++! nonDclassical! monocytes).! Data! was! analysed! using! FlowJo!

Software.!!
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Figure(4.(2.(Retrospective(STEMI(patient(monocyte(subpopulation(dynamics(

during(the(acute(postFreperfusion(period.((

A.!Changes! in!circulating!monocyte!subset!counts! in!STEMI!and!NSTEMI!patients!

immediately! following! reperfusion! to! 24h!postDPCI.!STEMI! patient! classical!CD16D,!

intermediate!CD16+,!and!nonDclassical!CD16++!monocyte!subpopulations!show!acute!

changes! in!cell!counts!over! time.!The!most!dramatic!change! is! the!drop! in!CD16++!

nonDclassical!monocytes!from!preDreperfusion!to!90min!post!reperfusion!(p<0.0001).!

Lower!asterisks!indicate!statistical!differences!in!counts!between!indicated!time!points!

in! STEMI! patients! (OneDway! Anova! with! Bonferroni’s! adjustment! for! multiple!

comparisons)J! upper! asterisks! indicate! statistical! differences! between! STEMI! and!

NSTEMI! counts! at! indicated! time! points! (Repeated! measure! paired! analysis! with!

Bonferroni!adjustment!for!multiple!comparisons!as!a!full!factorial!model).!STEMI!n=53,!

NSTEMI!n=15.!B.!FollowDup!samples!were!collected! in!a!subset!of!STEMI!patients!

(n=20)!at!3D6!months.!Data!at!each!time!point!is!shown!for!this!subset!(n=20)!of!STEMI!

patients.!Data!refers!to!mean!±!SEM.!*p<0.05,!**p<0.01,!***p<0.001,!****p<0.0001.!
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Mean!Cell!Count!(cells/μl!±!SEM)!!

NSTEMI!(n=15)!/!STEMI!(n=53)!

Time!

Point!

!

Total!

Monocytes!

!

Classical!

Monocytes!

Intermediate!

Monocytes!

NonCClassical!

Monocytes!

!

NSTEMI!vs!STEMI!p!value!

!

Classical!
Monocytes!

Intermediate!
Monocytes!

NonCClassical!
Monocytes!

PreCPPCI!
614±39! 489±32! 67±12! 58±9!

ns!(0.512)! ns!(0.751)! ns!(0.76)!
639±47! 529±35! 71±8! 39±5!

15min!
542±32! 442±26! 54±11! 47±7!

ns!(0.451)! ns!(0.796)! *!(0.014)!
571±42! 487±31! 58±7! 26±4!

30min!
541±35! 437±30! 55±10! 49±7!

ns!(0.567)! ns!(0.861)! **!(0.004)!
549±41! 468±30! 57±7! 24±4!

90min!
564±34! 468±32! 53±7! 43±6!

ns!(0.704)! ns!(0.935)! *!(0.013)!
520±37! 446±25! 54±8! 21±4!

24hr!
N/A!

N/A!
780±44! 632±32! 111±9! 37±4!

3C6!month!

(n=20)!

N/A!
N/A!

505±41! 422±30! 61±8! 22±3!
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Table&4.&2.&STEMI&and&NSTEMI&patient&monocyte&subpopulation&cell&counts&pre;reperfusion&and&at&various&time&points&
post;reperfusion.&&
Data!expressed!as!mean!±!SEM.!STEMI!and!NSTEMI!patient!groups!were!compared!using!repeated!measure!paired!analysis!with!

Bonferroni!adjustment!for!multiple!comparisons!as!a!full!factorial!model.!*p<0.05,!**p<0.01.!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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4.2.2$Preferential$Depletion$in$Non2Classical$Monocytes$from$Pre2Reperfusion$
to$90$minutes$Post2PCI$is$Predictive$of$STEMI$Patient$Infarct$Size$ $
$
After!observing!that!STEMI!patients!show!a!transient!46±4%!depletion!in!circulating!

CD16++!nonCclassical!monocytes!at!90!minutes!following!reperfusion,!I!subsequently!

investigated! whether! these! dynamics! correlated! with! markers! of! myocardial! injury!

(infarct! sizeM! IS! and! microvascular! obstructionM! MVO)! or! myocardial! function! (left!

ventricular!ejection!fractionM!LVEF),!as!assessed!by!cardiac!MRI.!Within!the!STEMI!

patient!group,!45!patients!received!a!cardiac!MRI!1C8!days!(on!average!3.2!days)!after!

primary!PCI.!Patients!were!divided!into!tertiles!based!on!infarct!size,!expressed!as!the!

percentage!of!damaged!tissue!out!of!the!left!ventricle!(small:!<13.3%,!medium:!13.3C

23.8%,!large:!>23.8%)!(Table!4.3).!These!groups!were!then!compared!with!regard!to!

the!monocyte!subset!dynamics!quantified!during!the!total!acute!postCreperfusion!(preC

90min)!and!early!postCreperfusion!(15C30min)!period.!

!

Interestingly! this! analysis! revealed! that! STEMI! patients! with! larger! infarcts! had! a!

greater!depletion!of!circulating!CD16++!nonCclassical!monocytes!during!the!total!acute!

postCreperfusion!period!(preC90min),!than!those!patients!with!small!infarcts!(p=0.039)!

(Figure!4.3A).!Specifically,! large! infarct!patients!showed!approximately!a!60%! (±5)!

drop!in!nonCclassical!monocytes!from!preCPCI!to!90minutes,!while!small!and!medium!

infarct!STEMI!patients!showed!a!36%!(±8)!and!49%!(±4)!depletion,!respectively.!This!

significant!correlation!between!nonCclassical!monocyte!dynamics!and!infarct!size!was!

only! observed! between! preCreperfusion! and! 90! min,! and! not! between! other! time!

periods! such! as! 15C30min! postCPCI! (Figure! 4.3B).! Classical! and! intermediate!

monocyte! dynamics! between! preCreperfusion! and! 90min! postCPCI! showed! no!

association! with! infarct! size! (Figure! 4.3A).! These! monocyte! subpopulations! also!

showed!no!significant!association!with!STEMI!patient!infarct!size!during!the!early!postC

reperfusion!(15C30min)!period!(Figure!4.3B).!!

!

!

.!$
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$

$
Table$4.$3.$STEMI$patient$tertiles$of$infarct$size$and$MVO$as$assessed$by$
cardiac$MRI.$$
STEMI!patients!received!cardiac!MRI!between!day!1C8!following!primary!PCI.!Short!

axis!LGE!images!were!used!to!quantify!infarct!size!and!MVO,!all!of!which!were!taken!

at!end!diastole.!Epicardial!and!endocardial!borders!were!then!traced!on!each!heart!

slice!and!a!reference!region!of!normal!myocardium!identified!using!an!automated!

method!with!manual!correction!where!necessary.!Areas!of!enhancement!(infarction)!

were!then!identified!and!quantified!automatically!using!a!signal!intensity!threshold!of!

5!SD!above!normal!remote!myocardium!Infarct!size!was!expressed!as!the!

percentage!of!left!ventricle.!Regions!of!hypoenhancement!within!the!enhanced!zone!

(MVO)!were!identified!and!quantified!using!semiautomatic!thresholding!following!

manual!border!delineation!of!areas!of!interest,!and!graded!as!none,!low!or!high!

MVO.!

!

!

!

!

!

!

!

!

!

!

Infarct$Size$

Small! Medium! Large!

<13.3%! 13.3C23.8%! >23.8%!

MVO$

Zero! Low! High!

0g! 0.1C2.7g! >2.7g!
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Figure$4.$3.$Association$between$STEMI$patient$post2reperfusion$monocyte$
subpopulation$dynamics$with$infarct$size.$$
Relationship! between! infarct! size! and! A.! total! acute! postCreperfusion! period! (PreC

90min)! and! B.! early! postCreperfusion! changes! (15C30min)! in! classical! CD16C,!

intermediate!CD16+,!and!nonCclassical!monocytes!CD16++!in!STEMI!patients.!STEMI!

patients!underwent!cardiac!MRI! to!detect!and!quantify! infarct!size.!STEMI!patients!

received! cardiac!MRI! between! day! 1C8! following! primary! PCI! and! short! axis! LGE!

images!were!used! to!quantify! infarct! size,!all! of!which!were! taken!at!end!diastole.!

Infarct!size!was!expressed!as!the!percentage!of!left!ventricle.!STEMI!patients!were!

categorized! into! tertiles!based!on! infarct! size! (n=15!small! (<13.3%)M!n=17!medium!

(13.3C23.8%)M!n=13!large!(>23.8%).!Box!plots!display!median!(central!line),!25th!and!

75th!percentiles!(limits!of!box),!and!5th!and!95th!percentiles!(error!bars).!Data!analysed!

using!KruskalCWallis!test!with!Dunn’s!multiple!comparisons!test.!*p<0.05.!
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4.2.3$STEMI$Patient$Monocyte$Subpopulation$Dynamics$Show$No$Association$
with$Microvascular$Obstruction$$
!

In!addition!to!infarct!size,!microvascular!obstruction!was!also!measured!as!a!marker!

of!myocardial!injury!following!STEMI.!Dynamic!changes!in!STEMI!patient!circulating!

monocyte! subset! counts!were! compared! between! tertiles! of!MVO!as! described! in!

Table!4.3.!STEMI!patients!were!divided!into!three!MVO!groups!defined!as!either!zero!

MVO!(0g!=!no!MVO),!low!MVO!(0.1C2.7g),!or!high!MVO!(>2.7g).!These!comparisons!

were!conducted!for!the!changes!in!monocyte!subpopulation!counts!occurring!over!the!

total!acute!postCreperfusion!period!(preC90min)!and!the!early!post!reperfusion!period!

(15C30min).!

!

Analysis!of!classical!and!intermediate!monocyte!subpopulation!dynamics!against!the!

presence!of!MVO!during!the!total!acute!postCreperfusion!period!(preC90min)!revealed!

no! predictive! value! of! classical! or! intermediate! blood! counts! on! this! marker! of!

myocardial! injury! (Figure!4.4A).!No!significant! correlation!was!observed!during! the!

early!postCreperfusion!period!(15C30min)!between!these!monocyte!subsets!and!MVO!

either!(Figure!4.4B).!

!

NonCclassical!monocyte!dynamics!also!showed!no!significant!association!with!MVO!

during!the!total!acute!postCreperfusion!period!(preC90min)!(Figure!4.4A)!or!early!postC

reperfusion!period!(15C30min)!(Figure!4.4B).!However,!a!closer!look!at!the!percentage!

drop!in!nonCclassical!monocytes!from!preCreperfusion!to!90!minutes!across!the!three!

MVO!groups!identified!a!trend!towards!a!higher!MVO!status!in!STEMI!patients!with!a!

greater!depletion!of!nonCclassical!monocytes!at!90!minutes!postCreperfusionM!patients!

with!zero!and! low!MVO!showed!a!44%(±5)!and!45%(±8)!decrease! in!nonCclassical!

monocytes!from!preC90min,!while!high!MVO!patients!had!a!57%(±6)!depletion!in!this!

monocyte!subset.!Although!this!association!was!not!significant,!a!larger!sample!size!

of!STEMI!patients!would!provide!more!statistical!power!to!repeat!this!analysis.!



!

!

100!

!

Figure$4.$4.$Association$between$STEMI$patient$post2reperfusion$monocyte$
subpopulation$dynamics$with$MVO.$$
Relationship!between!microvascular!obstruction!(MVO)!and!A.!total!acute!reperfusion!

period! (PreC90min)! and! B.! early! acute! postCreperfusion! changes! (15C30min)! in!

classical!CD16C,!intermediate!CD16+,!and!nonCclassical!CD16++!monocytes!in!STEMI!

patients.!STEMI!patients!received!cardiac!MRI!between!day!1C8!following!primary!PCI!

to!detect!and!quantify!MVO.!CMR!short!axis!LGE!images!were!used!to!quantify!MVO,!

all! of! which! were! taken! at! end! diastole.! Regions! of! hypoenhancement! within! the!

enhanced! zone! (MVO)! were! identified! and! quantified! using! semiautomatic!

thresholding!following!manual!border!delineation!of!areas!of!interest.!STEMI!patients!

were!categorized!into!tertiles!based!on!MVO!(n=15!none!(0g)M!n=17!low!(0.1C2.7g)M!

n=13!high!(<2.7g).!Box!plots!display!median!(central! line),!25th!and!75th!percentiles!

(limits!of!box),!and!5th!and!95th!percentiles!(error!bars).!Data!analysed!using!KruskalC

Wallis!test!with!Dunn’s!multiple!comparisons!test.!!
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4.2.4$Non2Classical$Monocyte$Dynamics$ (Pre290min)$ and$Classical$Monocyte$
Dynamics$(15230m)$following$Reperfusion$are$Predictive$of$STEMI$Patient$Left$
Ventricular$Ejection$Fraction$ $
!

Following!the!observation!that!nonCclassical!monocyte!depletion!in!the!circulation!from!

preCreperfusion! to! 90min!was! predictive! of! a! larger! infarct! size! in!STEMI! patients,!

subsequent! analysis! was! performed! to! determine! if! these! nonCclassical! monocyte!

dynamics!were!also!associated!with!left!ventricular!systolic!function!postCreperfusion,!

as!measured!by!LVEF.!This!analysis!was!restricted!to!anterior!STEMI!patients!(n=23),!

for!the!reason!that!left!ventricular!function!correlates!much!better!to!infarct!size!if!the!

anterior,!but!not!posterior!wall,!is!involved.!!

!

During!the!total!acute!preCreperfusion!period!(preC90min),!STEMI!patient!nonCclassical!

monocyte!counts!show!a!significant!correlation!with!LVEF!(p=0.043,!r=0.407)!(Figure!

4.5A).!Here,!the!greater!the!depletion!of!nonCclassical!monocytes! in!the!circulation,!

the! lower! the! LVEF,! thus! suggesting! poorer! left! ventricular! systolic! function.! The!

counts!of!classical!and!intermediate!monocyte!subsets!during!this!time!period!had!no!

significant!association!with!STEMI!patient!LVEF.!There!was!however!a!trend!towards!

lower!LVEF!in!patients!with!a!greater!depletion!of!classical!monocytes!from!preC90min!

(p=0.075).!

!

Analysis! of! the! early! acute! reperfusion! period! (15C30min)! identified! a! significant!

association!between!classical!monocyte!blood!counts!and!LVEF!(Figure!4.5B).!During!

this! immediate! time! frame! following! reperfusion,! a! greater! depletion! of! classical!

monocytes! in! the! circulation! was! significantly! correlated! with! a! lower! LVEF! and!

therefore!worsened!systolic!function!in!these!patients!(p=0.017,!r=0.481).!In!contrast!

to! this,! nonCclassical!monocytes! and! intermediate!monocytes! show!no! association!

with!LVEF!at!this!earlier!time!point.!!

!

The!relationship!between!nonCclassical!monocytes!during!the!total!acute!reperfusion!

period!(preC90min)!and!classical!monocytes!during!the!early!acute!reperfusion!period!

(15C30min)!with!LVEF!suggests!that!these!monocyte!subsets!may!respond!to!cardiac!
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I/R!at!different!time!points!immediately!following!reperfusion!and!in!turn!govern!distinct!

functions!of!these!different!monocyte!populations.!

!

!

Figure$4.$5.$Association$between$STEMI$patient$post2reperfusion$monocyte$
subpopulation$dynamics$with$LVEF.$$
Relationship!between!LVEF!and!A.!total!acute!postCreperfusion!changes!(preC90min)!

and!B.!early!acute!postCreperfusion!changes!(15C30m)!in!classical!CD16C,!intermediate!

CD16+,!and!nonCclassical!CD16++!monocytes!in!anterior!STEMI!patients!(n=23).!Using!

an!MRI!sequence!technique!known!as!steadyCstate!free!precession!(SSFP),!internal!

and!external!dimensions!of!the!LV!were!measured!on!each!short!axis!heart!slice!by!

planimetry! around! the! endocardial! and! epicardial! borders,! allowing! calculation! of!

chamber!volumes!at!endCsystole!and!endCdiastole!which!were!used!to!calculate!LVEF.!

A! greater! depletion! in! anterior! STEMI! patient! nonCclassical! monocytes! during! the!

acute!postCreperfusion!period!(PreC90min)!correlated!significantly!with!lower!LVEF.!r!

=!Spearman!correlation!coefficient.!*p<0.05.!

!
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4.2.5$ Preferential$ Depletion$ in$ Non2Classical$ Monocytes$ at$ Pre2Reperfusion2
90minutes$Post2Reperfusion$is$not$associated$with$STEMI$patient$Troponin$
!

Following!STEMI,!measurement!of!patient!troponin!T!levels!is!routinely!performed!to!

confirm! the!diagnosis!of!an!MI!and!approximate! the!extent!of!myocardial!damage.!

Troponin!T! levels!are!a!biomarker! indicative!of!myocardial! necrosis,! and! therefore!

typically! rise! 2C4! hours! following! the! event! of! an!MI! [292].! Peak! troponin! T! levels!

therefore!expectedly! increase!with!STEMI!patient! infarct!size,!which!we!observe! in!

this!study!(p<0.0001)!(Figure!4.6).!

!

As! I!previously!discovered! that! the!acute!postCreperfusion!dynamics!(preC90min)!of!

nonCclassical!monocytes!were!significantly!correlated!with!STEMI!patient!infarct!size,!

I!subsequently!analysed!the!association!between!monocyte!subset!kinetics!at!this!time!

point!with!peak!levels!of!Troponin!T,!as!a!measure!of!myocardial!injury,!to!identify!the!

existence!of!a!similar!relationship.!$

!

When!analysing!the!full!cohort!of!STEMI!patients,!there!was!no!significant!correlation!

between!peak!troponin!T!levels!and!classical,!intermediate,!or!nonCclassical!monocyte!

dynamics!between!preCreperfusion!and!90!minutes’!postCreperfusion! (Figure!4.7A).!

Categorisation!of!STEMI!patients! into! tertiles!of! infarct!size! (small,!medium,! large),!

also!revealed!no!significant!relationship!between!the!preC90min!dynamics!of!monocyte!

subpopulations!in!small!(Figure!4.7B),!medium!(Figure!4.7C)!or! large!(Figure!4.7D)!

infarcts,!with!peak!troponin!T!levels.!

!

!

!

!

!

!

!

!

!

!
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!

!

!

!

! !

!

!

!

!

!

!

!

!

!

!

Figure$4.$6.$Relationship$between$STEMI$Patient$Peak$Troponin$T$levels$(ng/l)$
with$infarct$mass$(%$of$LV).$$
STEMI!patient!peak!troponin!T!levels!were!measured!as!part!of!routine!clinical!care!

to!confirm!the!diagnosis!of!an!MI!and!approximate!the!extent!of!myocardial!damage.!

Infarct!mass!was!determined!using!the!same!short!axis!LGE!images!used!for!

measuring!infarct!size!and!MVOM!regions!of!hypoenhancement!within!the!enhanced!

zone!(MVO)!were!included!in!the!calculated!infarct!mass.!r!=!Spearman!correlation!

coefficient.!n=53!STEMI!patients.!****p<0.0001.!
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Figure'4.'7.'Correlation'between'STEMI'patient'peak'troponin'levels'and'total'acute'post>reperfusion'changes'(pre>90min)'
in'classical,'intermediate,'and'non>classical'monocytes.''
Acute!post.reperfusion!changes!(pre.90min)!in!classical!CD16.,!intermediate!CD16+,!and!non.classical!CD16++!monocytes!in!A.!all!

STEMI!patients.!B.!small!infarct!patients!C.!medium!infarct!patients!and!D.!large!infarct!patients.!Statistics!refer!to!the!!

r!=!Spearman!correlation!coefficient.!n=53!STEMI!patients.!!

!

!
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4.2.6%Enhanced%monocyte%subset%quantification%in%a%prospective%STEMI%patient%

study%confirms%acute%post>reperfusion%changes%(pre>90min)%in%circulating%non>

classical%monocytes.%

!

In! the! retrospective! STEMI! patient! study,! the! analysis! of! circulating! classical,!

intermediate,! and! non>classical! monocyte! populations! relied! on! using! scatter!

properties!to!define!the!total!monocyte!population!and!CD16!expression!to!define!each!

monocyte! subset.! While! this! method! adequately! quantified! each! monocyte!

subpopulation,!a!more!accurate!approach!would! include!a!comprehensive!panel!of!

leukocyte!markers!to!ensure!interpretation!of!pure!monocyte!subpopulations.!

!

This! strategy!was! therefore!employed! in!a! subsequent! smaller! prospective!STEMI!

patient!study! (n=13)! (Table!4.1),!whereby!monocytes!were!defined!as!CD3>!CD19>!

CD56>! HLA>DR+.! Monocyte! subpopulations! were! then! further! refined! as! classical!

(CD14++! CD16>! CCR2hi! CX3CR1low),! intermediate! (CD14++! CD16+! CCR2mid!

CX3CR1hi)!and!non>classical! (CD14+!CD16++!CCR2low!CX3CR1hi)!monocytes.!This!

method!of!monocyte!FACS!gating!is!shown!in!Figure!4.8.!Expression!of!each!marker!

expressed!as!MFI!by!each!monocyte!subset!is!shown!in!Figure!4.9.!Importantly,!the!

marker! expression! profile! of! each! blood! monocyte! subset! analysed! in! this! study!

correspond!to!current!nomenclature![293]![294].!Through!the!use!of!this!detailed!panel!

of! leukocyte! markers,! this! gating! strategy! also! allowed! phenotyping! of! CX3CR1!

expression!by!T>cells,!B>cells,!and!NK>cells!(Figure!4.10).!!

!

The! aim! of! this! prospective! study! was! to! confirm! the! circulating! monocyte!

subpopulation! kinetics! previously! observed! in! the! retrospective! STEMI! cohort!

following!reperfusion,!with!a!more!refined!method!of!polychromatic!FACS!analysis.!

The!key!objective!was!to!identify!whether!the!same!~46%!depletion!of!non>classical!

monocytes!from!pre>reperfusion!to!90min!post>reperfusion!seen!in!the!retrospective!

study! also! occurred!with! a! refined! FACS!method.! An! additional! time! point! of! 180!

minutes!post>reperfusion!was!included!in!this!prospective!study!to!investigate!whether!

non>classical!monocyte!counts!continue!to!decline,!or!plateau!in!the!circulation!after!

90!minutes.!

!
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In!concordance!with!the!retrospective!STEMI!patient!study,!circulating!non>classical!

monocyte! counts! significantly! decreased! during! the! acute! post>reperfusion! period!

(pre>90min)! by! 52%! (±6)! (81±11! to! 36±5! cells/µl,! p=0.0008)! (Figure! 4.11).! At! the!

additional!time!point!of!180!minutes’!post>reperfusion,!non>classical!monocyte!counts!

do! not! continue! to! fall! but! remain! depleted! at! similar! levels! to! 90! minutes’! post>

reperfusion.!!

!

Classical!and!intermediate!monocytes!show!a!9%!and!24%!reduction!in!the!blood!from!

pre>reperfusion! to! 90! minutes’! post>reperfusion,! respectively! (Figure! 4.11).! These!

dynamics!are!comparable!with!the!retrospectively!observed!7%!and!21%!decline!in!

these!subsets!during!this!time!period.!It!must!however!be!noted!that!these!changes!

are!not!significant!in!the!prospective!study,!unlike!the!retrospective!analyses,!which!

may!be!a!reflection!of!the!smaller!sample!size!in!the!prospective!cohort.!!At!24!hours’!

post>reperfusion,!classical!and!intermediate!monocyte!counts!recover!to!and!beyond!

pre>reperfusion!levels,!as!witnessed!in!the!retrospective!study.!!

!

In! this! prospective! analysis,! I! also! sought! to! determine! whether!monocyte! subset!

counts!differed!between!arterial!locations,!specifically!between!aortic,!right!coronary!

artery!(RCA),!and!left!coronary!artery!(LCA)!blood!samples.!For!a!subset!of!STEMI!

patients!(n=6),!RCA!and!LCA!were!identified!as!either!the!culprit!or!non>culprit!artery.!

Pre>reperfusion!classical,!intermediate,!and!non>classical!monocyte!subset!counts!all!

showed! no! significant! distinction! between! aortic,! culprit,! and! non>culprit! artery!

samples!(Figure!4.12).!Such!samples!were!discontinued!after!6!patients!due!to!the!

absence!of!a!significant!difference.!!

!

!

!

!

!

!

!

!

!
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Figure%4.%8.%Prospective%STEMI%patient%polychromatic%(multi>parameter)%FACS%

gating%of%human%blood%monocytes.%%

Gating!of!whole!blood!lymphocytes!and!monocytes!was!first!performed!based!on!the!

forward!(FSC>A)!and!side!(SCA>A)!scatter!properties!of!these!cell!populations.!Live!

cells!were!then!selected!as!DAPI>,!and!single!cells!were!selected!based!on!FSC>H!

and!FSC>A!to!exclude!cell!doublets.!T>cells,!B>cells!and!NK>cells!were!excluded!on!

the! basis! of! CD3,!CD19! and!CD56! expression,! respectively! (Lin+).! HLA>DR+! non>

monocytes!such!as!dendritic!cells!were!excluded!as!CD14>!CD16>!cells.!Expression!of!

monocyte! markers! CD14,! CD16,! CCR2! and! CX3CR1! by! each! monocyte! subset!

defined! each! population! as! classical! monocytes! [CD14++! CD16>! CCR2high!

CX3CR1low/mid],! intermediate!monocytes! [CD14++!CD16+!CCR2inter!CX3CR1mid],!non>

classical!monocytes![CD14+!CD16++!CCR2low!CX3CR1high].!!

!

!

!
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%

Figure%4.%9.%Histograms%showing%the%relative%expression%of%CD16,%CD14,%

CX3CR1,%and%CCR2%by%human%blood%classical,%intermediate,%and%non>classical%

monocyte%subpopulations.%%

Expression!was!quantified!using!the!mean!fluorescence!intensity!(MFI)!on!the!relevant!

channel! for! each! monocyte! subset! (CD16>APC>H7,! CD14>BV510,! CX3CR1>APC,!

CCR2>PE>Cy7).!Mo!=!monocytes.!!
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Figure!4.!10.!FACS!gating!strategy!for!delineation!of!monocyte!subsets,!NK>cells,!T>cells,!B>cells,!and!phenotyping!of!
CX3CR1!by!each!leukocyte!population.!!
Classical!monocytes!(CX3CR1low),! intermediate!monocytes!(CX3CR1med),!non9classical!monocytes!(CX3CR1high).!NK!cells!and!a!

subset!of!T9cells!express!CX3CR1,!while!B9cells!are!CX3CR19.!
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!

Figure'4.'11.'Prospective'STEMI'patient'study'confirms'the'depletion'of'
circulating'non?classical'monocytes'at'90'minutes’'post?reperfusion.''
Classical,!intermediate,!and!non2classical!monocyte!cell!counts!were!measured!from!

pre2reperfusion!and!at!90min,!180min!and!24h!post2PCI.!Statistical!analysis!of! the!

difference! in! counts! between! indicated! time! points! was! performed! using! repeated!

measure!paired!analysis!with!Bonferroni!adjustment!for!multiple!comparisons!(n=13).!

*p<0.05,!**p<0.01,!***!p<0.001.!!!

Figure'4.'12.'Comparison'of'prospective'STEMI'patient'monocyte'subset'
counts'between'aortic,'culprit'and'non?culprit'vessels'(RCA'or'LCA).''
The!culprit!and!non2culprit!vessel!was!identified!as!either!the!RCA!or!LCA.!Statistical!

analysis!of!the!difference!in!counts!between!indicated!blood!samples!was!performed!

using!one2way!Anova!with!Tukey’s!multiple!comparison!test!(n=6).'
!!
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4.2.7' Comparison' of' Retrospective' and' Prospective' STEMI' Patient' Non?
Classical'Monocyte'Dynamics'at'24h'post?PCI'
!

Comparison! between! this! prospective! study! and! the! previously! described!

retrospective!STEMI!patient!study!showed!that!there!is!a!similar!fall!in!circulating!non2

classical! monocytes! between! pre2reperfusion! (baseline)! and! 90! minutes’! post!

reperfusion!(Figure!4.13A).!Specifically,!non2classical!monocytes!are!depleted!from!

baseline! to!90!min!post2reperfusion! in! the! retrospective!study!by!46%!which! is!not!

significantly!different!from!the!52%!drop!observed!in!the!prospective!study.!Classical!

and! intermediate! monocytes! also! show! comparable! dynamics! (from! baseline! to!

90min)!between!studies.!Classical!monocytes!fall!in!the!circulation!by!9%!and!7%!in!

retrospective! and! prospective! studies,! respectively! (Figure! 4.13B).! Intermediate!

monocytes!show!a!comparable!24%!and!21%!decline!between!studies!(Figure!4.13C).!

At!24h!post2reperfusion,!classical!and!intermediate!monocyte!populations!recover!in!

the!circulation,!returning!to!baseline!levels!in!both!studies.!However,!a!fundamental!

difference! that! was! observed! between! the! two! studies! was! that! non2classical!

monocyte! counts! recover! at! 24! hours! post2reperfusion! in! the! retrospective! study!

(Figure! 4.2A),! while! prospective! STEMI! patients’! non2classical! monocyte! counts!

remain!depleted!in!the!circulation!at!24!hours!(Figure!4.11).!Notably,!this!discrepancy!

between!studies!was!specific! to!CD16++!non2classical!monocytes.!To!examine! this!

difference,! the! retrospective! method! of! monocyte! gating! was! applied! to! the!

prospective!STEMI!patient!data!(Figure!4.14A).!This!analysis!revealed!that!there!was!

a!population!of!CD16++!cells!within!the!CD16++!non2classical!monocyte!gate!that!were!

HLA2DR2!and!distinct!from!CD16++!HLA2DR+!non2classical!monocytes.!In!the!human!

immune!system,!CD16! is!expressed!by!monocytes,!NK2cells!and!neutrophils! [2952

297].!Since!NK2cells!were!removed!by!CD56,!it!was!deduced!that!these!cells!may!be!

neutrophils.!Further!profiling!of! this!confounding!cell!population!revealed!that! these!

cells! had!higher! side! scatter! than!monocytes,!which! also! supported! the! neutrophil!

identity!of!these!cells!since!neutrophils!are!known!to!have!increased!side!scatter!than!

that!of!monocytes.!Further!analysis!showed!that!these!cells!did!not!express!CX3CR1,!

and!expressed! low! levels!of!CD14!and!CCR2.!Such!a!cell!marker!profile!was!also!

consistent!with!a!neutrophil! identity.!Analysis!of! the!dynamics!of!CD16++!HLA2DR+!

non2classical! monocytes! following! reperfusion! compared! to! the! assumed! CD16++!
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HLA2DR2! !neutrophil! population! then! revealed! that! non2classical!monocytes! remain!

depleted!in!the!circulation!at!24h,!whilst!the!suspected!neutrophil!population!increased!

at!24h!post2PCI!(Figure!4.14B).!These!cells!are!known!to!increase!dramatically!in!the!

peripheral!blood!of!STEMI!patients!at!24h!post! infarction,!most! likely!due!to!a!shift!

from!the!bone!marrow!following!emergency!granulopoiesis![2982300].!!!

!

This!analysis!concluded!that!the!retrospective!analysis!of!non2classical!monocytes!at!

24h!post2reperfusion!was!confounded!by!a!small!population!of!neutrophils.!Despite!

this! limitation! at! the! 24h! time! point,! non2classical! monocyte! dynamics! observed!

between!pre2reperfusion!and!90!minutes!post2PCI!were!concordant!between!studies!

(Figure! 4.13),! and! therefore! it! is! likely! that! the! associations! reported! in! this! thesis!

between!pre290min!non2classical!monocytes!with! infarct!size!and!LVEF!are! indeed!

valid.!! !
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!

Figure'4.'13.'Percentage'drop'in'monocyte'subpopulations'in'STEMI'patients'
from'pre?reperfusion'to'90'minutes'post?PCI.''
Retrospective! and! prospective! STEMI! patient! studies! concur,! in! that! there! is! a!

significant! depletion! in! non2classical! monocytes! in! the! circulation! from! pre2PCI! to!

90min! post2reperfusion,! by! 46%! and! 52%! respectively,! which! is! not! significantly!

different!between!studies.!
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Figure'4.'14.'Comparative'analyses'between'retrospective'and'prospective'
STEMI'patient'studies.''
A.!Representative!example!of! the!retrospective!monocyte!gating!method!applied!to!

the! prospective! data,! with! the! subsequent! use! of! HLA2DR,! CD14! and! CCR2! to!

interrogate! any! observed! differences.! A! small! population! of! HLA2DR2! CD16++!

neutrophils! are! present! within! the! CD16++! non2classical! monocyte! gate! which! are!

responsible! for! the! increase! in! CD16++! population! counts! at! 24h! post2PCI! in! the!

retrospective! study.! ! B.! Comparison! of! dynamics! between! CD16++! HLA2DR+! non2

classical!monocytes!and!CD16++!HLA2DR2!neutrophils!shows!that!a!small!population!

of!neutrophils!contaminating!the!CD16++!non2classical!monocyte!gate!is!responsible!

for!the!increased!counts!of!these!cells!observed!at!24h!post2I/R.!When!this!neutrophil!

population! is! excluded,! non2classical!monocyte! counts! do! not! increase! at! 24h! but!

remain!depleted.
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4.2.8' Comparison' of' Retrospective' and' Prospective' STEMI' Patient' Non?
Classical'Monocyte'Dynamics'at'Pre?Reperfusion'
!

In!addition!to!the!discrepancy!in!non2classical!monocyte!counts!at!24h!post2cardiac!

I/R!between!studies,!it!was!also!important!to!address!the!difference!in!non2classical!

monocyte!counts!observed!at!the!time!of!pre2reperfusion!between!retrospective!and!

prospective!STEMI!patient!cohorts.!At! this! time!point,! retrospective!STEMI!patients!

had!noticeably!lower!counts!of!non2classical!monocytes!than!those!in!the!prospective!

analysis!(Figure!4.15).!Such!a!difference!in!non2classical!monocyte!counts!specifically!

at!pre2reperfusion!was!investigated!as!both!a!technical!and!biological!discrepancy.!!

!

When!comparing!the!gating!strategies!for!monocyte!quantification!between!studies,!a!

fundamental!difference!was!that!the!retrospective!total!monocyte!gate!was!defined!on!

the! forward! and! side! scatter! of! total! monocytes! (Figure! 4.1),! in! contrast! to! the!

prospective!method!which! included!both!the! lymphocyte!and!monocyte!populations!

(Figure! 4.8).! Examination! of! classical,! intermediate,! and! non2classical! monocyte!

subpopulations!within! the! prospective! total!monocyte! and! lymphocyte! scatter! gate!

revealed! that! the! non2classical! monocytes! have! lower! side! scatter! than! the! other!

monocyte!subsets,!and!therefore!are!situated!closer!to!the!lymphocyte!border!of!the!

monocyte! scatter! population! (Figure! 4.16).! Based! on! this! observation! it! was!

speculated!that!the!retrospective!gating!method!may!have!led!to!the!exclusion!of!a!

small! proportion! of! non2classical! monocytes! due! to! the! gating! cut! off! at! the!

monocyte/lymphocyte! border.! This! technical! difference! between! retrospective! and!

prospective! gating! methods! may! in! part! account! for! the! reduced! counts! of! pre2

reperfusion! non2classical! monocytes! in! the! retrospective! cohort! compared! to! the!

prospective!cohort.!

!

It!is!also!plausible!that!such!variation!may!be!due!to!a!biological!difference!between!

patient! cohortsg! it! is! well! published! that! leukocyte! counts! fall! in! the! circulation! in!

response! to! ischemia! following!MI,! the! extent! of! which! is! related! to! the! extent! of!

myocardial! injury.! It! therefore! follows! that! a! larger! infarct!would! induce! a! stronger!

depletion! of! circulating! leukocytes.! To! investigate! the! existence! of! a! difference! in!

infarct!size!and!therefore!the!extent!of!myocardial! injury!between!retrospective!and!
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prospective!STEMI!patients,!peak!troponin!T!levels!were!compared!between!studies.!

Interestingly,! the! retrospective! STEMI! patient! cohort! was! found! to! have! a! higher!

average! level!of!peak! troponin!T! (4895±530)! than!prospective!patients! (3173±786)!

(Figure!4.17A).!Although!this!difference!was!not!significant,!it!demonstrated!a!similar!

trend!to!the!non2significantly!higher!counts!of!pre2reperfusion!non2classical!monocytes!

in! prospective! patients.! Peak! troponin! T! levels! were! then! correlated! against! pre2

reperfusion!non2classical!monocyte!counts!in!each!study.!This!analysis!showed!that!

retrospective!STEMI!patient!pre2reperfusion!non2classical!monocyte!counts!correlated!

significantly!with!peak!troponin!T!levels!(Figure!4.17B),!whereby!a!lower!non2classical!

monocyte!count!at!pre2reperfusion!was!significantly!associated!with!a!greater!infarct!

size! as! determined! by! higher! peak! troponin! T.! It! therefore! appeared! that! the!

retrospective!cohort!had!a! larger!average! infarct!size! than!prospective!patients,!as!

determined! by! high! Troponin! T! levels,! which! induced! an! earlier! depletion! of! non2

classical!monocytes!in!the!circulation.!Patients!in!the!retrospective!cohort!may!have!

suffered!from!larger!infarct!due!to!the!longer!ischemia!period!observed!in!this!cohortg!

the! mean! onset2to2balloon! time! was! 10%! longer! in! the! retrospective! population!

(161min)!than!in!the!prospective!cohort!(151min).!On!a!final!note,!it!is!also!important!

to!keep!in!mind!the!natural!variation!in!the!individual!response!to!cardiac!I/R!between!

patients,!which!is!inevitable!in!any!study.!!!!

!

!

!

!

!
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!

Figure'4.'15.'Comparison'of'monocyte'subpopulation'counts'between'
retrospective'and'prospective'STEMI'patient'cohorts'at'pre?reperfusion,'90'
minutes'and'24'hours'following'PCI.''
Comparative!data!shows!no!significant!difference!in!non2classical!monocyte!counts!

between!studies!at!any!of!the!time!points!studied,!though!there!is!a!trend!towards!

reduced!non2classical!monocyte!counts!at!pre2reperfusion!and!90!minutes’!post2

reperfusion!in!the!retrospective!study!compared!to!the!prospective!study.!

Intermediate!monocyte!counts!are!significantly!reduced!in!the!prospective!study!at!

pre2reperfusion.!At!90!minutes!and!24!hours!intermediate!monocyte!counts!appear!

to!be!reduced!in!the!prospective!study,!though!this!is!not!significant.!Data!analysed!

by!one2way!Anova!with!Tukey’s!multiple!comparison!test.!***p<0.001.''
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!

Figure'4.'16.'Analysis'of'blood'monocyte'subpopulation'scatter'properties'in'
the'prospective'STEMI'patient'study.''
Interrogation!of!human!blood!monocyte!subpopulation!side!scatter!showed!that!non2
classical!monocytes!have!lower!side!scatter!than!classical!and!intermediate!

monocytes,!and!overlap!with!the!lymphocyte!population.!Total!monocyte!and!

lymphocyte!populations!should!therefore!be!gated!on!to!ensure!inclusion!of!all!non2

classical!monocytes!in!their!quantification!by!FACS.'
!
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Figure'4.'17.'Comparison'of'troponin'T'levels'and'onset?to?balloon'times'
between'retrospective'and'prospective'STEMI'patient'studies'with'relation'to'
acute'post?reperfusion'(Pre?90min)'non?classical'monocyte'dynamics.''
A,! D.! Comparison! of! peak! troponin! T! levels! and! onset2to2balloon! times! between!

retrospective! (n=53)! and! prospective! studies! (n=13),! respectively.! B.! Relationship!

between!pre2reperfusion!non2classical!monocyte!counts!and!peak!troponin!T!levels!in!

the!retrospective!studyg!a!lower!count!of!non2classical!monocytes!prior!to!reperfusion!

is!significantly!associated!with!higher!peak!troponin!T!levels!(p!=!0.0086),!which!may!

explain! the! lower!pre2reperfusion!non2classical!monocyte!count! in! the!retrospective!

study!compared!to!the!prospective!study.!C.!No!significant!relationship!between!pre2

reperfusion! non2classical! monocyte! counts! and! peak! troponin! T! levels! in! the!

prospective! study,! though! this! analysis! may! be! underpowered! (n=13).! E,! F.!

Relationship! between! onset2to2balloon! time! (ischemic! period)! and! peak! troponin! T!

levels!in!the!E.!retrospective!study!and!F.!prospective!study.!!In!both!studies,!there!

was! no! significant! correlation! between! onset2to2balloon! time! and! peak! troponin! T!

levels.! !A,!D.!Data!analysed!by!Mann2Whitney!U!Test.! !B,!C,!E,!F.! r!=!Spearman!

correlation!coefficient.!!**p<0.01.!
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4.3'Discussion' '

!

4.3.1.' Generation' of' a' Reproducible' and' Accurate' Human' Monocyte' Subset'
FACS'Gating'Strategy'
!

The!study!of!human!monocyte!subsets!until!recent!years!has!been!hampered!by!the!

use!of!inconsistent!methods!of!monocyte!subset!definition.!Research!has!traditionally!

relied! on! the! markers! CD16! and! CD14! for! monocyte! subset! definition,! though!

populations!of!intermediate!and!non2classical!monocytes!defined!using!this!approach!!

are! frequently! contaminated! [301].! For! example,! one! limitation! of! the! conventional!

CD16! /! CD14! gating! strategy! is! the! confounding! of! the! non2classical! monocyte!

population!by!NK2cells!which!have!low!CD14!and!high!CD16!expression.!One!way!to!

avoid!inclusion!of!NK2cells!in!the!non2classical!monocyte!gate!is!to!exclude!CD14very!

low2neg!cells,!however!this!can!result!in!up!to!50%!loss!of!the!non2classical!monocyte!

population![302].!As!employed!in!this!study,!a!specific!NK2cell!marker!(CD56)!should!

therefore!be! included.!The!results!of!such!studies!using!CD16!and!CD14!therefore!

frequently!misclassify!monocyte!subsets!and!are!not!directly!comparable!to!accurately!

determine! monocyte! subpopulation! dynamics! in! disease! [303].! One! approach! to!

minimize!the!inconsistencies!that!arise!from!the!arbitrary!gate!placement!using!CD14!

and!CD16! is! to! combine!multiple! informative! cell! surface!markers.! In! this! study,! I!

therefore!designed!a!polychromatic! (8! antibodies)! panel! consisting!of!CD3,!CD19,!

CD56!and!HLA2DR,! in!addition!to!the!baseline!markers!of!CD14!and!CD16.!These!

markers!permitted!exclusion!of!T2cells,!B2cells,!NK2cells,!and!granulocyte!populations.!

This!approach!alone!however!does!not!address!the!issue!of! inter2monocyte!subset!

contamination.! To! address! this! and! increase! the! specificity! of! monocyte! subset!

identification,!the!chemokine!markers!CCR2!and!CX3CR1!were!included!and!used!in!

combination! to! confirm! monocyte! subset! definitiong! classical! monocytes! CCR2hi!

CX3CR1lo,! intermediate! monocytes! CCR2mid! CX3CR1mid,! non2classical! monocytes!

CCR2lo! CX3CR1hi.! ! This! method! was! reproducible! throughout! the! STEMI! patient!

prospective!study!and!therefore!provides!a!robust,!accurate,!and!sensitive!protocol!for!

human!blood!monocyte!subset!quantification!by!flow!cytometry.!More!recent!studies!

have! used! a! similar! approach! and! reported! high! monocyte! subset! purity! [286].!!

!
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4.3.2.'Circulating'Non?Classical'Monocytes'Are'Preferentially'Depleted'in'STEMI'
Patients'at'90'minutes'post?PCI'
!

The! retrospective! and! prospective! studies! of! STEMI! patient! monocyte! dynamics!

following!reperfusion!reported!in!this!chapter!show!for!the!first!time,!that!non2classical!

monocytes!are!preferentially!depleted!in!the!circulation!at!90!minutes!following!PCI,!

compared!to!pre2reperfusion!(baseline).!This!drop!was!dramatic,!with!a!loss!of!46%!

and! 52%! circulating! non2classical! monocytes! in! the! retrospective! and! prospective!

study,!respectively.!This!finding!cannot!be!directly!compared!with!existing!literature!to!

date,!since!all!clinical!studies!of!monocyte!subset!dynamics!following!MI!have!focused!

on!time!points!from!day!1!onwards!following!reperfusion.!As!such,!the!immediate!24h!

changes! in!monocyte!kinetics! following!PCI!have!not!been!addressed.!Moreover,! I!

observed! that! NSTEMI! control! group! levels! of! non2classical! monocytes! were!

consistently! higher! than! that! of! STEMI! patients,! at! 15,! 30,! and! 90!minutes’! post2

reperfusion,!and!NSTEMI!patients!did!not!demonstrate!a!significant!depletion!of!non2

classical! monocytes.! Given! that! NSTEMI! patients! did! not! experience! cardiac! I/R,!

however!did!receive!the!same!PCI!procedure,!it!is!therefore!reasonable!to!conclude!

that!the!characteristic!changes!in!circulating!non2classical!monocyte!counts!were!not!

procedurally!induced,!but!rather!were!in!response!to!cardiac!I/R!injury.!In!this!respect,!

the!NSTEMI!group!of!patients!was!a!particularly!important!control!group!for!the!study!

of! monocyte! behaviour! following! myocardial! I/R.! The! striking! dynamics! of! non2

classical!monocytes!during!the!acute!post2reperfusion!period!are!largely!confined!to!

this! subset,! and!are!not! observed! to! the! same!extent! in! the! case!of! classical! and!

intermediate!monocyte!populationsg!classical!and!intermediate!monocytes!fall!in!the!

circulation!by!an!average!of!8%!and!22%!between!studies,!respectively.!Based!on!this!

observation!it!is!reasonable!to!suspect!that!the!specificity!of!response!by!non2classical!

monocytes!may!be!related!to!their!high!expression!of!CX3CR1,!which!is!expressed!at!

lower! levels! by! classical! and! intermediate!monocytes.!The!expression!of!CX3CR1!

therefore!increases!incrementally!with!the!extent!of!monocyte!subset!depletion!in!the!

circulation!following!reperfusion.!In!support!of!this!idea,!Boag!et!al![209]!have!shown!

that!STEMI!patient!serum!CX3CL1!levels!peak!at!90!minutes!following!reperfusion,!

and!is!therefore!synchronous!with!the!peak!depletion!of!non2classical!monocytes.!

!
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The!vast! loss!of! non2classical!monocytes! from! the!circulation! following!cardiac! I/R!

could!indicate!a!number!of!responses!by!these!cells!in!response!to!myocardial!injury.!

It! is!possible! that! following! reperfusion,! these!cells!are!marginated! to! the!coronary!

endothelium,!prior!to!their!extravasation!into!the!myocardial!tissue!to!facilitate!repair,!

leading!to!a!decrease!in!circulating!counts.!As!previously!described!in!Chapter!1,!this!

process! is! largely!mediated!by! the!CX3CL1/CX3CR1!axisg! the! release!of!CX3CL1!

following!myocardial!injury!governs!the!chemoattraction!of!non2classical!monocytes!to!

the!injured!myocardial!tissue,!while!upregulation!of!vascular!endothelium2expressed!

CX3CL1! in! response! to! inflammatory!signals!mediates! interaction!with!CX3CR1! to!

permit!extravasation!of!non2classical!monocytes.!This!process!could!occur!within!the!

myocardial!vasculature!and!at!sites!of!endothelial!activation.!!

!

4.3.3.'Acute'Post?Reperfusion'(Pre?90min)'Non?Classical'Monocyte'Dynamics'in'
STEMI'Patients'are'Predictive'of'Infarct'Size'and'LVEF,'but'not'MVO'
!

It!is!possible!to!speculate!that!infiltration!of!large!numbers!of!non2classical!monocytes!

into! the!heart! that!are! lost! from! the!circulation!during! the!acute2reperfusion!period,!

may!contribute!to!inflammation!and!potentially!tissue!damage!at!their!destination!in!

the!myocardium!following!cardiac!I/R.!Assuming!the!occurrence!of!this!scenario,!the!

dynamics! of! non2classical! monocytes! should! correlate! with! parameters! of! patient!

myocardial!function.!Indeed,!in!this!study,!it!was!found!that!patients!with!a!larger!infarct!

size!also!showed!a!stronger!depletion!of!circulating!non2classical!monocytes!during!

the!acute!post2reperfusion!period! (pre290min).!The!exact!mechanistic! link!between!

non2classical!monocyte!depletion!and!infarct!size!is!unclear!from!this!study,!however!

may! be! related! to! the! inflammatory! potential! of! non2classical! monocytes.! Recent!

reports! have! described! that! upon! activation,! non2classical! monocytes! are! the!

dominant!inflammatory!subset!over!classical!monocytes,!and!produce!high!levels!of!

inflammatory! cytokines! TNF2�! and! IL21�! in! response! to! a! range! of! stimuli!

predominantly! via! TLR! signalling! [154,! 1642166].! Furthermore,! non2classical!

monocytes! have! recently! been! shown! to! express! high! levels! of! costimulatory!

molecules!HLA2DR,!CD80,!CD86,!and!may!therefore!contribute!to! inflammation!via!

CD402mediated! T2cell! activation! [167].! Through! these! potential! mechanisms,! it! is!

possible! to! postulate! that! a! greater! depletion! of! non2classical!monocytes! following!
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reperfusion! could! lead! to! exaggerated! infiltration! of! these! cells! into! the! injured!

myocardium!which!may!in!turn!exacerbate!the!inflammatory!response!to!cardiac!I/R!

and! compromise! heart! tissue! repair.! In! support! of! this! idea,! treatment! with! anti2

CX3CL1!antibody!in!a!mouse!model!of!cardiac!I/R!mice!lead!to!smaller!infarct!size,!

potentially! due! to! reduced! Ly6Clo! non2classical! monocyte! infiltration! into! the!

myocardium![203].!It!is!however!necessary!to!consider!the!correlational!nature!of!the!

association! between! non2classical! monocyte! dynamics! and! infarct! size,! and!

acknowledge!that!this!does!not!prove!causation.!It!may!conversely!be!the!case!that!a!

large!infarct!size!leads!to!greater!loss!of!non2classical!monocytes!from!the!circulation!

as!opposed!to!the!other!way!around.!This!relationship!is!however!specific!to!the!non2

classical!monocyte!subsetg!classical!and!intermediate!monocytes!dynamics!from!pre2

90min!do!not!show!a!significant!correlation!with!infarct!size.!Studies!of!classical!and!

intermediate!monocyte! dynamics! at! day! 1,! 3! and! 7! following! reperfusion! however!

showed!that! reduced!counts!of! these!cells!directly!correlated!with! increased! infarct!

size![283].!

!

In!addition!to!infarct!size,!I!also!looked!at!the!presence!and!extent!of!MVO!in!relation!

to! (pre290min)! non2classical! monocyte! dynamics,! since! MVO! is! known! to! be! a!

powerful!predictor!of!prognosis!in!terms!of!mortality![304]!and!major!adverse!cardiac!

events!(MACE)![305,!306].!At!the!time!intervals!studied!(pre290min,!15230min),!there!

was!no!significant!association!between!non2classical!monocyte!counts!and!MVO.!No!

correlation!was!observed!for!the!other!subsets,!classical!or!intermediate.!This!cannot!

be!directly!compared!with!contemporary!research!as!there!are!no!studies!to!date!that!

have!investigated!the!association!of!post2reperfusion!monocyte!dynamics!with!MVO!

during!the!immediate!24h.!Outside!of!this!time!period,!a!study!by!Tsujioka!et!al!found!

that! the!peak!levels!of!classical!monocytes!(~day!3),!but!not! those!of!non2classical!

monocytes! (~day! 5),! were! significantly! higher! in! patients! with!MVO! than! in! those!

without!MVO![307].!!!

!

A! final! parameter,! LVEF,! was! assessed! in! STEMI! patients! against! non2classical!

monocyte!post2reperfusion!dynamics.!LVEF! is!a!central!measure!of! left! ventricular!

systolic!function,!and!therefore!has!prognostic!value!in!predicting!adverse!outcomes!

in! patients! following!STEMI.! In! this! study,! I! show! that! the! non2classical!monocyte!
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dynamics!during!the!acute!post2reperfusion!period!(pre290min)!are!predictive!of!LVEF!

(in!addition!to!infarct!size).!The!mechanistic!link!behind!this!association!may!be!related!

to!the!same!reasons!described!for!infarct!sizeg!excessive!recruitment!of!non2classical!

monocytes! to! the! infarct! and! thus! exacerbated! inflammation! and! repair.! When!

considering!this!relationship,!it!is!important!to!note!that!there!is!a!degree!of!uncertainty!

regarding!the!lack!of!standardization!of!the!time!of!cardiac!MRI!scan!(day!128!post2

PCI)!in!relation!to!reperfusion.!While!there!was!found!to!be!no!significant!correlation!

between!scan!timing!with!infarct!size!or!MVO!in!the!retrospective!study,!there!was!a!

positive!association!between!scan!timing!and!LVEF!(r=0.36,!p<0.01)g!as!the!time!to!

scan!increased,!there!was!a!trend!towards!higher!LVEF.!This!variable!may!therefore!

be! a! potential! source! of! error! for! the! association! observed! between! non2classical!

monocyte!dynamics!with!LVEF,!but!not!infarct!size.!A!study!of!monocyte!dynamics!at!

day! 1,! 3! and! 7! post2reperfusion! has! however! demonstrated! that! a! progressive!

decrease! in! classical! and! intermediate!monocytes! correlates! inversely! with! LVEF,!

while!non2classical!monocytes!gradually! increase!over!day!1,!3!and!7,!which!is!not!

correlated!with!LVEF![283].!!

!

4.3.4' Comparison' between' Retrospective' and' Prospective' STEMI' Patient'
Studies'
!

The!discrepancies!in!non2classical!monocyte!counts!observed!between!retrospective!

and! prospective! cohorts! described! in! this! thesis! were! investigated! by! addressing!

technical! and! biological! differences! between! the! two! studies.! Application! of! the!

retrospective!gating!strategy!to!prospective!data!concluded!that!a!small!population!of!

CD16++!HLA2DR2!CD14lo!CCR2mid!neutrophils!was!present!in!the!CD16++!non2classical!

monocyte!gateg!neutrophils!do!not!constitutively!express!HLA2DR,!though!expression!

can! be! upregulated! by! IFN2!! stimulation! [308],! CD14! is! weakly! expressed! by!

neutrophils! [309],!and!chronic! inflammation!can! induce! the!expression!of!CCR2!by!

neutrophils! [310,! 311].! The! increased! count! of! non2classical! monocytes! at! pre2

reperfusion! in! the! prospective! study! compared! with! the! retrospective! study! was!

explained! by! both! potential! technical! and! biological! factorsg! exclusion! of! the!

lymphocyte!population!in!the!retrospective!gating!method!may!have!underestimated!

the! count! of! non2classical! monocytes! which! may! sit! at! the! lymphocyte/monocyte!
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border,!while!a!longer!ischemic/onset2to2balloon!time!in!the!retrospective!cohort!may!

have!induced!an!earlier!depletion!of!non2classical!monocytes!from!the!circulation.!

!

The!overall!the!results!reported!from!the!retrospective!and!prospective!studies!in!this!

chapter!support!the!emerging!concept!that!circulating!monocyte!subset!dynamics!in!

STEMI! patients! following! reperfusion! are! associated! in! some!way,! with! long! term!

cardiac! function! and! patient! prognosis.!Direct! intervention! to!modify! the!monocyte!

response!early!after!STEMI!may!therefore!have!favourable!effects!on!the!inflammatory!

and! reparative!phases!of! infarct! healing.!The!distinct!CX3CL1/CX3CR12dependent!

recruitment! mechanism! of! non2classical! monocytes! offers! a! reasonable! target! to!

control!the!number!of!non2classical!monocytes!to!the!infarct.!Currently!there!remains!

no!approved! targeted! therapy! to! reduce! cardiac! I/R! injury! in!STEMI!patients.!This!

potential!intervention!however!would!offer!the!opportunity!to!therapeutically!intervene!

while! acute! MI! patients! are! still! hospitalized,! and! therefore! represents! a! clinically!

feasible!scenario.!!

!

4.4'Conclusions'
!

In!conclusion,!this!prospective!STEMI!study!supports!the!study’s!hypothesis!that!non2

classical,! but! not! classical! and! intermediate! monocytes,! have! distinct! acute! post2

reperfusion!dynamics!(pre290min)!in!STEMI!patients.!The!accuracy!and!reproducibility!

of!the!prospective!monocyte!quantification!method!used!herein!provides!confidence!

in!these!dynamics.!The!significant!association!with!infarct!size!and!LVEF!suggests!the!

potential! existence! of! a! mechanistic! link! between! early! non2classical! monocyte!

dynamics! (acute! 24h)! following! reperfusion! and! cardiac! repair.! Additional!

investigations!are!therefore!needed!to!determine!how!these!non2classical!monocyte!

responses!in!the!blood!are!related!to!those!in!the!injured!heart!tissue.!For!this,!I!used!

a!mouse!model!of!cardiac!I/R!to!study!monocyte!infiltration!into!the!myocardium!post!

cardiac!I/R,!as!described!in!the!next!chapter!(Chapter!5).!Post2reperfusion!changes!

may!not!only!occur!in!the!counts!of!non2classical!monocytes,!but!also!in!their!functional!

characteristics.! Functional! assay! experiments! to! investigate! the! effect! of! CX3CL1!

stimulation!on!human!monocytes!are!described!later!in!Chapter!6.!!

!
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Chapter'5.0.'Monocyte'Subpopulations'in'a'Mouse'Model'of'
Cardiac'I/R'and'the'Effect'of'Genetic'CX3CR1'Knockout'

!

5.1'Introduction''
!

In!the!previous!chapter,!I!demonstrated!that!STEMI!patient!CX3CR1hi!non2classical!

monocytes! are! preferentially! depleted! in! the! circulation! during! the! acute! pre2

reperfusion!period!(pre290min!post2PCI).!The!extent!of!this!depletion!was!associated!

with!patient!infarct!size!and!LVEF,!whereby!a!greater!drop!in!circulating!non2classical!

monocytes!was!predictive!of!larger!infarct!size!and!lower!LVEF.!Human!non2classical!

monocytes! are! distinct! from! their! classical! and! intermediate! monocyte! subset!

counterparts! partly! through! their! high! expression! of! CX3CR1,! which! raises! the!

questiong! is! the!depletion!of! this! cell! type! from! the!circulation! following!cardiac! I/R!

related!to!extent!of!CX3CR1!expression!and!in!turn!CX3CL1/CX3CR1!signalling?!It!is!

also!unclear!whether!the!depletion!of!circulating!non2classical!monocytes!is!indicative!

of!their!recruitment!to!the!injured!myocardium.!Mouse!models!of!cardiac!I/R!originally!

described! that! non2classical! monocytes! arrive! in! the! injured! myocardium! at!

approximately!day!5!following!I/R!and!peak!at!day!7![281],!however!this!theory!has!

since! been! disproved! as! it! has! been! shown! that! classical! monocytes! undergo! a!

phenotypic!shift!into!non2classical!monocytes!rather!than!a!subsequent!second!influx!

of!these!cells.!Yan!et!al!demonstrated!that!reperfusion!45!minutes!after!MI!changes!

the! timing!of! immune!cell! influx! into! the! infarct!myocardium!to!an!earlier! time!point!

compared!with!permanent!MI,!whereby!the!macrophage!infiltration!shifts!from!day!7!

to! day! 3! (M1! macrophages! dominating! day! 123! with! a! gradual! increase! in! M2!

macrophages!peaking!at!day!5!post2MI)![312].!Furthermore,!monocyte!recruitment!has!

been!shown!to!outpace!neutrophils!within!the!first!30!minutes!after!onset!of!ischemia.!

It!has!been!suggested!that!these!are!patrolling!Ly6Clo!monocytes!that!amplify!the!initial!

inflammatory! signal! [313].! More! refined! gating! strategies! and! lineage! tracing!

experiments!have!identified!these!Ly6Clo!monocytes!as!Ly26Clo!macrophages,!which!

are! derived! from! Ly26Chigh! monocytes! [314].! Evidence! describing! the! temporal!

evolution!of!non2classical!monocytes!in!response!to!cardiac!I/R!is!therefore!somewhat!
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contradictory! to! date,! and! there!may! be! a!more! acute! earlier! role! of! non2classical!

monocytes!following!cardiac!I/R!than!originally!anticipated.!

!

It!is!likely!that!the!acute!depletion!of!circulating!non2classical!monocytes!observed!in!

STEMI!patients!signifies!their!recruitment!to!the!myocardium!based!on!the!fact!that!

vascular! endothelium2expressed! transmembrane! CX3CL1! is! cleaved! into! soluble!

CX3CL1! in! response! to! myocardial! damage! and! inflammatory! stimuli! [197].! As! a!

result,! non2classical!monocytes!will! no! longer! demonstrate! patrolling! behaviour! as!

witnessed!in!the!resting!state![125],!but!can!migrate!more!readily!to!the!heart!tissue.!

In!order!to!investigate!monocyte!recruitment!to!the!injured!heart!tissue!in!this!study,!a!

mouse!model!of! cardiac! ischemia2reperfusion! (I/R)!was!used! (described! in!section!

3.4).! This! model! permits! the! study! of! immune! cell! infiltration! into! the! injured!

myocardium!at!specified!time!points!following!cardiac!I/R,!using!two!methodological!

approachesg!1)!immunofluorescence!staining!of!the!heart!tissue!(section!3.5,!3.6),!and!

2),! enzymatic! digestion! of! the! heart! tissue! and! FACS! analysis! (section! 3.9.3).!

Monocyte! subpopulations! were! also! studied! in! the! circulation,! spleen,! and! bone!

marrow! following! myocardial! I/R.! These! compartments! are! known! to! host! large!

reservoirs!of!monocyte!populations!and!therefore!must!also!be!studied!to!understand!

the!complete!physiological!monocyte!response!to!cardiac!I/R![147,!3152317].!

!

To! investigate! the! importance! of! monocyte2expressed! CX3CR1! in! monocyte!

recruitment,!adhesion,!and!infiltration!into!the!injured!heart!tissue!post2cardiac!I/R,!a!

transgenic!CX3CR12GFP!mouse!line!was!used!(section!3.3.1),!in!which!an!essential!

part!of! the!Cx3cr1!gene! is! replaced!by!EGFP! [277].!These!mice!express!EGFP! in!

monocytes,! dendritic! cells,! NK! cells,! and! brain! microglia! under! control! of! the!

endogenous! Cx3cr1! locus.! This! line! was! used! to! compare! the! post2cardiac! I/R!

monocyte! response! between! Cx3cr1+/+,! Cx3cr1+/GFP,! and! complete! knockout!

Cx3cr1GFP/GFP!mice.!

!

The! first! aim! of! this! work! was! to! investigate! mouse! classical! and! non2classical!

monocyte!dynamics!in!the!peripheral!circulation!at!2h!and!24h!post2cardiac!I/R!to!ask!

whether!there!was!a!similar!depletion!to!that!observed!in!STEMI!patients!post2PCI.!

Mouse!monocyte!subpopulations!are!defined!by!different!markers!to!that!in!humang!
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Ly6Chi! monocytes! resemble! CD14++CD162! classical! monocytes,! while! Ly6Clo!

monocytes! resemble! CD14+CD16++! non2classical! monocytes! [3182321].! An!

intermediate! population! also! exists! in! mice,! as! in! humans.! The! effect! of! genetic!

CX3CR1!ablation!on!Ly6Clo!non2classical!monocyte!dynamics!post2I/R!was!evaluated!

by! comparing!Cx3cr1+/+,!Cx3cr1+/GFP! and!Cx3cr1GFP/GFP!mice! circulating! monocyte!

populations.!Complete!knockout!of!CX3CR1!in!this!mouse!model!was!first!validated!

as!described!in!section!5.2.1!

!

5.2'Results'

'

5.2.1'Validation'of'Cx3cr1GFP/GFP'Mouse'Model'
!

Validation!experiments!were!performed!on!mouse!splenocytes!to!confirm!the!loss!of!

CX3CR1!gene!and!protein!expression!in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!qPCR!

analysis! showed! a! ~50%! loss! of! CX3CR1! gene! expression! in! Cx3cr1+/GFP! mice!

compared! to! WT! animals,! and! 100%! loss! of! CX3CR1! gene! expression! in!

Cx3cr1GFP/GFP! mice! (Figure! 5.1A).! Analysis! of! mouse! splenocyte! CX3CR1! protein!

expression!by!FACS!showed!co2expression!of!CX3CR1!and!GFP!in!Cx3cr1+/GFP!mice,!

and!practically!a!complete!loss!of!CX3CR1!protein!expression!in!Cx3cr1GFP/GFP!mice!

coinciding!with!increased!GFP!expression!(Figure!5.1B).!!

!

!

!

!
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'

'

'

Figure'5.'1.'Validation'of'Cx3cr1GFP/GFP'Mouse'Model'
A.!qPCR!data!of!mouse!splenocytes!showing!loss!of!CX3CR1!transcriptsg!Cx3cr1+/GFP!

mice! show! 50%! CX3CR1! transcript! compared! with! WT,! and! practically! 0%! in!

Cx3cr1GFP/GFP! mice.! B.! FACS! data! of! mouse! splenocytes! showing! reduction! of!

CX3CR1!protein!and! increased!eGFP!expression! in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!

mice.!Data!courtesy!of!Lilia!Draganova.!

'
'
'
'

A

B
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5.2.2' Mouse' Baseline' Circulating' Classical,' Intermediate' and' Non?Classical'
Monocyte' Subpopulation' Dynamics' and' the' Effect' of' Genetic' CX3CR1'
Knockout.'' '
!

Baseline! peripheral! blood! Ly6Chi! classical,! Ly6Cinter! intermediate,! and! Ly6Clo! non2

classical! monocyte! counts! were! first! quantified! across!Cx3cr1+/+,!Cx3cr1+/GFP! and!

Cx3cr1GFP/GFP! mice! to! determine! any! pre2existing! differences! in! monocyte!

subpopulations!due!to!genetic!depletion!of!CX3CR1.!Peripheral!blood!samples!were!

collected! from!mouse! tail!vein!and!analysed!by!FACS!as!described! in!section!3.8.!

Monocyte!subpopulations!were!defined!as!classical![CD11b+!CD115+!LY6G2!LY6Chi!

CCR2hi! CX3CR1mid2hi],! intermediate! [CD11b+! CD115+! LY6G2! LY6Cinter! CCR2mid!

CX3CR1mid2hi],!and!non2classical![CD11b+!CD115+!LY6G2!LY6Clo!CCR2lo!CX3CR1hi]!

monocytes!as!shown!in!Figure!5.1.!Absolute!counts!of!each!monocyte!subpopulation!

per!μl!of!blood!were!determined!using!Trucount!beads.!!

!

This! initial! analysis! showed! that! baseline! counts! of! the! Ly6Chi! classical!monocyte!

population! were! not! significantly! different! between! Cx3cr1+/+,! Cx3cr1+/GFP! and!

Cx3cr1GFP/GFP! mice,! with! counts! of! 303(±94)/μl,! 294(±33)/μl,! and! 277(±84)/μl,!

respectively!(Figure!5.2).!There!was!also!no!significant!change!in!the!absolute!counts!

of!intermediate!monocytes!between!Cx3cr1+/+!(77(±18)/μl),!Cx3cr1+/GFP!(129(±25)/μl),!

and!Cx3cr1GFP/GFP!mice!(81(±20)/μl).! In!contrast,!circulating!non2classical!monocyte!

counts! were! significantly! reduced! in!Cx3cr1GFP/GFP!mice! (96(±17)/μl),! being! 47.5%!

lower! than! in!Cx3cr1+/+! mice! (183(±33)/μl)! (p! =! 0.047),! and! 48.4%! lower! than! in!

Cx3cr1+/GFP!mice!(186(±23)/μl)!(p!=!0.024).!These!findings!are!in!line!with!published!

data!demonstrating!that!CX3CR1!expression!is!required!for!the!survival!of!circulating!

CX3CR1+!non2classical!monocytes![218,!322].
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Figure'5.'2.'FACS'gating'strategy'for'defining'mouse'blood'monocyte'subpopulations.''
Mouse!peripheral!blood!samples!(<50μl)!were!collected!from!tail!vein.!Mouse!blood!myeloid!cells!were!defined!as!CD11b

+
!CD115

+
!

cells!and!neutrophils!were!excluded!based!on!high!side!scatter!and!Ly6G
+
!expression.!Monocytes!were!then!classified!as!classical!

[LY6C
hi
! CCR2

hi
! CX3CR1

midOhi
],! intermediate! [LY6C

inter
! CCR2

mid!
CX3CR1

midOhi
]! and! nonOclassical! [LY6C

lo
! CCR2

lo
! CX3CR1

hi
]!

monocytes.!Absolute!counts!of!blood!monocyte!subpopulations!were!quantified!using!TruCount!beads.!
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!

Figure'5.'3.'Comparison'of'mouse'baseline'circulating'monocyte'
subpopulation'counts'between'Cx3cr1+/+,'Cx3cr1+/GFP'and'Cx3cr1GFP/GFP'mice.''
Baseline! TruCount! of! circulating! classical! [CD11b+CD115+LY6G>LY6Chi!

CCR2hiCX3CR1mid>hi],! intermediate! [CD11b+CD115+LY6G>LY6Cinter!

CCR2midCX3CR1mid>hi],! and! non>classical! [CD11b+CD115+LY6G>LY6CloCCR2lo!

CX3CR1hi]! monocytes.! In! the! wild! type! group,! both! Cx3cr1+/+! littermates! (square!

symbols)!and!C57BL/6!mice!(triangles)!were!used.!Data!refers!to!mean!±!SEM.!!Data!

was!analysed!by!One>way!Anova!with!Tukey’s!multiple!comparison!test.!*p<0.05.!ns,!

non>significant.!n=5!C57BL6,!n=2!Cx3cr1+/+,!n=11!Cx3cr1+/GFP,!n=9!Cx3cr1GFP/GFP.!

!
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5.2.3' Mouse' Circulating' Classical,' Intermediate' and' NonDClassical' Monocyte'
Dynamics' at' 2h' and' 24h'PostDCardiac' I/R' and' the'Effect' of'Genetic'CX3CR1'
Knockout'
!

In! order! to! investigate! whether! mouse! Ly6Clo! non>classical! monocytes! show! a!

depletion!in!the!circulation!following!myocardial!I/R!which!mirrors!that!of!STEMI!patient!

non>classical!monocytes,!mice!underwent!60!minutes’!ischemia!followed!by!either!2h!

or!24h!reperfusion!to!mimic!PCI!in!the!clinical!setting.!The!impact!of!genetic!CX3CR1!

depletion!on!monocyte!subpopulation!dynamics!following!cardiac!I/R!was!evaluated!

in!Cx3cr1+/+,!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!This!analysis!was!performed!using!

consecutive!bleeds!at! baseline,! 2h!and!24h!post>cardiac! I/R! to!permit! comparison!

between! time!points!within!any!one! individual.!Circulating!monocyte!subpopulation!

counts! at! 2h! and! 24h! following!myocardial! I/R! showed! a! similar! trend! in! all! mice!

analysed.!!At!2h,!all!three!monocyte!subpopulations!decreased!in!the!circulation!from!

baseline,!and!then!at!24h!returned!to!normal.!However,!these!dynamic!changes!only!

reached!statistical!significance!for!Cx3cr1+/GFP!mice!(p<0.01)!(Figure!5.3).!!

!

When!analyzing!the!acute!post>reperfusion!(2h)!percentage!change!of!each!monocyte!

subpopulation! count! between! genotypes,! classical! and! intermediate! monocytes!

showed!no!significant!difference!in!the!severity!of!cell!depletion!between!Cx3cr1+/+,!

Cx3cr1+/GFP! and! Cx3cr1GFP/GFP! mice! (Figure! 5.4).! By! contrast,! the! extent! of! non>

classical!monocyte!depletion!was!significantly!greater!in!Cx3cr1GFP/GFP!mice!(~75%)!

compared!to!that!in!Cx3cr1+/+!mice!(~25%)!(p!=!0.031).''
!

!

!

!

!

!

!

!

!
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!

'
Figure'5.'4.'Comparison'in'mouse'circulating'monocyte'subpopulation'counts'
at'2h'and'24h'postDcardiac'I/R'between'Cx3cr1+/+,'Cx3cr1+/GFP'and'Cx3cr1+/GFP'

mice.''
Absolute! Trucount! of! peripheral! circulating! classical! [CD11b+CD115+LY6G>LY6Chi!

CCR2hiCX3CR1mid>hi],! intermediate! [CD11b+CD115+LY6G>LY6Cinter!

CCR2midCX3CR1mid>hi],! and! non>classical! [CD11b+CD115+LY6G>LY6CloCCR2lo!

CX3CR1hi]! monocytes! at! baseline,! 2h,! and! 24h! post! cardiac! I/R,! in! Cx3cr1+/+,!

Cx3cr1+/GFP,!and!Cx3cr1GFP/GFP!mice.!Black!triangle!points!=!C57BL/6.!Orange!points!

=! baseline!mice! without! repeated! bleeds.! Data! refers! to!mean! ±! SEM.! Data! was!

analysed!by!Repeated!Measures!One>way!Anova!with!Tukey’s!multiple!comparison!

test.! *p<0.05.! n=2! C57BL6,! n=2! Cx3cr1+/+,! n=4! Cx3cr1+/GFP! (repeat! bleeds),! n=5!

Cx3cr1+/GFP! (baseline! only),! n=4!Cx3cr1GFP/GFP! (repeat! bleeds),! n=3!Cx3cr1GFP/GFP!

(baseline!only).!

!
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!

!

Figure'5.'5.'Acute'postDreperfusion'(2h)'percentage'change'in'mouse'
circulating'classical,'intermediate,'and'nonDclassical'monocytes'between'
Cx3cr1+/+,'Cx3cr1+/GFP,'and'Cx3cr1GFP/GFP'mice.''
Data!were!analysed!by!Repeated!Measures!One>way!Anova!with!Tukey’s!multiple!

comparison!test.!Data!refers!to!mean!±!SEM.!*p<0.05.!n=2!C57BL6,!n=2!Cx3cr1+/+,!

n=4!Cx3cr1+/GFP,!n=4!Cx3cr1GFP/GFP.!
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5.2.4' Leukocyte' Infiltration' into' the' Injured'Myocardium' at' 2h' and' 24h' PostD
Cardiac'I/R'and'the'Effect'of'Genetic'CX3CR1'Knockout'
!

The!next!aim!of!this!work!was!to!explain!the!loss!of!monocyte!subpopulations!from!the!

circulation! at! 2h! following! cardiac! I/R,! and! the! stronger! depletion! of! non>classical!

monocytes! in! the!Cx3cr1GFP/GFP!circulation.!This!was! investigated!by!examining! the!

adherence!of!monocytes!to!the!coronary!endothelium!and!infiltration!of!monocytes!into!

the! injured!myocardial! tissue! at! different! times! post>cardiac! I/R.! To! determine! the!

effect!of!genetic!CX3CR1!knockout!on!these!immune!responses,!data!was!compared!

between!Cx3cr1+/+,!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!!!mice.!!

!

Immunostaining!of!injured!heart!tissue!sections!were!used!for!this!work.!However,!the!

extent!of!I/R!injury!varies!through!the!heart.!Therefore,!in!order!to!establish!the!optimal!

tissue!sections!to!use!for!analysis,!hearts!at!2h!and!24h!post>cardiac!I/R!were!first!

stained!for!the!pan>leukocyte!marker!CD45!(section!3.6.1!for!staining!method,!3.7!for!

imaging!and!analysis).!This!experiment!also!allowed!analysis!of!any!major!leukocyte!

response!differences!following!loss!of!CX3CR1.!Naïve!and!sham>operated!mice!were!

included! as! control! groups! to! quantify! myocardial! leukocytes! in! steady! state! and!

following!thoracotomy!surgery!without!ischemia!reperfusion,!respectively.!The!remote,!

uninjured! myocardium! (RV)! served! as! an! internal! control! for! these! experiments!

(Figure!5.6B).!Control>stained!heart!tissue!with!no!antibody!and!no!primary!antibody!

were! clean! showing! specificity! of! the! immunostaining! (Figure! 5.5B).!

!

The!temporal!leukocyte!response!was!firstly!evaluated!in!wild!type!mice!(Figure!5.6A).!

Representative! images!of!CD45! immunofluorescent! staining!of!Cx3cr1+/+! hearts! at!

each!time!point!studied!are!shown!in!Figure!5.5A.!In!2h!and!24h!sham!hearts,!there!

was!no!significant!difference!in!leukocyte!infiltration!compared!to!naïve!hearts.!This!

confirmed!that!thoracotomy!surgery!does!not!stimulate!a!significant!immune!response!

in! the! myocardium! (Figure! 5.6A).! At! 24h! following! I/R,! leukocyte! infiltration!

dramatically!increased!from!2h!by!approximately!6>fold!(p<0.0001).!This!response!was!

specific!to!the!infarcted!myocardium!as!CD45+!counts!were!significantly!greater!in!the!

LV!region!compared!to!the!RV!remote!area!(p<0.0001)!(Figure!5.6B).!!

!
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To! investigate! the! importance!of!CX3CR1!expression! in! this! leukocyte!response!to!

cardiac!I/R,!the!same!analysis!was!performed!on!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!hearts!

and! compared!with!wild! type! (Cx3cr1+/+! littermates!and!C57BL/6)!mice.! Leukocyte!

counts! in!naïve!hearts!were! first!compared!between!genotypes! to! identify!any!pre>

existing!differences!due!to!the!absence!of!CX3CR1!expression.!This!analysis!showed!

a!trend!towards!reduced!CD45+!cell!counts! in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!naïve!

hearts!compared!to!that!of!Cx3cr1+/+!mice,!however!cell!counts!were!very!low!and!this!

difference!was!not!significant!(Figure!5.6C).!At!2h!post>I/R,!leukocyte!infiltration!into!

the! injured! myocardium! was! significantly! lower! in! Cx3cr1+/GFP! (p<0.05)! and!

Cx3cr1GFP/GFP!(p<0.01)!hearts!compared! to!Cx3cr1+/+!mice,!by!1.5>fold!and!1.6>fold!

respectively!(Figure!5.6D).!All!genotypes!showed!lower!leukocyte!counts!in!2h!sham!

hearts!compared!to!2h!I/R!hearts,!which!was!significant!for!the!Cx3cr1+/+!(p<0.0001)!

and!Cx3cr1+/GFP!(p<0.01)!group!but!not!Cx3cr1GFP/GFP!mice.!By!24h!post>I/R,!leukocyte!

infiltration! increased! from! 2h! by! 5.6>fold,! 10.6>fold! and! 10.7>fold! in! Cx3cr1+/+,!

Cx3cr1+/GFP,! and! Cx3cr1GFP/GFP! mice,! respectively! (Figure! 5.6.E).! This! leukocyte!

response!at!24h!post>I/R!was!specific!to!cardiac!I/R!in!all!genotypes!since!leukocyte!

infiltration! was! consistently! significantly! higher! in! 24h! I/R! hearts! compared! to! 24h!

sham! hearts! (p<0.0001)! and! compared! to! naïve! hearts! (Figure! 5.6B,! p<0.0001).!

Unlike!at!2h!post>I/R,!total!leukocyte!counts!at!24h!I/R!were!not!significantly!different!

between! genotypes,! suggesting! a! recovery! in! response! by! Cx3cr1+/GFP! and!

Cx3cr1GFP/GFP!mice!at!this!later!time!point.
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Figure"5."6."CD45+"leukocyte"immunofluorescent"staining"of"mouse"heart"tissue"at"2h"and"24h"following"cardiac"I/R.""
A.!Representative!5x!tile!40x!FOV!images!of!CD45+!leukocyte!immunofluorescent!staining!in!shamEoperated,!2h!I/R,!and!24h!I/R!

Cx3cr1+/+!mouse!heart!cryosections.!Mouse!antiERat!CD45!primary!antibody!was!detected!with!Goat!AntiERat!AlexaE488!secondary!

antibody.!B.!Representative!5x!tile!images!of!no!primary!antibody!and!no!antibody!control!stained!mouse!heart!tissuesQ!both!controls!

were!clean.!All!images!were!taken!and!analysed!using!Zen!Software.!
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Figure!5.!7.!Leukocyte!infiltration!into!the!injured!myocardium!at!2h!and!24h!

following!cardiac!I/R!in!Cx3cr1+/+,!Cx3cr1+/GFP,!and!Cx3cr1GFP/GFP!mice.!!
A.!Infiltration!of!CD45+!leukocytes!into!the!reperfused!myocardium!at!2h!and!24h!post@

I/R!in!WT!mice!(n=3!naïve!and!sham!miceJ!n=7!for!2h!I/R,!n=8!for!24h!I/R.!WT!controls!

included!Cx3cr1+/+!littermates!(square!points,!n=2)!and!C57BL/6!mice!(triangle!points,!

n=5).! One@way! Anova! with! Tukey’s! multiple! comparison! test.! B.! Comparison! of!

leukocyte!infiltration!between!injured!(LV)!and!remote!(RV)!heart!regions!in!Cx3cr1+/+!

mice!at!2h!and!24h!post@I/R.!C.!!Baseline!resident!leukocytes!in!Cx3cr1+/+,!Cx3cr1+/GFP,!

and!Cx3cr1GFP/GFP! naïve! hearts.! n=3!mice/genotype.!One@way!Anova!with! Tukey’s!

multiple!comparison!test.!D.!Leukocyte!infiltration!into!the!LV!at!2h!post@cardiac!I/R!in!

Cx3cr1+/+,!Cx3cr1+/GFP,!and!Cx3cr1GFP/GFP!mice.!n=7!Cx3cr1+/+,!n=4!Cx3cr1+/GFP,!n=6!

Cx3cr1GFP/GFP.!Two@way!Anova!with!Tukey’s!multiple!comparison!test.!E.!Leukocyte!

infiltration! into! the! LV! at! 24h! post@cardiac! I/R! in! Cx3cr1+/+,! Cx3cr1+/GFP,! and!

Cx3cr1GFP/GFP!mice.!n=8!Cx3cr1+/+,!n=4!Cx3cr1+/GFP,!n=4!Cx3cr1GFP/GFP.!All!data!refers!

to!mean!±!SEM!Data!analysed!by!Two@way!Anova!with!Tukey’s!multiple!comparison!

test.!*p<0.01,!**p<0.05,!****p<0.0001.!!!!

!
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5.2.5!Classical!Monocyte,!NonGClassical!Monocyte,!and!Neutrophil! Infiltration!

into!the!Injured!Myocardium!at!2h,!24h,!and!Day!3!postGCardiac!I/R!in!Cx3cr1+/GFP!
and!Cx3cr1GFP/GFP!mice.!
!

The!findings!from!the!previous!section!suggest!that!genetic!depletion!of!CX3CR1!may!

disturb! the! leukocyte! response! to! myocardial! repair! following! cardiac! I/R,! since!

leukocyte! infiltration! into! the! infarct! tissue! at! 2h! post@I/R!was! significantly! lower! in!

CX3CR1@depleted!hearts!compared!to!that!of!the!wild@type!group.!The!effect!of!genetic!

CX3CR1!ablation!specifically!on!the!acute!monocyte!response!to!cardiac!I/R!has!not!

been!widely!investigated!to!date.!There!is!however!reason!to!believe!that!depletion!of!

this!receptor!may!influence!the!CX3CR1hi!non@classical!monocyte!response!to!cardiac!

I/R!and!thereby!compromise!infarct!healing,!since!a!number!of!recent!studies!have!

reported! associations! between! the!CX3CR1/CX3CL1!axis! and!myocardial! function!

following!cardiac!I/R!in!both!mouse!models!of!myocardial!I/R!and!STEMI!patients![203,!

209,!210,!288@291].! In! this! study,! it!was! therefore!hypothesised! that!Cx3cr1GFP/GFP!

mice!have!an!impaired!non@classical!monocyte!response!following!cardiac!I/R,!leading!

to!disturbed!myocardial!repair!and!impaired!long@term!cardiac!function.!To!investigate!

this,!sister!sets!of! the!same! leukocyte@stained!hearts! (naïve,!2h!sham,!2h! I/R,!24h!

sham,!24h!I/R),!and!additional!3@day!I/R!hearts,!were!stained!for!monocytes!using!the!

markers!CD11b,!GFP,!and!CCR2!(details!in!section!3.6.2).!This!staining!panel!was!

designed!for!the!quantification!of!classical!monocytes![CD11b+!GFPmid!CCR2hi],!non@

classical!monocytes![CD11b+!GFPhi!CCR2lo],!and!neutrophils![CD11b+!GFP@!CCR2@].!

Definition!of!these!monocyte!subpopulations!is!shown!in!Figure!5.7.!Analysis!of!GFP!

MFI!using!Zen!Software!(described!in!section!3.7)!showed!a!significant!difference!in!

GFP!expression!between!CD11b+GFPmid!classical!monocytes!and!CD11b+GFPhi!non@

classical!monocytes!(Figure!5.22).!Ly6C!was!also! tested!on! the!basis! that! it!would!

theoretically! distinguish! Ly6Clo! non@classical! monocytes! from! Ly6Chi! classical!

monocytes,!however!staining!of!mouse!heart!tissue!with!anti@Ly6C!antibody!revealed!

that!this!marker!was!also!abundantly!expressed!by!endothelial!cells!in!the!myocardium!

(Figure!5.8).!Furthermore,!staining!with!anti@CX3CR1!antibody!(Abcam,!#ab8021)!was!

found!to!be!non@specific!since!positive!staining!was!found!in!Cx3cr1GFP/GFP!heart!tissue!

(Figure!5.9).!GFP!staining!was!therefore!used!for!monocyte!subset!definition!rather!

than!CX3CR1!and!consequently!Cx3cr1+/GFP!mice!were!used!as!the!control!group!for!
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comparison!with!Cx3cr1GFP/GFP!hearts.!Neutrophils!were!quantified!as!CD11b+GFP@!

cells!and!were!used!as!an!internal!control!population!as!they!are!known!to!infiltrate!

the!infarct!and!dominate!repair!at!24h!post@I/R!(Figure!5.10).!!

!

Classical!monocytes,!non@classical!monocytes,!and!neutrophil!populations!were!first!

quantified!in!Cx3cr1+/GFP!mice!in!naïve,!sham,!2h!I/R,!24h!I/R,!and!day!3!I/R!hearts!to!

investigate! the! time! course! of! monocyte! subpopulation! infiltration! into! the! injured!

myocardium!in!the!control!group.!At!2h!following!I/R,!Cx3cr1+/GFP!classical!monocyte!

infiltration!was!very! low!and!not! significantly! different! from!naïve!and!sham!hearts!

(Figure!5.13A).!By!24h,!classical!monocytes!increased!slightly!from!2h!by!~1.5@fold.!

This!was!followed!by!a!further!increase!at!day!3,!when!classical!monocyte!infiltration!

increased!by!a!further!~5@fold!from!24h!(p<0.001).!Non@classical!monocyte!counts!in!

naïve!and!sham@operated!hearts!were!also!very!low!in!Cx3cr1+/GFP!mice,!and!did!not!

significantly! increase!at!2h!post@I/R.!From!2h! to!24h!post@I/R,! the!Cx3cr1+/GFP!non@

classical!monocyte!population!in!the!injured!myocardium!increased!by!~4@fold,!and!by!

a! further! ~2@fold! at! day! 3! post@I/R! (p<0.01).! When! considering! the! neutrophil!

population,! infiltration!of! these!cells!was!very! low!at!2h! I/R!and!similar! to!2h!sham!

hearts.!By!24h!however,!neutrophil!counts! increased!dramatically!by!~6@fold! in! the!

injured!myocardium! (p<0.0001),! which! was! subsequently! followed! by! a! significant!

return! to! just@above! baseline! counts! at! day! 3! post! I/R.! Representative! images! of!

Cx3cr1+/GFP!mouse!heart!tissue!at!each!time!point!studied!are!shown!in!Figure!5.11A!

and!Figure!5.12.!!!

!

The! effect! of! complete! genetic! CX3CR1! ablation! on! these! temporal! dynamics! of!

monocyte!subpopulation!infiltration!into!the!injured!myocardium!at!2h,!24h,!and!3!day!

post@cardiac! I/R! was! assessed! by! comparing! the! Cx3cr1+/GFP! control! group! with!

Cx3cr1GFP/GFP!hearts.! At! all! time! points! studied,! classical!monocyte! infiltration!was!

similar!between!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!hearts!(Figure!5.13C).!However,!non@

classical! monocyte! counts! in! Cx3cr1GFP/GFP! infarcts! were! ~2@fold! lower! than! in!

Cx3cr1+/GFP!hearts!at!24h!(p<0.05),!although!this!difference!was!not!seen!at!2h.!At!day!

3,! non@classical! monocyte! infiltration! in!Cx3cr1GFP/GFP!mice! showed! a! recovery! in!

response,! reaching! that! seen! in!Cx3cr1+/GFP!hearts.!Quantification!of!neutrophils! in!

Cx3cr1GFP/GFP!mice! at! 2h,! 24h,! and! day! 3! post@I/R! compared! to!Cx3cr1+/GFP!mice!
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revealed! no! significant! differences! between! genotypes! at! any! of! the! time! points!

studied!(Figure!5.13E).!

!
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Figure!5.!8.!Method!for!the!definition!of!monocyte!subpopulations!in!mouse!

heart!tissue!by!immunofluorescence!microscopy.!!

CD11b+GFPhi! non@classical! monocytes! (white! arrow),! CD11b+GFPmid! classical!

monocytes!(yellow!arrow),!CD11b+GFP@!neutrophils!(pink!arrow).!CCR2!staining!was!

weak,!despite!multiple!optimisation!attempts,!and!therefore! the!number!of!classical!

monocytes!may!have!been!underestimated.!This!analysis!was!performed!on!2h!and!

24h! I/R! and! sham! hearts! in' Cx3cr1+/GFP! and! Cx3cr1GFP/GFP! mice.! 2h! I/R:! n=4!

Cx3cr1+/GFP,!n=5!Cx3cr1GFP/GFPJ!24h!I/R:!n=4/genotypeJ!day!3!I/R:!n=5/genotypeJ!2h!

and!24h!sham:!n=3/genotype.!
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!

Figure!5.!9.!Expression!of!Ly6C!in!mouse!heart!tissue.!!

Staining!of!mouse!heart!tissue!cryosections!with!Ly6C!antibody!showed!expression!of!

this! marker! by! endothelial! cells.! Comparison! with! Podocalyxin! staining,! a! well@

established!marker!of!endothelial!cells,!showed!a!similar!pattern!to!Ly6C!staining.!!
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Figure!5.!10.!NonGspecific!CX3CR1!staining!in!Cx3cr1GFP/GFP!mouse!heart!
tissue.!!

Representative!images!of!non@specific!staining!with!anti@CX3CR1!(Abcam,!#ab8021)!

in!Cx3cr1GFP/GFP!hearts.! Identification! of! non@specific! CX3CR1! staining! in!Cx3cr1@/@!

hearts! meant! that! this! antibody! could! not! be! used! in! this! study.! Therefore,! GFP!

staining! in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP! hearts!was!used! for! the! quantification! of!

infiltrated!monocytes!in!the!injured!myocardium.!!
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Figure!5.!11.!Ly6G!staining!of!neutrophils!in!mouse!heart!tissue.!!

Representative! image! illustrating! the! lack! of! GFP! expression! by! Ly6G+! (green)!

neutrophils! in!Cx3cr1GFP/GFP!mouse!heart! tissue,! allowing! them! to!be!distinguished!

from!CD11b+!GFP+!(red)!monocytes!in!Cx3cr1+/GFP!control!hearts!and!Cx3cr1GFP/GFP!

hearts.!
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Figure!5.!12.!Tile!images!of!CD11b+!GFP+!monocyte!immunofluorescent!

staining!of!mouse!heart!tissue!at!2h,!24h!and!day!3!following!cardiac!I/R.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

A.! Representative! tile! images! at! 5x! magnification! of! CD11b! and! GFP!

immunofluorescent!staining!of'Cx3cr1+/GFP!mouse!heart!tissue!in!sham,!2h!I/R,!24h!

I/R!and!day!3!I/R!heart!tissue.!Details!of!antibodies!used!are!described!in!Table!3.8.!

B.!Representative! tile! images!of!no!primary!antibody!and!no!antibody!controls.!No!

primary!antibody!and!no!antibody!controls!were!clean.!
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Figure!5.!13.!40x!Magnification!images!of!Monocyte!CD11b+!GFP+!

immunofluorescent!staining!of!mouse!heart!tissue!at!2h,!24h!and!day!3!

following!cardiac!I/R.!!

A.! Representative! images! taken! at! 40x! magnification! of! CD11b! and! GFP!

immunofluorescent!stained!Cx3cr1+/GFP!mouse!heart!tissue,!comparing!sham,!2h!I/R,!

24h! I/R! and! day! 3! I/R! heart! tissue.! CD11b+GFPhi! non@classical! monocytes! (white!

arrow),! CD11b+GFPmid! classical! monocytes! (yellow! arrow),! and! CD11b+GFP@!

neutrophils!(pink!arrow).!B.!Representative!remote!region!field!of!view!(FOV)!images!

at! 40x!magnification! of! CD11b! and!GFP! immunofluorescent! staining! of! day! 3! I/R!

Cx3cr1+/GFP!mouse!heart!tissue.!CD11b+GFPhi!non@classical!monocytes!(white!arrow),!

CD11b+GFPmid! classical! monocytes! (yellow! arrow).! All! imaging! and! analysis! was!

performed!using!Zen!Software.!2h!I/R:!n=4!Cx3cr1+/GFP,!n=5!Cx3cr1GFP/GFPJ!24h!I/R:!

n=4/genotypeJ!day!3!I/R:!n=5/genotype.!2h!and!24h!sham:!n=3/genotype.!
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Figure!5.!14.!Infiltration!of!monocyte!subpopulations!and!neutrophils!into!the!

reperfused!myocardium!from!peripheral!blood!at!2h,!24h,!and!day!3!postGI/R!in!

Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!!
A.!Myeloid!cell!infiltration!at!2h,!24h,!and!day!3!post@I/R!in!Cx3cr1+/GFP!control!mice.!

Data!are!average!of!n=3!mice/genotype!for!naïve!and!sham!mice.!n=4!2h!I/R,!n=4!24h!

I/R.! Data! analysed! by! One@way! Anova! with! Tukey’s! multiple! comparison! test.! B.!

Comparison!of!baseline!myeloid!cell!populations!in!the!LV!in!Cx3cr1+/+,!Cx3cr1+/GFP,!

and! Cx3cr1GFP/GFP! naïve! hearts,! n=3! mice/genotype.! Data! analysed! by! Two@way!

Anova!with!Sidak’s!multiple!comparison!test.!C.!Classical!Monocyte,!D.!Non@Classical!

Monocyte,!and!E.!Neutrophil!infiltration!into!the!LV!at!2h,!24h,!and!day!3!post@cardiac!

I/R! in' Cx3cr1+/GFP! and! Cx3cr1GFP/GFP! mice.! n=4! 2h! I/R' Cx3cr1+/GFP,! n=5! 2h! I/R!

Cx3cr1GFP/GFP.!n=4/genotype!at!24h!I/R.!n=5/genotype!at!day!3!I/R.!Two@way!Anova!

with! Tukey’s! multiple! comparison! test.! All! data! refers! to! mean! ±! SEM.! **p<0.01,!

***p<0.001,!****p<0.0001.!!
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5.2.6!Total!Monocyte!Infiltration!into!the!Injured!Myocardium!at!2h,!24h,!and!Day!

3!post!CardiacGI/R!in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!
!

The! previous! section! describes! the! time! course! of! classical! and! non@classical!

monocyte! infiltration! into! the! injured! myocardium! at! 2h,! 24h,! and! day! 3! following!

cardiac!I/R,!in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!Methodological!limitations!however!

meant!that!discriminating!classical!and!non@classical!monocyte!subpopulations!using!

this! technique! proved! challenging.! The! definition! of! each! monocyte! subset! by!

microscopy! relied! on! a! subjective! threshold! of! GFP! and! CCR2! expression.! This!

technique!was!further!limited!by!the!poor!quality!of!CCR2!staining!potentially!leading!

to!an!under@estimate!of!classical!monocyte!numbers.!Due!to!such!uncertainties!with!

the! discrimination! of! classical! and! non@classical! monocyte! subsets,! monocyte!

infiltration!was!re@quantified!as!a!total!monocyte!population!in!the!same!2h,!24h,!and!

day! 3! post@cardiac! I/R! hearts.! Total! monocytes! were! confidently! identified! and!

quantified!as!CD11b+!GFP+!cells.!

!

From!2h!to!24h!post@cardiac!I/R,!the!total!monocyte!counts!in!the!injured!myocardium!

increased!by!4.3@fold!in!Cx3cr1+/GFP!mice!and!by!3.5@fold!fold!in!Cx3cr1GFP/GFP!mice,!

though!neither!of!these!increases!were!statistically!significant!(Figure!5.14).!By!day!3!

post@I/R! however,! the! total! monocyte! infiltrate! in! the! injured! myocardium! in! both!

Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice!increased!significantly!from!2h!to!day!3!post@I/R!

(p<0.0001),!by!14.8@fold!and!22.4@fold,!respectively.!This!was!an!increase!from!24h!

by! 4.3@fold! in! Cx3cr1+/GFP! hearts! (p<0.0001)! and! 6.4@fold! in! Cx3cr1GFP/GFP! hearts!

(p<0.0001).! As! such,! both! genotypes! showed! a! similar! pattern! of! total! monocyte!

accumulation! into! the! injured! myocardial! tissue,! across! 2h,! 24h,! and! day! 3! post@

cardiac!I/R.!At!each!time!point!studied,!there!were!no!significant!differences!in!total!

monocyte!counts!between!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!!
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Figure!5.!15.!Infiltration!of!total!monocytes!into!the!reperfused!myocardium!at!

2h,!24h,!and!day!3!postGI/R!in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!!
Total!monocytes!were!defined!as!CD11b+GFP+!cells!in!the!infarcted!region.!Two@

way!Anova!with!Sidak’s!multiple!comparison!test.!n=4!2h!I/R!Cx3cr1+/GFP,!n=5!2h!I/R!

Cx3cr1GFP/GFP.!n=4/genotype!at!24h!I/R.!n=5/genotype!at!day!3!I/R.!All!data!refers!to!

mean!±!SEM.!****p<0.0001.!
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5.2.7!Monocyte!Adhesion! to!Myocardial!Vascular!Endothelium!at! 2h!and!24h!

postGCardiac!I/R!in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!
!!

Although!total!monocyte!infiltration!was!not!affected!in!Cx3cr1GFP/GFP!mice!compared!

with!Cx3cr1+/GFP!controls,! it! is!possible!that!there!may!have!been!differences!in!the!

adhesion! of! monocytes! to! the! endothelium.! As! such,! monocyte! adhesion! to! the!

myocardial! vascular! endothelium!was! quantified! at! 2h! and! 24h! post@I/R.! This!was!

performed! on! the! same! hearts! as! the! monocyte! infiltration! analysis.! Leukocyte!

adhesion!occurs!on!venous!endothelium!prior!to!extravasation,!therefore!veins!were!

imaged!for!monocyte!adhesion!quantification.!Each!heart!had!between!1!and!5!major!

veins! in! the! infarcted! region! and! were! identified! on! the! basis! of! their! known!

architecture! and! sub@epicardial! position,! which! is! distinct! from! the! intramyocardial!

position!of!arteries.!To!confirm!endothelium!was!present,!Podocalyxin!staining!was!

used!in!some!cases![323].!These!veins!were!located!in!the!original!ischaemic!area,!

but!mainly!adjacent!to!the!necrotic!area.!As!this!is!exactly!where!ischemia!reperfusion!

occurs,! it!was!a!key! region!of! interest! to! study!monocyte!adhesion! in! response! to!

cardiac! I/R.!Smaller! veins! have! the! potential! to! represent! a! tear! in! the! tissue! and!

therefore!were!excluded!where!confirmatory!endothelial!staining!was!not!available,!in!

order! to! avoid! false@positive! results.! Classical! and! non@classical! monocyte!

subpopulations!were!also!analysed!for!completeness,!despite!the!issues!previously!

mentioned!that!reduced!confidence!in!discriminating!these!populations.!Adhered!cell!

counts!were!normalized!to!the!perimeter!of!the!vessel,!as!vein!size!is!variable!within!

the!heart!(Figure!5.15).!!

!

Monocyte!adhesion!was!first!compared!between!veins!in!the!infarct!region!(LV)!and!

the!remote!region!(RV),!in!order!to!identify!any!adhesion!response!that!was!specific!

to!cardiac! I/R.!This!analysis!showed! that!at!2h!post@I/R,!Cx3cr1+/GFP!counts!of!vein!

adhered! total! monocytes! were! significantly! greater! in! the! injured! myocardium!

compared! to! the! remote! area! (p<0.01),! however! this! difference! was! not! seen! in!

Cx3cr1GFP/GFP!mice!(Figure!5.16A).!When!comparing!2h!post@I/R!monocyte!adhesion!

in! the! infarct! region!between!genotypes,! there!was!no!significant!difference! in! total!

monocyte,!classical!monocyte,!or!non@classical!monocyte!adhered!counts!between!

Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!hearts!(Figure!5.16A).!!
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At!24h,!mean!total!monocyte!and!non@classical!monocyte!adhesion!decreased!from!

2h!in!Cx3cr1+/GFP!mice,!although!this!change!was!not!statistically!significant!(Figure!

5.16C).!Counts!of!adhered!classical!monocytes! in! the! infarct! region! in!Cx3cr1+/GFP!

mice! between! these! time! points! were! not! different.! In! Cx3cr1GFP/GFP! hearts,! total!

monocyte!adhesion!significantly!decreased!from!2h!to!24h!(p<0.05)!(Figure!5.16D),!

however!classical!and!non@classical!monocyte!adhesion!counts!did!not!significantly!

differ.!Comparison!of!infarct!region!vein!endothelial@adhered!counts!of!total,!classical,!

and! non@classical! monocytes! at! 24h! between! genotypes! showed! no! significant!

difference!(Figure!5.16B).!

!

The! findings! of! this! analysis! therefore! showed! that! total! monocyte! adherence! to!

myocardial!venous!endothelium!at!2h!post@cardiac!I/R!was!specific!to!the!infarct!region!

in!Cx3cr1+/GFP!hearts,!but!did!not!discriminate!between!the!injured!and!remote!regions!

in!Cx3cr1GFP/GFP!mice.!!!
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Figure!5.!16.!Imaging!of!myocardial!veins!following!cardiac!I/R!to!quantify!monocyte!adhesion.!!
Representative!40x!and!20x!magnification!images!of!myocardial!veins!(white!dashed!lines)!within!the!infarcted!region!at!2h!post!I/R.!

Myocardial! veins!were! identified! on! the! basis! of! their! known! architecture! and! subFepicardial! position,!which! is! distinct! from! the!

intramyocardial! position! of! arteries.! Monocytes! were! identified! as! total! CD11b+GFP+! cells! and! subdivided! into! classical!

CD11b+GFPmid! and!nonFclassical!CD11b+GFPhi!monocyte! subpopulations.!CD11b+GFPhi! nonFclassical!monocytes! (white! arrow),!

CD11b+GFPF!neutrophils!(pink!arrow).!n=4!2h!I/R!Cx3cr1+/GFP,!n=5!2h!I/R!Cx3cr1GFP/GFPP!n=4/genotype!at!24h!I/R.!!
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Figure'5.'17.'Monocyte'adhesion'to'myocardial'venous'endothelium'at'2h'and'

24h'post<cardiac'I/R.''

Total! monocyte! (CD11b+GFP+),! classical! monocyte! (CD11b+GFPmid)! and! non=

classical!monocyte! (CD11b+GFPhi)! adhesion! to!myocardial! vein! endothelium!at! 2h!

post=cardiac! I/R! (A),! and! 24h! post=cardiac! I/R! (B).! C.! Comparison! of! monocyte!

adhesion!at!2h!I/R!between!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!hearts.!D.!Comparison!of!

monocyte!adhesion!at!24h! I/R!between!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!hearts.!Data!

was!analysed!by!Two=way!Anova!with!Tukey’s!multiple!comparison!test.!All!data!refers!

to!mean!±!SEM.!n=4!2h!I/R!Cx3cr1+/GFP,!n=5!2h!I/R!Cx3cr1+/GFPU!n=4/genotype!at!24h!

I/R.!*p<0.05,!**p<0.01.!
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5.2.8'Spatial'Pattern'of'GFP+'Cells'at'Day'3'Post<Cardiac'I/R'in'Cx3cr1+/GFP'and'
Cx3cr1GFP/GFP'Hearts.''
!

At!day!3!following!cardiac!I/R,!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!hearts!appeared!to!show!

a!difference!in!GFP+!cell! localisation!within!the!infarct.!To!analyse!this!behaviour!of!

GFP+! cells,! their! counts!were! quantified! in! the! defined! areas! of! i)! the! total! infarct!

region,!ii)!the!infarct!border!zone!(BZ),!and!iii)!the!infarct!central!zone!(CZ).!Counts!of!

GFP+!cells!were!then!quantified!per!mm2!of!heart!tissue!within!the!specific!infarct!area.!

Within!the!group!of!Cx3cr1GFP/GFP!hearts!(n=5),!three!hearts!showed!a!spatial!pattern!

of!GFP+!cell!accumulation!at!the!BZ!of!the!infarct!(Figure!5.17),!which!was!specific!to!

day!3!I/R!and!not!observed!at!2h!or!24h.!Importantly,!this!GFP+!expression!largely!co=

localized! with! CD11b+! expression,! indicating! that! these! cells! were! likely! to! be!

monocytes/macrophages.!The!counts!of!GFP+!cells!at! the! infarct!border!zone!(BZ)!

was!significantly!greater!than!the!GFP+!population!within!the!central!zone!(CZ)!of!the!

infarct! in!these!three!Cx3cr1GFP/GFP!hearts!(p<0.05)!(Figure!5.18).!In!contrast!to!this!

observation!in!Cx3cr1GFP/GFP!hearts,!Cx3cr1+/GFP!mice!did!not!demonstrate!GFP+!cell!

marginalisation!to!the!infarct!BZ,!but!rather!showed!a!dispersed!population!GFP+!cells!

throughout! the! injured!myocardium.! As! such,! the! infarct! BZ! and! CZ! could! not! be!

accurately! identified! and! defined! in!Cx3cr1+/GFP! hearts,! therefore! GFP+! cells! were!

quantified!within!the!total!infarct!region.!Counts!of!GFP+!cells!within!the!total!infarct!

area!were! not! significantly! different! between!Cx3cr1+/GFP! and!Cx3cr1GFP/GFP!hearts!

groups!at!this!time!point!of!day!3!post=I/R,!though!there!was!a!trend!towards!reduced!

counts!in!Cx3cr1GFP/GFP!infarcts.!(Figure!5.18).!

!

This!possible!phenotype!observed!in!Cx3cr1GFP/GFP!mice!at!day!3!post=I/R!suggests!

that!GFP+!cells!at!this!time!point!in!the!injured!myocardium!may!locate!and!function!

distinctly!from!that!of!Cx3cr1+/GFP!mice,!presumably!due!to!the!absence!of!CX3CR1!

expression.!
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Figure!5.!18.!Tile!5x!and!40x!Images!of!the!spatial!pattern!of!GFP+!cells!in!the!infarct!mouse!heart!tissue!at!day!3!postBI/R!
in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!!
Day! 3! post-I/R! 5x! and! 20x! magnification! images! of! CD11b+GFP+! monocytes! in! the! infarcted! myocardium! in!Cx3cr1+/GFP! and!

Cx3cr1GFP/GFP!hearts.!n=3!Cx3cr1GFP/GFP!hearts!specifically!show!GFP+!marginalisation!at!the!infarct!border!zone,!with!significantly!

greater!GFP+!cell!counts!at!the!infarct!border!than!in!the!infarct!central!zone!(p<0.05).!The!GFP+!population!in!Cx3cr1+/GFP!hearts!is!

dispersed!throughout!the!infarct!region!and!is!not!specific!to!the!border!zone.!All!images!were!taken!and!analysed!using!Zen!software.

!
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Figure'5.'19.'Quantification'of'the'spatial'pattern'of'GFP+'cells'in'Cx3cr1+/GFP'
and'Cx3cr1GFP/GFP'hearts'at'day'3'post>I/R.''
GFP+!cells!were!quantified!in!the!total!infarct!area,!infarct!border!zone!(BZ),!and!infarct!

central!zone!(CZ),!per!mm2!of!myocardial!tissue.!n=3!Cx3cr1+/GFP,!n=5!Cx3cr1GFP/GFP.!

BZ!and!CZ!not!clear!in!Cx3cr1+/GFP!hearts!and!in!n=2!Cx3cr1GFP/GFP!hearts,!therefore!

only!total!infarct!GFP+!cells!could!be!quantified!in!these!hearts.!!OneJway!Anova!with!

Tukey’s!multiple!comparison!test.!Data!refers!to!mean!±!SEM.!*p<0.05.!!
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5.2.9.'Macrophage'Populations'in'the'Infarcted'Heart'at'Day'3'Post>Cardiac'I/R'

!

Following! the! recruitment! of! monocyte! subpopulations! into! the! injured! myocardial!

tissue! following! cardiac! I/R,! monocyte! subpopulations! perform! their! own! distinct!

functions! contributing! to! infarct! repair.! Upon! infiltration,! proJinflammatory! classical!

monocytes!release!inflammatory!cytokines!such!as!TNFJα!and!produce!nitric!oxide!to!

mediate! removal!of!necrotic! tissue.!This!proJinflammatory! response!shifts!over! the!

ensuing! days! to! predominantly! a! reparative! phenotype,!mediated! by! nonJclassical!

monocytes!which!release!antiJinflammatory!mediators,!promote!angiogenesis!and!the!

deposition!of!scar!tissue.!In!addition!to!their!own!direct!functions!in!the!innate!immune!

response! to! cardiac! I/R,!monocyte!subpopulations!also!undergo!differentiation! into!

distinct!macrophage!populations!which!perform!their!own!secondary!distinct!functions!

[324].! A! resident! cardiac! macrophage! population! also! exists! in! the! myocardium,!

however!murine!models!of!cardiac!I/R!show!a!complete!loss!of!this!population!within!

the!infarct!at!24h!postJMI![325].!As!such,!macrophage!cells!present!in!the!infarct!from!

24h! postJI/R! are! likely! to! be! derived! from! infiltrated! monocyte! subpopulations.!

Macrophages!exist!as!a!heterogeneous!population,!but!can!be!classified!broadly!as!

either!M1!or!M2!macrophages![326]d!M1!‘inflammatory’!macrophages!are!proposed!to!

arise!predominantly! from!Ly6Chi! classical!monocytes,!and!are!present! in! the!heart!

tissue!at!day!1J3!following!I/R!to!drive!acute!inflammation!and!facilitate!the!clearance!

of!necrotic!material.!At!day!5J7,!it!is!believed!that!M1!macrophages!adopt!a!reparative!

M2Jlike! ’alternative’!macrophage!phenotype! to!attenuate! inflammation!and!promote!

scar!formation![327].!Ly6Clo!monocytes!can!also!differentiate!into!M2!macrophages!to!

promote!tissue!healing!and!angiogenesis![328].!

!

The! importance! of! nonJclassical! monocyte! CX3CR1! expression! in! this! process! of!

differentiation! into! distinct! macrophage! populations! is! not! yet! fully! understood.!

CX3CR1!expression!has!however!been'identified!as!a!key!regulator!of!macrophage!

function!at!sites!of!inflammation![329,!330],!and!in!many!tissues,!a!link!between!the!

macrophage!CX3CR1!phenotype!and!cell!activation!state!has!been!observed![331J

333].!With!this!in!mind,!it!is!possible!that!CX3CR1!is!important!for!the!maturation!of!

infiltrated!monocytes!within! the! infarcted!myocardium,!which! in! turn! is! linked! to! the!

resolution!of!inflammation!following!I/R.!



!

!

175!

In! the!next!part!of! this!work,! I! therefore! investigated! the!effect!of!genetic!CX3CR1!

depletion! on!macrophage! populations! present! in! the! injured!myocardium! at! day! 3!

following!I/R.!This!analysis!was!performed!on!the!same!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!

mouse!hearts!that!were!used!for!quantifying!monocyte!subpopulation!infiltration!at!day!

3!post!I/R.!As!such,!Cx3cr1+/GFP!mice!again!served!as!a!control!group.!Macrophages!

were!defined!as!F4/80+!cells,!which!is!one!of!the!best!markers!to!identify!mouse!tissue!

macrophages![334,!335].!Details!of!the!staining!protocol!are!described!in!section!3.6.3.!

CD68!was!considered!but!omitted!on!the!basis!that!it!is!a!marker!of!both!macrophage!

and!monocyte! populations.!GFP! expression!was! used! to! define! F4/80+!GFPhi!M2!

macrophages! and! F4/80+! GFPmid! M1! macrophages,! since! M2! macrophages! are!

derived!from!CX3CR1hi!nonJclassical!monocytes!while!M1!macrophages!develop!from!

CX3CR1mid!classical!monocytes![336].!The!differentiation!between!GFPhi!and!GFPlo!

macrophage!definition!was!performed!as!described! for!CD11b+GFPhi! classical!and!

CD11b+GFPmid! classical! monocytes! in! section! 5.2.4.! Macrophage! subpopulation!

quantification!was!however!interpreted!with!caution!as!for!monocyte!subpopulations!

due!to!some!uncertainty!defining!GFPmid!and!GFPhi!cells!as!discussed!in!section!5.2.5.!

A!representative!40x! image!of!F4/80+GFP+!staining! in! the! infarcted! tissue!at!day!3!

postJcardiac!I/R!is!shown!in!Figure!5.19.!!

!

When! considering! macrophages! as! a! total! population,! Cx3cr1GFP/GFP! mice! had! a!

significantly!lower!count!of!F4/80+!cells!present!in!the!infarct!tissue!compared!to!that!

of!Cx3cr1+/GFP!mice,!by!approximately!1.4Jfold!(p<0.05)!(Figure!5.20).!As!all!F4/80+!

staining! was! found! to! coJlocalize! with! positive! GFP! staining,! this! reduced! infarct!

macrophage! population! in! Cx3cr1GFP/GFP! hearts! is! likely! to! reflect! the! spatial!

localisation!of!these!cells!at!the!infarct!border!observed!at!day!3!I/R!(section!5.2.7).!

This!difference!in!day!3!I/R!total!macrophage!counts!in!the!infarct!between!Cx3cr1+/GFP!

and!Cx3cr1GFP/GFP!groups!may!therefore!not!indicate!a!difference!in!the!numbers!of!

these!cells!between!genotypes,!but!rather!be!a!result!of!the!significantly!lower!count!

of!GFP+! cells! located! in! the! infarct! central! zone! compared! to! the! infarct! border! in!

Cx3cr1GFP/GFP!hearts.!!

!

When!comparing!the!ratio!of!day!3!postJI/R!M1!and!M2!macrophage!subpopulations!

in!Cx3cr1+/GFP! hearts,! counts! of! F4/80+GFPmid! M1!macrophages! were! significantly!
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higher! than! M2! F4/80+GFPhi! macrophages! (p<0.01).! In! Cx3cr1GFP/GFP! mice,! the!

difference!between!macrophage!subpopulation!counts!was!not!significantly!different,!

though!there!was!a!trend!towards!increased!F4/80+GFPmid!M1!macrophages.!Between!

genotypes,! counts! of! day! 3! postJI/R! M1! F4/80+GFPmid! macrophages! were! not!

significantly! different,! however! there! was! a! trend! towards! decreased! numbers! in!

Cx3cr1GFP/GFP! hearts.! The! counts! of! M2! F4/80+! GFPhi! macrophages! in! the! infarct!

region!were!not!different!between!genotypes.!!!

!

This! analysis! of! day! 3! I/R! macrophage! populations! suggested! that! i)!Cx3cr1+/GFP!

control!group!M1!macrophages!are!present!in!significantly!greater!numbers!than!M2!

macrophages!at!day!3!postJI/R,!ii)!M1!and!M2!macrophage!subpopulation!counts!are!

not!significantly!affected!by!genetic!CX3CR1!knockout!and!iii)!all!F4/80+!macrophages!

present!in!the!infarct!at!day!3!retain!GFP!expression.!
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Figure'5.'20.'Immunofluorescent'staining'of'F4/80+'GFP+'macrophages'in'the'

mouse'infarct'myocardium.'

Representative!infarct!region!field!of!view!(FOV)!images!at!40x!magnification!of!F4/80!

and!GFP!immunofluorescent!staining!of!day!3!I/R!Cx3cr1+/GFP!mouse!heart!tissue!in!

the!infarct!region!to! identify!macrophages.!Macrophages!were!broadly!classified!as!

F4/80+GFPhi!M2!macrophages! (white! arrow),! and!F4/80+GFPmed!M1!macrophages!

(yellow!arrow).!Images!were!taken!and!analysed!using!Zen!software.!!
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Figure'5.'21.'Infarct'macrophage'populations'in'the'injured'myocardium'at'day'

3'post>cardiac'I/R'in'Cx3cr1+/GFP'and'Cx3cr1GFP/GFP'mice.''
Macrophages!were!defined!as!F4/80+!cells!and!broadly!subJclassified!into!M1!

(GFPlo)!and!M2!(GFPhi)!subsets!based!on!GFP!expression.!TwoJway!Anova!with!

Tukey’s!multiple!comparison!test.!n=4!Cx3cr1+/GFP,!n=5!Cx3cr1GFP/GFP.!Data!refers!to!

mean!±!SEM.!*p<0.05,!**p<0.01.'''
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5.2.10'Cardiac'Digest''

!

The! study! of! mouse! monocyte! subpopulations! in! the! infarct! heart! by!

immunofluorescence! microscopy! is! limited! by! both! the! number! and! availability! of!

monocyte!subset!marker!detection!antibodies.!Standard!fluorescence!microscopy!is!

restricted!to!the!use!of!four!fluorescent!markers,!including!the!nuclear!marker!DAPI,!

which! for! identifying!a!complex!population! like!nonJclassical!monocytes!presents!a!

challenge.! Other! techniques! such! as! advanced! confocal! allows! the! use! of! an!

increased! numbers! of! fluors,! while! Hyperion! permits! further! markers! using! heavy!

metalJlabelled!antibodies![337,!338].!To!date,! there! is!no!exclusive!marker!defining!

mouse!nonJclassical!monocytes,!unlike!other! leukocyte!populations!such!as!BJcells!

(CD19),!TJcells!(CD3),!neutrophils!(Ly6G)!etc.!Instead,!monocytes!are!defined!by!their!

expression!of!the!myeloid!cell!marker!CD11b,!in!combination!with!Ly6C,!which!is!also!

expressed! by! neutrophils,! endothelial! cells,! and! TJcell! subsets! [339J341].! The!

distinction!between!monocytes!and!other!CD11b+!Ly6C+! leukocytes,!predominantly!

neutrophils,!is!then!based!on!CCR2!and!CX3CR1,!which!are!expressed!by!monocytes!

but!not!neutrophils![336,!342].!!

!

To! overcome! the! limitations! imposed! by! immunofluorescent! microscopy! and! to!

achieve!a!more!accurate!level!of!cell!characterization,!an!alternative!method!of!cardiac!

digestion!and!FACS!analysis!was!used!to!study!monocyte!subset!infiltration!into!the!

injured!myocardium!at! 24h!postJcardiac! I/R.!This! time!point!was! chosen! to! further!

investigate! the! reduced!nonJclassical!monocyte! infiltrate! in! the! injured!myocardium!

observed! in! Cx3cr1+/GFP! hearts! compared! to! Cx3cr1GFP/GFP! mice! described! as! in!

section! 5.2.4.! This! cardiac! digest! technique! compromises! a! combination! of!

mechanical! and! enzymatic! digestion! of! the! myocardium! which! generates! a!

suspension!of!isolated!single!viable!cells!that!can!be!analysed!by!flow!cytometry!for!

the! identification,! phenotyping,! and! quantification! of! leukocytes! (details! in! 3.9.3).!

FACS!allowed!me!to!use!a!more!comprehensive!panel!of!markers!than!microscopyd!

CD45,!CD11b,!Ly6C,!Ly6G,!CCR2,!CX3CR1,!GFP,!and!F4/80!(Figure!5.21).!These!

antibodies!were!chosen!on! the!basis! that! they!would!give! the!greatest!accuracy!of!

monocyte!subset!definition,!through!their!positive!and!negative!selectiond!CD45!and!

CD11b!defined!all!myeloid!cells,!Ly6G!defined!neutrophils,!and!Ly6C!defined!Ly6Chi!
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classical! and!Ly6Clo! nonJclassical!monocytes,!while!F4/80!allowed! identification!of!

macrophages.! Expression! of! CCR2! and! GFP! by! each! monocyte! subpopulation!

confirmed!their!identity.!The!relative!expression!of!GFP!by!classical!and!nonJclassical!

monocytes! resembled! that! of!monocyte! subpopulations! in!mouse! blood! and! heart!

tissue!analysed!by!microscopy! (Figure!5.22).!The!LV!and!RV!were!processed!and!

analysed! independently! to!compare!the! injured! infarcted!myocardial! tissue!with! the!

remote!region.!!

!

Using!this!cardiac!digest!method,!classical!and!nonJclassical!monocyte!infiltration!into!

the!infarcted!heart!tissue!at!24h!postJcardiac!I/R!was!studied!and!compared!with!the!

findings!obtained! from! immunofluorescent!microscopy.! It! should!be!mentioned! that!

the!heart!tissue!was!not!perfused!to!remove!intravascular!blood,!so!these!cells!cannot!

be!excluded!from!the!data.!
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Figure'5.'22.'Example'Flow'Cytometric'gating'of'Cx3cr1GFP/GFP'mouse'cardiac'digest'immune'cell'populations'in'the'LV'
and'RV'at'24h'postCcardiac'I/R.''
Total!monocytes!were!defined!as!CD45+CD11b+Ly6G>!cells!while!neutrophils!were!defined!as!CD45+CD11b+Ly6G+.!Monocytes!were!

then!sub>classified!as!either!classical![LY6ChiCCR2hiCX3CR1/GFPmid]!or!non>classical![LY6CloCCR2loCX3CR1/GFPhi]!monocytes.!

Expression! of! F4/80! by! infarct! monocytes! at! 24h! post>I/R! indicated! that! almost! all! monocytes! had! begun! differentiation! into!

macrophage!populations!at!this!time!point.!Immune!cell!infiltrate!into!the!myocardium!was!practically!all!confined!to!the!LV!injured!

region,!with!very!little!infiltrate!present!in!the!remote,!RV!region!a!24h!post>I/R.!
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Figure!5.!23.!Analysis!of!the!relative!expression!of!GFP!by!mouse!classical!and!

non?classical!monocyte!subpopulations!in!the!circulation!and!in!the!heart!

tissue!by!immunofluorescence!microscopy,!cardiac!digest!FACS!analysis!and!

peripheral!blood!FACS!analysis.!!

In!immunofluorescence!staining,!Zen!software!was!used!to!analyse!the!GFP!MFI!of!

classical! monocytes! (CD11b+GFPmid,! yellow! arrows)! and! nonEclassical! monocytes!

(CD11b+GFPhi,!white!arrows)!to!facilitate!their!differentiation,!as!described!in!section!

3.7.!This!confirmed!negative!expression!of!GFP!by!neutrophils!(pink!arrows).!Cardiac!

digest!FACS!and!blood!FACS!analysis!of!monocyte!subpopulations!did!not!rely!on!

GFP!expression!as!heavily! and!microscopy,! as! these!methods!allowed! the!use!of!

Ly6C! expression! to! confidently! define! Ly6Chi! classical! and! Ly6Clo! nonEclassical!

monocytes.!The!GFP!MFI!of!Ly6Chi!nonEclassical!monocytes!in!both!cardiac!digest!

FACS!and!blood!FACS!was!significantly!greater!than!Ly6Clo!classical!monocytes!in!

this! FACS! analysis,! though! this! difference! was! marginal! on! the! FACS! plots.! Zen!

software!was!used!to!analyse!the!GFP!MFI!of!randomly!selected!monocyte!cells!in!

Cx3cr1+/GFP! and!Cx3cr1GFP/GFP! heart! 40x! images! which! showed! that! nonEclassical!

monocytes!expressed!significantly!greater! levels!of!GFP! than!classical!monocytes,!

within!this!analysis.!n=7!Cx3cr1GFP/GFP!mice!for!blood!FACS,!n=5!Cx3cr1GFP/GFP!mice!

for!cardiac!digest!FACS.!Data!was!analysed!by!OneEway!Anova.!Data!refers!to!mean!

±!SEM.!*p<0.05,!**p<0.01,!***p<0.001,!****p<0.0001.!!!
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5.2.11!Cardiac!Digest!Analysis! of! Infiltrated!Monocyte!Subpopulations! in! the!

Injured!Myocardium!at!24h!Post?Cardiac!I/R!

!

Following! cardiac! digest,! total! monocyte! and! monocyte! subpopulations! were!

quantified!at!24h!postEI/R!in!the!infarct!region!(LV)!and!remote!myocardium!(RV)!by!

FACS!analysis.!Total!monocytes!were!defined!as!CD45+CD11b+Ly6GE!cells,!which!

were! then! subEclassified! into! classical! LY6ChiCCR2hiCX3CR1/GFPmid,! and! nonE

classical!LY6CloCCR2loCX3CR1/GFPhi!monocytes.!Neutrophil!infiltration!at!24h!postE

cardiac! I/R! was! quantified! as! an! internal! biological! control! as! performed! in!

immunofluorescence!microscopy.!As!monocyte! subset! definition! using! this! cardiac!

digest!technique!did!not!rely!on!GFP!expression,!Cx3cr1+/+!mice!could!also!be!studied.!

To!investigate!the!importance!of!monocyte!CX3CR1!expression!on!the!infiltration!of!

these! cells! into! the! injured! myocardium! at! 24h! postEI/R,! heart! digest! monocyte!

populations! samples! were! compared! between! Cx3cr1+/+,! Cx3cr1+/GFP,! and!

Cx3cr1GFP/GFP!mice.!!

!

Comparison!of!CD45+!cell!infiltration!between!the!injured!myocardium!(LV)!and!remote!

region!(RV),!expressed!as!events/ml!of!digest,! initially!demonstrated!that! leukocyte!

infiltration!into!the!myocardium!at!24h!postEI/R!was!specific!to!the!infarct!regionb!LV!

cardiac!digest!samples!in!all!genotypes!had!a!much!higher!count!of!CD45+!cells!than!

the!respective!RV!cell!suspension,!which!contained!very!low!numbers!of!CD45+!cells!

(Figure! 5.21,! 5.23A).!Cx3cr1GFP/GFP! hearts! showed! a! significantly! greater! count! of!

leukocytes!than!that!of!the!Cx3cr1+/+!group!(p<0.01),!such!that!the!difference!between!

LV!and!RV!samples!was!only!significant!in!the!Cx3cr1GFP/GFP!group.!This!observation!

however!is!likely!due!to!variation!in!the!number!of!CD45+!cell!events!acquired!during!

FACS.!!

!

Neutrophil! infiltration! into! the! injured!myocardium!(LV)!at!24h!postEcardiac! I/R!as!a!

proportion!of!total!leukocytes!was!78%,!82%,!and!65%!in!Cx3cr1+/+,!Cx3cr1+/GFP,!and!

Cx3cr1GFP/GFP!mice,!respectively,!and!therefore!dominated!the!immune!response!at!

this! time! point! as! expected! (Figure! 5.23C).! This! proportion! of! neutrophils!was! not!

significantly! different! across! genotypes.! Total! monocytes! occupied! approximately!

15%,!17%,!and!19%!of!the!total!leukocyte!population!present!in!the!infarct!tissue!in!
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Cx3cr1+/+,!Cx3cr1+/GFP,!and!Cx3cr1GFP/GFP!mice,!respectively,!and!therefore!was!not!

significantly!affected!by!genetic!CX3CR1!knockout.!The!total!monocyte!composition!

of! total! leukocytes! was! consistently! higher! in! the! RV! compared! to! the! LV! across!

genotypes.!This!is!assumed!to!be!due!to!vast!neutrophil!population!specifically!in!the!

injured!myocardium,!which!in!turn!lowered!the!relative!CD45+!proportion!of!monocytes!

in!the!LV.!Quantification!of!classical!and!nonEclassical!monocyte!subpopulations!in!the!

injured!myocardium!revealed!that!Ly6Chi!classical!monocytes!occupied!approximately!

10%!of!total!leukocytes!in!Cx3cr1+/+!mice,!9%!in!Cx3cr1+/GFP,!and!6%!in!Cx3cr1GFP/GFP!

hearts.! Ly6Clo! nonEclassical! monocytes! compromised! approximately! 2%! of! total!

leukocytes!in!Cx3cr1+/+!mice,!5%!in!Cx3cr1+/GFP,!and!4%!in!Cx3cr1GFP/GFP!mice.!This!

proportion!of!classical!and!nonEclassical!monocytes!of!total!leukocytes!in!the!24h!I/R!

infarct! across! genotypes! was! not! significantly! different! for! either! monocyte!

subpopulation.! As! monocytes! and! macrophages! are! known! to! share! cell! surface!

markers!it!can!be!difficult!to!distinguish!between!these!two!cell!populations,!however!

a!further!analysis!of!monocyte!F4/80!expression!at!day!3!I/R!showed!that!the!majority!

of! all! monocytes! positively! expressed! this! marker! (Figure! 5.21),! indicating! the!

activation!of!monocytes!and!their!differentiation!into!macrophages!at!24h!postEcardiac!

I/R.!!

!

Neutrophil! and!monocyte! populations! were! also! analysed! as! a! proportion! of! total!

myeloid! cells! (Figure! 5.23D).! At! 24h! postEI/R,! the! infarct! myeloid! population! was!

comprised! of! 78.5%,! 81.7%! and! 79.8%! neutrophils! in!Cx3cr1+/+,!Cx3cr1+/GFP,! and!

Cx3cr1GFP/GFP! hearts.! Neutrophil! infiltration! at! 24h! postEI/R! therefore! was! not!

significantly! different! across! genotypes.! Classical! monocytes! occupied! a! similar!

proportion! of!myeloid! cells! across! genotypes,! as! 12.5%,! 11.7%! and! 9.2%! of! total!

CD11b+!cells!in!Cx3cr1+/+,!Cx3cr1+/GFP,!and!Cx3cr1GFP/GFP!hearts,!respectively.!NonE

classical!monocytes!were!present!in!lower!numbers!at!24h!postEI/R!compared!to!their!

classical!counterpart,!which!made!up!0.7%,!3.5%,!and!2.8%!of!total! infarct!myeloid!

cells! in!Cx3cr1+/+,!Cx3cr1+/GFP,! and' Cx3cr1GFP/GFP!mice,! respectively.! Infiltration! of!

classical!and!nonEclassical!monocytes!at!24h!postEI/R!was!not!significantly!affected!

by! genetic! CX3CR1! knockout.! This! was! also! observed! when! classical! and! nonE

classical!monocytes!were!analysed!as!a!proportion!of!the!total!monocyte!population!

in!the!injured!myocardium!(Figure!5.23E).!
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Analysis!of!CX3CR1!expression!showed!that!in!wildEtype!mice,!25.3%!of!leukocytes!

were! CX3CR1+,! compared! to! 27.91%! in! Cx3cr1+/GFP! mice! (Figure! 5.23F).! In!

Cx3cr1+/GFP! mice,! 27.4%! of! leukocytes! expressed! GFP,! compared! to! 28%! in!

Cx3cr1GFP/GFP!hearts!(Figure!5.23G).!This!analysis!of!CX3CR1/GFP+!expression!in!all!

genotypes!at!24h!postEI/R!suggested!the!presence!of!other!CX3CR1/GFP+!cells!in!the!

infarct! in!addition! to! these!monocytes!subpopulationsb! total!monocytes!represented!

15%!of!total!leukocytes!in!wildEtype!mice,!which!all!expressed!CX3CR1,!however!the!

percentage! of! CX3CR1Eexpressing! leukocytes! was! 25.3%.! Similarly,! Cx3cr1+/GFP!

hearts! had! 17%! total!monocytes! and! 27.9%!CX3CR1+! cells! of! the! total! leukocyte!

population,!and!Cx3cr1GFP/GFP!hearts!showed!19%!monocytes!and!28%!GFP+!cells!of!

total!leukocytes.!The!presence!of!other!CX3CR1/GFP+!cells!in!the!injure!myocardium!

at! 24h! postEcardiac! I/R! may! reflect! populations! of! CD8+CCR7E! TEcells,! which! are!

known!to!express!CX3CR1!and!respond!to!cardiac!injury![209].!
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Figure!5.!24.!Cardiac!Digest!analysis!monocyte!populations!at!24h!post?

cardiac!I/R,!in!the!LV!and!RV!in!Cx3cr1+/+,'Cx3cr1+/GFP,!Cx3cr1GFP/GFP!mice.!
Total!monocytes!were!defined!as!CD45+CD11b+Ly6GE! cells.!Monocytes!were! then!

subEclassified! as! classical! [LY6ChiCCR2hiCX3CR1/GFPmid]! and! nonEclassical!

[LY6CloCCR2loCX3CR1/GFPhi]!monocytes.!A.!Leukocytes,!total!monocytes,!classical!

and!nonEclassical!monocyte!populations,!and!neutrophils!in!the!24h!postEcardiac!I/R!

LV! region! in! all! genotypes,! per! ml! of! digest! cell! suspension.! B.! Monocyte!

subpopulations!at!24h!postEcardiac!I/R!expressed!as!events!per!ml!of!digest.!C.!Total!

leukocytes,!monocyte!subpopulations,!and!neutrophils,!expressed!as!a!proportion!of!

total!leukocytes!across!all!genotypes.!A,!B,!C.!Data!was!analysed!by!TwoEway!Anova!

with!Tukey’s!multiple!comparison!test.!D.!Monocyte!subpopulations!and!neutrophils!

as!a!percentage!of!total!myeloid!cells,!across!genotypes.!E.!Ratio!of!classical!and!nonE

classical!monocytes!as!a!proportion!of!total!monocytes!across!genotypes.!D,!E.!Data!

was!analysed!by!OneEway!Anova!with!Tukey’s!multiple!comparison!test.!F.!Proportion!

of! CX3CR1+! cells! of! parent! populations,! between! LV! and! RV! in! Cx3cr1+/+! and!

Cx3cr1+/GFP!mice.!G.!Proportion!of!GFP+!cells!of!parent!populations,!between!LV!and!

RV!in!CX3CR1+/GFP!and!Cx3cr1GFP/GFP!mice.!Data!was!analysed!by!TwoEway!Anova!

with!Tukey’s!multiple!comparison!test.!All!data!refers!to!mean!±!SEM.!n=3!Cx3cr1+/+,!

n=2!Cx3cr1+/GFP,!n=6!Cx3cr1GFP/GFP.!!*p<0.05,!**p<0.01,!****p<0.0001.!
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5.2.12!Comparison!of!Leukocyte!and!Monocyte!Subpopulations!in!the!Injured!

Myocardium! at! 24h! Post?Cardiac! I/R! between! Cardiac! Digest! and!

Immunofluorescence!Microscopy!Techniques.!!

!

Due!to!commonality!in!some!of!the!markers!used!to!study!leukocyte!and!monocyte!

infiltration! into! the! injured! myocardium! at! 24h! I/R! between! cardiac! digest! and!

immunofluorescence!microscopy! techniques,! it! was! possible! to! compare! analyses!

between!methods.!In!both!approaches,!CD45,!CD11b!and!GFP!markers!were!used!to!

define!leukocyte!and!monocyte!populations.!!

!

A! fundamental! comparison! that!was! firstly!made!between! these! two!analyses!was!

leukocyte!infiltration!at!24h!postEI/R!into!the!injured!myocardium!(LV)!compared!to!the!

remote!area!(RV).!Since!the!LV!region!is!the!area!of!tissue!that!is!injured!following!

cardiac!I/R,! the!majority!of!CD45+! infiltrate!was!present! in! the!LV!area!across!both!

techniques.! In!both!cardiac!digest!and!microscopy!analysis!of! leukocyte! infiltration,!

95%! and! 92%! of! total! CD45+! cells! in! Cx3cr1+/+! hearts! were! located! in! the! LV!

respectively!(Figure!5.24A),!with!the!remaining!5%!and!8%!in!the!remote,!nonEinjured!

RV!(Figure!5.24B).!This!proportion!of!LV/RV!leukocytes!between!techniques!was!not!

significantly!different!across!Cx3cr1+/+,!Cx3cr1+/GFP,!and!Cx3cr1GFP/GFP!mice!(Figure!

5.24A,! B).! This! agreement! between! analyses! provides! confidence! in! CD45+!

quantification!by!each!technique.!!

!

Analysis!of!myeloid!populations! in! the!Cx3cr1+/GFP!control!group!across! techniques!

showed!that!total!monocyte!and!neutrophil!infiltration!into!the!injured!myocardium!(LV)!

at!24h!postEcardiac!I/R!was!also!not!significantly!different!between!the!two!approaches!

(expressed! as! a!%! of! total! CD11b+!myeloid! cells)! (Figure! 5.24C,! 5.25A).! The! LV!

myeloid! population! in! Cx3cr1+/GFP! cardiac! digest! hearts! was! comprised! of! 22%!

monocytes!and!78%!neutrophils,!while!Cx3cr1+/GFP!immunofluorescence!microscopy!

analysis!stained!for!33%!monocytes!and!67%!neutrophils,!expressed!as!a!proportion!

of!total!CD11b+!cells.!Total!monocyte!and!neutrophil!populations!in!Cx3cr1GFP/GFP!24h!

I/R!hearts!were!also!not!significantly!different!between!methodsb!cardiac!digest!hearts!

compromised!28%!monocytes!and!72%!neutrophils,!while!microscopy!hearts!showed!

23%!monocytes! and! 77%!neutrophils! (Figure! 5.24C,! Figure! 5.25B).! These! similar!
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myeloid!populations!across!cardiac!digest!and!microscopy!based!analyses!suggests!

that!CD11b+!cell!quantification!was!accurate!in!both!techniques.!!!

!

Furthermore,!the!proportion!of!GFP+!cells!in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!hearts,!as!

a!percentage!of! total!CD11b+!myeloid!cells,!was!consistent!with! the!proportions!of!

monocytes!and!neutrophils!(Figure!5.24D).! In!Cx3cr1+/GFP!digest!hearts,!GFP+!cells!

represented!23%!of!CD11b+!cells,!which!is!comparable!with!the!22%!total!monocyte!

proportion! of! total!myeloid! cells.! In!Cx3cr1+/GFP!microscopy! analysed! hearts,!GFP+!

cells! represented! 33%! of! all! CD11b+! cells,! which!was! the! same! as! the! 33%! total!

monocyte! proportion! of!myeloid! cells.! This! proportion! of! infarct!GFP+! cells! in! both!

genotypes! was! not! significantly! different! across! cardiac! digest! and! microscopy!

methods,!and!therefore!provides!confidence!in!the!method!of!GFP!detection!in!each!

approach.!!

!

However,!variability!was!noted!between!methods!when!analysing!specific!classical!

and!nonEclassical!monocyte!subpopulations.!In!the!24h!postEI/R!hearts!analysed!by!

cardiac! digest! and! FACS,! classical! monocytes! dominated! the! total! monocyte!

population.! The! ratio! of! classical! to! nonEclassical! monocytes! was! approximately!

74%:26%!in!Cx3cr1+/GFP!hearts!and!85%:15%!in!Cx3cr1GFP/GFP!hearts!(Figure!5.25!A,!

B).! In! contrast,! the! proportion! of! classical! monocytes! was! lower! when! cells! were!

analysed! using! immunofluorescence!microscopy! and! the! ratio! of! classical! to! nonE

classical! monocytes! was! 32%:68%! in! Cx3cr1+/GFP! hearts! and! 51%:49%! in!

Cx3cr1GFP/GFP!hearts.!

!

This!discrepancy!in!classical!and!nonEclassical!monocyte!proportions!determined!by!

flow!cytometry!and!immunofluorescence!may!be!attributed!to!a!number!of!differences!

between!techniques,!which!are!discussed!in!detail!in!5.3.1.!!

!

!

!

!

!
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!

Figure!5.!25.!Comparison!between!24h!post?cardiac!I/R!leukocyte!populations!

analysed!by!immunofluorescent!staining!and!cardiac!digest!techniques.!!

A.!Percentage!of!24h!postEcardiac!I/R!total!heart!leukocytes!present!in!the!LV!and!B.!

RV,!between!microscopy!and!digest!techniques.!C.!Comparison!of!total!LV!monocyte!

and!neutrophil!populations!at!24h!postEcardiac!I/R!between!immunofluorescence!and!

cardiac! digest! techniques,! expressed! as! a! proportion! of! total! myeloid! cells.! D.!

Percentage! GFP+! cells! of! total! CD11b+! cells! in! cardiac! digest! and!

immunofluorescence!staining.!Cardiac!Digest:!n=3!Cx3cr1+/+,!n=2!Cx3cr1+/GFP,!n=5!

Cx3cr1GFP/GFPb! Immunofluorescent! Staining:! n=8! Cx3cr1+/+,! n=4! Cx3cr1+/GFP,! n=4!

Cx3cr1GFP/GFP.!Data!analysed!by!OneEway!Anova!with!Tukey’s!multiple!comparison!

test.!All!data!refers!to!mean!±!SEM.!
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Figure!5.!26.!Relative!proportions!of!leukocyte!(CD45+),!myeloid!(CD11b+)!and!monocyte!subpopulations!in!the!injured!

heart!tissue!at!24h!postFI/R!between!cardiac!digest!and!immunofluorescent!microscopy!techniques!in!Cx3cr1+/GFP!(A)!and!
Cx3cr1GFP/GFP!(B)!mice.!
!
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5.2.13& Analysis& of& Spleen& and& Bone& Marrow& Monocyte& Subpopulations& at&

Baseline&and&24h&Post?Cardiac&I/R& &

!

The!monocyte! immune! response! to! cardiac! I/R! does! not! solely! involve!monocyte!

infiltration!from!the!circulation!into!the!heart!tissue,!but!comprises!a!complex!interplay!

between!numerous!compartments!of! the! immune!system,! including! the!spleen!and!

bone!marrow! [316,!343].!These! tissues!both!host!significant!monocyte!populations!

during!baseline!conditions,!and!respond!appropriately!to!the!demands!of!cardiac!I/R!

repair!through!the!release!of!these!cells!into!the!circulation.!It!was!therefore!important!

as!part!of! this!study! to!determine! the!changes! in!monocyte!subpopulations! in!both!

mouse!spleen!and!bone!marrow!at!24h!postFcardiac!I/R!in!addition!to!the!peripheral!

circulation!and!injured!myocardial!tissue.!!

!

To!address!this,!spleen!and!bone!marrow!tissues!from!the!same!animals!that!were!

used!for!24h!postFI/R!cardiac!digest!analyses!were!isolated,!prepared!as!a!suspension!

of! single! viable! cells,! and! analysed! by! flow! cytometry! for! monocyte! subset!

quantification.! This! was! compared! with! baseline! mouse! spleen! and! bone!marrow!

monocyte!populations.!The!effect!of!genetic!CX3CR1!ablation!on!splenic!and!bone!

marrow!monocyte! subpopulations! at! baseline! and! 24h! postFI/R! was! evaluated! by!

comparing!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!!

!

5.2.14& Splenic& Classical& and& Non?Classical& Monocyte& Subpopulations& at& 24h&

Post?Cardiac&I/R& &

!

Mouse! splenic! monocytes! were! defined! as! CD4FCD8FCD19FCD11cF/loNK1.1FLy6GF

cells.!This!gating!strategy!ensured!exclusion!of!splenic!TFcells! (CD4,!CD8),!BFcells!

(CD19),!dendritic!cells!(CD11c),!NKFcells!(NK1.1),!and!neutrophils!(Ly6G).!Monocyte!

subpopulations!were!then!classified!as!either!Ly6Chi!classical!or!Ly6Clo!nonFclassical!

monocytes! (Figure! 5.26).! This! gating! strategy! was! developed! based! on! the!

recommended!markers!for!defining!mouse!spleen!monocyte!subpopulations![344].!

!

At!baseline,!splenic!total!monocytes!represented!up!to!~1.6%!of!total!splenocytes!in!

Cx3cr1+/GFP!mice!and!~2%!of! total! splenocytes! in!Cx3cr1GFP/GFP!mice,!and!was!not!
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significantly! different! between! genotypes! (Figure! 5.27A).! This! proportion! of! total!

monocytes!was!in!the!expected!baseline!range!of!<5%!of!all!splenocytes![345].!When!

comparing!the!total!splenic!monocyte!population!at!baseline!between!Cx3cr1+/GFP!and!

Cx3cr1GFP/GFP! mice! as! a! proportion! of! splenic! myeloid! cells,! there! was! also! no!

significant!difference!(Figure!5.27B).!At!24h!postFI/R,!the!proportion!of!total!monocytes!

of!myeloid!cells!in!each!genotype!did!not!significantly!change!from!that!at!baseline.!!

!

Classical!monocyte! subpopulations! in! spleens! of!Cx3cr1+/GFP!mice! at! 24h! postFI/R!

were!similar!to!baseline!levels,!whether!expressed!as!a!proportion!of!total!splenocytes!

(Figure!5.27C),!myeloid!cells! (Figure!5.27D),!or! total!monocytes! (Figure!5.27E).! In!

contrast!to!this,!Cx3cr1GFP/GFP!mice!suggested!there!was!an!increase!in!the!proportion!

of! classical!monocytes! at! 24h! postFI/R! compared! to! baseline! (Figure! 5.27E).! This!

increase!was!synchronous!with!a!decrease!in!the!proportion!of!splenic!nonFclassical!

monocytes!at!24h!postFI/R! (Figure!5.27H).!NonFclassical!monocytes! in!Cx3cr1+/GFP!

spleens!however!showed!no!significant!change!from!baseline!to!24h!postFI/R!(Figure!

5.27!F,!G,!H).!

!

The!difference! in! the! frequency!of!monocyte!subpopulations!between!baseline!and!

24h! I/R! in!Cx3cr1GFP/GFP!mice! are! suggestive! of! two! possible! scenarios! following!

cardiac! I/Rb! i)! genetic!CX3CR1!knockout! leads! to! increased!efflux!of! nonFclassical!

monocytes! from! the! spleen! into! the! circulation! at! 24h! following! cardiac! I/R,! or! ii)!

genetic!CX3CR1!knockout!leads!to!an!increased!influx!of!classical!monocytes!into!the!

spleen.!

!

!

!
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&

Figure&5.&27.&Flow&Cytometric&gating&of&murine&spleen&classical&and&non?

classical&monocyte&subpopulations&in&Cx3cr1+/GFP&and&Cx3cr1GFP/GFP&mice.&&
Total!splenic!monocytes!were!defined!as!CD4FCD8FCD19FCD11cFNK1.1FLy6GF!cells.!

This!panel!of!markers!permitted!exclusion!of!TFcells,!BFcells,!dendritic!cells,!NKFcells,!

and!neutrophils! from! the!splenic!monocyte!population.!Total!monocytes!were! then!

defined!as!either!classical!(Ly6Chi)!or!nonFclassical!(Ly6Clo)!monocytes.!
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Figure&5.&28.&Splenic&populations&of&classical&and&non?classical&monocytes&at&

baseline&and&24h&post?cardiac&I/R&in&Cx3cr1+/GFP&and&Cx3cr1GFP/GFP&mice.&&
Total!monocytes!(A,!B),!classical!monocytes!(CFE)!and!nonFclassical!monocytes!(FF

H)!were!quantified!and!expressed!either!a!percentage!of!total!splenocytes,!myeloid!

cells,! or! total! monocytes.! Data! analysed! by! TwoFway!Anova! with!Tukey’s!multiple!

comparison! test.! All! data! refers! to! mean! ±! SEM.! n=3/genotype! at! baselineb!

n=2/genotype!at!24h!I/R.
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5.2.15& Bone& Marrow& Classical& and& Non?Classical& Monocyte& Populations& at&

Baseline&and&24h&Post?Cardiac&I/R& &

!

Monocyte!subpopulations!in!the!bone!marrow!were!analysed!at!baseline!and!at!24h!

postFcardiac! I/R! in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!Bone!marrow!myeloid!cells!

were! defined! by! flow! cytometric! analysis! as! CD45+CD11b+! cells! (Figure! 5.28).!

Neutrophils!were!excluded!on!the!basis!of!high!SSC!and!intermediate!expression!of!

Ly6C! [340].! Total! monocytes! were! then! subFclassified! as! classical! Ly6Chi! CCR2hi!

CX3CR1/GFPmidFhi,!and!nonFclassical!Ly6Clo!CCR2low!CX3CR1/GFPhi!monocytes.!!

!

In!baseline!Cx3cr1+/GFP!mice,!the!total!monocyte!population!occupied!~10%!of!all!bone!

marrow! leukocytes! and! ~20%! of! all! bone! marrow! myeloid! cells,! which! did! not!

significantly!differ!at!24h!I/R,!or!in!Cx3cr1GFP/GFP!mice!(Figure!5.29A,!B).!Analysis!of!

monocyte! subpopulations! showed! that! baseline! classical! monocytes! represented!

approximately!5%!of!bone!marrow!leukocytes!(Figure!5.29C),!15%!of!bone!marrow!

myeloid!cells!(Figure!5.29D),!and!75%!of!total!bone!marrow!monocytes!(Figure!5.29E),!

which!was!not! significantly!different! in!Cx3cr1GFP/GFP!mice!or!at!24h!postFI/R.!NonF

classical!monocytes!in!the!bone!marrow!at!baseline!represented!approximately!2%!of!

total!bone!marrow!leukocytes!(Figure!5.29F),!4%!of!myeloid!cells!(Figure!5.29G),!and!

20%!of!total!bone!marrow!monocytes!(Figure!5.29H),!across!both!genotypes,!and!did!

not!significantly!differ!at!24h!postFI/R.!Genetic!knockout!of!CX3CR1!therefore!did!not!

appear!to!affect!monocyte!populations!in!the!bone!marrow!at!baseline!or!at!24h!postF

I/R,!though!this!data!was!limited!by!the!low!group!sizes.!!

!
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!

Figure&5.&29.&Flow&cytometric&gating&of&mouse&bone&marrow&classical&and&non?

classical&monocyte&subpopulations.&&

Total!monocytes!were!defined!as!CD45+CD11b+Ly6GFSSClo!cells.!Neutrophils!were!

distinguished! from! monocytes! as! SSChi! and! Ly6Cinter.! Monocytes! were! then! subF

classified! as! either! classical! [Ly6ChiCCR2hiCX3CR1/GFPmidFhi]! or! nonFclassical!

[Ly6CloCCR2midCX3CR1/GFPhi!monocytes].!
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Figure&5.&30.&Bone&marrow&populations&of&classical&and&non?classical&

monocytes&at&baseline&and&24h&post?cardiac&I/R&in&Cx3cr1+/GFP&and&
Cx3cr1GFP/GFP&mice.&&
Bone!marrow! total!monocytes! (A,!B),! classical!monocytes! (CFE)! and!nonFclassical!

monocytes! (FFH)! were! quantified! and! expressed! either! a! percentage! of! total!

splenocytes,!myeloid!cells,!or!total!monocytes.!Data!analysed!by!TwoFway!Anova!with!

Tukey’s!multiple!comparison! test.!All!data! refers! to!mean!±!SEM.!n=3/genotype!at!

baselineb!n=2/genotype!at!24h!I/R.
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5.2.16&Analysis&of&Mouse&Cardiac&Function&at&6&Weeks&Post?Myocardial&I/R&by&

Cardiac&MRI&

!

In!addition!to!investigating!the!relative!monocyte!phenotype!following!myocardial!I/R,!

this!study!also!evaluated!the!effect!of!genetic!CX3CR1!knockout!on!cardiac!function!

after!cardiac! I/R,! in!Cx3cr1+/+,!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!To!achieve!this,!

mice!underwent!cardiac!MRI!at!6!weeks!post!cardiac!I/R.!!Mouse!myocardial!function!

was!assessed!by!quantifying!End!Systolic!(ESV)!and!End!Diastolic!Volumes!(EDV),!

as!basic!parameters!for!measuring!left!ventricular!function.!LVEF!was!calculated!from!

these!values!((EDVFESV/EDV)!*100),!and!expressed!as!a!percentage.!This!data!was!

collected!and!analysed!by!Dr.!Rachael!Redgrave.!

!

Analysis! of! cardiac! function! parameters! at! 6! weeks! following! myocardial! I/R! in!

Cx3cr1+/+,! Cx3cr1+/GFP! and! Cx3cr1GFP/GFP! mice! revealed! that! genetic! knockout! of!

CX3CR1!does!not!significantly!impair!myocardial!function!at!this!time!point!following!

cardiac!I/R!F!ESV!and!EDV!were!not!significantly!different!between!genotypes.!Despite!

this,!there!was!a!noticeable!trend!towards!both!increased!ESV!and!EDV!in!CX3CR1F

deficient!miceb!ESV! increased! incrementally! from!Cx3cr1+/+!(30.1µl),! to!Cx3cr1+/GFP!

(40.2µl),! and! Cx3cr1GFP/GFP! (45.7µl)! mice! (Figure! 5.30A).! Similarly,! EDV! volume!

increased!with!the!extent!of!CX3CR1!depletion,!whereby!Cx3cr1+/+,!Cx3cr1+/GFP!and!

Cx3cr1GFP/GFP!hearts!had!a!EDV!of!71.9µl,!77.9µl,!and!83.7µl,! respectively! (Figure!

5.30B).!Since!ejection!fraction!is!calculated!based!on!these!ventricular!volumes,!there!

was! also! a! trend! towards! decreased! myocardial! function! as! determined! by! lower!

ejection! fraction,! with! a! greater! expression! of! CX3CR1b!Cx3cr1+/+! had! a! LVEF! of!

58.4%,!Cx3cr1+/GFP!of!49.1%,!and!Cx3cr1GFP/GFP!of!46.7%!(Figure!5.30C).!Mean!ESV!

and!EDV!were!greater!in!C57BL/6!hearts!(37.5µl,!85.2µl)!compared!to!the!Cx3cr1+/+!

group,!(30.1µl,!71.9µl),!though!these!differences!were!not!significant!(Figure!5.30A,!

B).!!

!

Such!findings!suggest! that!genetic!ablation!of!CX3CR1!does!not!have!a!significant!

effect!on!cardiac!function!at!six!weeks!following!cardiac!I/R.!The!presence!of!a!slight!

trend! however! suggests! that! a! higher! number! of! animals! per! group!may! increase!

statistical! power! to! reveal! a! significant! difference.!Furthermore,! the! absence!of! an!
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effect! on!CX3CR1!deficiency!on! cardiac! function! specifically! at! six!weeks!postFI/R!

does!not!rule!out!the!presence!of!a!phenotype!at!other!time!points!following!I/R.!!

!

Figure&5.&31.&Cardiac&MRI&assessment&of&cardiac&function&at&6&weeks&post&

cardiac&I/R&in&C57BL/6,&Cx3cr1+/+,&Cx3cr1+/GFP,&and&Cx3cr1GFP/GFP&mice.&&
Cardiac!function!was!determined!by!A.!End!Systolic!Volume!(ESV),!B.!End!Diastolic!

Volume!(EDV),!and!C.!Ejection!Fraction!(EF).!D.!End!Systolic!Volume!Index!(ESVI).!

E.!End!Diastolic!Volume!Index!(EDVI).!Data!was!analysed!by!OneFway!Anova!with!

Tukey’s!test!for!multiple!comparisons.!All!data!refers!to!mean!±!SEM.!n=4!C57BL/6,!

n=4!Cx3cr1+/+,!n=10!Cx3cr1+/GFP,!n=11!Cx3cr1GFP/GFP.!

!
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5.2.17& PD?L1& Expression& Distinguishes& Mouse& Blood& Ly6Clo& Non?Classical&

Monocytes&from&Ly6Chi&Classical&Monocytes&

!

The!study!of!nonFclassical!monocytes!throughout!this!chapter!is!limited!by!the!lack!of!

an!exclusive!marker!for!defining!this!monocyte!subpopulation.!While!several!mouse!

leukocytes!have!a!clearly!defined!cell!marker!for!their!accurate!identification!(CD3+!TF

cells,!CD19+!BFcells,!etc.),!the!delineation!of!mouse!monocyte!subpopulations!requires!

a!comprehensive!panel!of!markers.!In!particular,!immunofluorescence!quantification!

of!monocyte!subsets!in!the!injured!myocardium!described!here!relies!on!the!myeloid!

cell!marker!CD11b!and!GFP,!with!the!latter!only!available!when!using!the!CX3CR1F

GFP!mice.!CD11b+!neutrophils!are!GFPF!based!on!their!known!negative!expression!

of!CX3CR1,!which!was! confirmed! in! this! study! (section! 5.2.1).! Immunofluorescent!

microscopy!definition!of!classical![CD11b+!GFPmid]!and!nonFclassical![CD11b+!GFPhi]!

monocyte!subsets! relied!on!a!subjective! threshold!of!GFP!expression/intensity.!As!

previously! discussed,! there! is! potential! for! quantitative! overlap! between!monocyte!

subsets! due! to! this! subjective!method! of! quantification.&FACS! analysis! of! cardiac!

digest!monocyte!populations!allowed!a!more!comprehensive!panel!of!markers!for!the!

detection!of!monocyte!subsets!and!therefore!more!accurately!distinguished!classical!

monocytes! from! nonFclassical! monocytes! based! on! Ly6C! expression.! When!

comparing!CX3CR1!expression!using!FACS,!this!marker!did!not!significantly!facilitate!

the!discrimination!of!classical!and!nonFclassical!monocytes.!A!more!robust!method!for!

studying!nonFclassical!monocytes!would!therefore!be!greatly!beneficial.!A!recent!study!

by!Bianchini!et!al! [346]! reported!PDFL1!as!a!promising!exclusive!marker!of!mouse!

nonFclassical!monocytes!in!the!blood!and!bone!marrow!compartments.!In!a!pilot!study,!

I!therefore!investigated!the!expression!of!PDFL1!by!mouse!monocyte!subpopulations!

in!the!blood,!spleen,!and!bone!marrow.&

!

Circulating!classical!and!nonFclassical!monocytes!were!defined!in!C57BL/6!mice!as!

previously! described! with! the! additional! marker! of! PDFL1! incorporated! into! the!

antibody! panelb! classical! monocytes! [CD11b+CD115+LY6GFLY6ChiCCR2hi!

CX3CR1midFhi],! and! nonFclassical! monocytes! [CD11b+CD115+LY6GFLY6ChiCCR2mid!

CX3CR1hi].! In! the! peripheral! blood,! mouse! circulating! nonFclassical! monocytes!

expressed!~2Ffold!higher! levels!of!PDFL1! than! their!classical!monocyte!counterpart!
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(p<0.0001)! (Figure! 5.31A).! Importantly,! PDFL1! expression! was! found! to! be! more!

accurate! at! quantifying! the! nonFclassical! monocyte! population! than! CX3CR1!

expression,!when!analysed!as!a!proportion!of!total!leukocytes!(Figure!5.31D),!or!total!

CD115+! cells! (Figure! 5.31E).! Titration! of! the! PDFL1! antibody! in!mouse! blood!was!

carried! out! to! ensure! correct! interpretation! of! relative! PDFL1! expression! between!

monocyte!subpopulations!(Figure!5.30B).!

!

In!the!spleen,!both!classical!and!nonFclassical!monocytes!expressed!lower!levels!of!

PDFL1! than! circulating! monocytes,! with! no! significant! difference! in! expression!

between!monocyte!subpopulations!(Figure!5.31A).!Monocytes!in!the!bone!marrow!are!

known! to! be! primarily! classical! monocytes! (95F100%),! with! only! 1F5%! of! total!

monocytes! being! nonFclassical!monocytes,! as! conversion! from! classical! Ly6Chi! to!

nonFclassical!Ly6Clo!monocytes!predominantly!occurs!in!the!circulation!following!their!

egress!from!the!bone!marrow![347].!As!a!result!of! this,! the!nonFclassical!monocyte!

population!quantified!in!the!bone!marrow!was!minimal!and!therefore!PDFL1!expression!

could! not! be! reliably! measured.! Classical! monocytes! however! were! abundant! in!

number! and! were! found! to! express! high! levels! of! PDFL1,! similar! to! those! levels!

expressed!by!circulating!nonFclassical!monocytes!(Figure!5.31A).!This!is!particularly!

interesting!as!it!may!be!the!case!that!circulating!Ly6Clo!nonFclassical!monocytes!in!the!

blood! express! high! levels! of! PDFL1! as! they! originate! from! bone! marrow! Ly6Chi!

classical!monocytes!which!express!high!levels!of!PDFL1.!!

!

In! humans,! to! my! knowledge! there! are! no! published! studies! investigating! the!

expression!of!PDFL1!by!human!circulating!monocyte!subsets.!This!may!be!due!to!the!

lack! of! requirement! for! an! exclusive! nonFclassical!marker! since!CD14,!CD16,! and!

CX3CR1!adequately! define! the! three!populations!of!monocytes! in! humans.! In! this!

study,! I! therefore! investigated! whether! PDFL1! expression! was! higher! on! human!

circulating! nonFclassical! monocytes! than! classical! monocytes! as! observed! in! the!

mouse.!This!analysis!showed!that!while!CX3CR1!expression!was!significantly!greater!

in! nonFclassical! and! intermediate! monocytes! compared! to! classical! monocytes!

(p<0.001,! p<0.01),!PDFL1!expression!did!not! significantly! differ! between!monocyte!

subpopulations!(Figure!5.31F).!!
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!

Figure&5.&32.&Analysis&of&PD?L1&expression&by&monocyte&subpopulations&in&

mouse&blood,&spleen,&bone&marrow,&and&human&peripheral&blood.&&

A.!Mouse!PDFL1!expression!by!Ly6Clo!and!Ly6Chi!monocytes!in!the!blood,!spleen!and!

bone! marrow! of! C57BL/6! mice.! n=5/blood,! n=3! spleen/BM.! B.! Titration! of! PDFL1!

Antibody!on!Mouse!Blood!Monocytes.!C.!Expression!of!CX3CR1!compared!with!PDF

L1!to!distinguish!Ly6Clo!and!Ly6Chi!monocyte!populations!in!mouse!blood.!A,!C.!Data!

analysed!by!TwoFway!Anova!with!Tukey’s!multiple!comparison!test.!D.!Percentage!of!

CX3CR1+! and! PDFL1+! leukocytes! compared! with! the! percentage! of! Ly6Clo! nonF

classical! monocytes! (n=5).! E.! Percentage! of! CX3CR1+! and! PDFL1+! CD115+!

monocytes!compared!with!the!percentage!of!Ly6Clo!nonFclassical!Monocytes!(n=5).!

D,! E.! OneFway! Anova! with! Tukey’s! multiple! comparison! test.! F.! Expression! of!

CX3CR1! compared! with! PDFL1! to! distinguish! nonFclassical,! intermediate,! and!

classical!monocyte!populations!in!human!control!blood!(n=3!human!volunteer!blood!

samples).!TwoFway!Anova!with!Tukey’s!multiple!comparison! test.!All!data! refers! to!

mean!±!SEM.!**p<0.01,!***p<0.001,!****p<0.0001.!!
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5.3.&Discussion&&

!

The!results!from!this!chapter!provide!an!overview!of!mouse!monocyte!subpopulations!

in!the!circulation,!heart!tissue,!spleen,!and!bone!marrow,!during!the!acute!24!hours!

following! cardiac! I/R,! and! the! effect! of! genetic! CX3CR1! knockout.! A! summary! of!

monocyte!subpopulation!changes!per!tissue!investigated!in!this!study!is!described!in!

Table!5.1.!

!

5.3.1& Circulating& Mouse& Monocyte& Subpopulation& Dynamics& at& 2h& and& 24h&

Following&Cardiac&I/R&and&the&Impact&of&Genetic&CX3CR1&Knockout&

!

The!first!aim!of!this!work!was!to!analyse!mouse!circulating!monocyte!subpopulations!

at!baseline,!2h,!and!24h!following!cardiac!I/R,!to!identify!a!depletion!of!mouse!nonF

classical!monocytes!that!was!observed!in!STEMI!patients!at!90!minutes!following!PCI.!

Unlike! in!humans,! the!use!of!mouse!models!permits! investigation! into! the!effect!of!

CX3CR1!knockout!on! these!circulating!nonFclassical!monocyte!dynamics,!by!using!

the!Cx3cr1EGFP!mouse!line.!Cx3cr1GFP/GFP!mice!showed!significantly!lower!counts!of!

peripheral! blood!nonFclassical!monocytes! than'Cx3cr1+/+! (*p<0.05)! and!Cx3cr1+/GFP!

mice! (*<0.05),! while! classical! and! intermediate! subpopulations! were! unaffected.!

These!results!are!in!agreement!with!those!published!by!Landsman!et!al![218],!who!

explain! that! the! reduction! in!circulating!nonFclassical!monocytes! is!due! to! impaired!

survival!signals!in!the!absence!of!CX3CR1!expression.!Auffray!et!al!also!showed!that!

deletion!of!CX3CR1!reduces!the!patrolling!of!nonFclassical!monocytes,!which!results!

in! overall! fewer! circulating! counts! of! these! cells! [150].! Furthermore,! Poupel! et! al!

demonstrated! that! pharmacological! inhibition! of!CX3CR1! reduces! blood!monocyte!

counts,! but! does! not! affect! the! frequency! nor! numbers! of!monocytes! in! the! bone!

marrow!or!spleen,!and!therefore!concluded!that!CX3CR1!antagonism!may!only!act!on!

circulating!monocytes![348].!!

!

Analysis!of!postFcardiac!I/R!monocyte!subpopulations!in!Cx3cr1+/+!mouse!peripheral!

blood! showed! that! nonFclassical!monocyte! counts! fell! in! the! circulation! at! 2h,! and!

therefore!mirrored!the!depletion!of!STEMI!patient!nonFclassical!monocytes!at!90min!

postFPCI.! When! analysing! the! impact! of! CX3CR1! depletion,! this! acute! postF
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reperfusion! depletion! of! mouse! nonFclassical! monocytes! at! 2h! was! found! to! be!

significantly! stronger! in!Cx3cr1GFP/GFP!mice! compared! to!Cx3cr1+/+!mice! (*p<0.05).!

Classical!and!intermediate!monocyte!subpopulations!also!decreased!in!the!circulation!

at!2h!post!cardiacFI/R,!however!the!effect!of!CX3CR1!knockout!on!the!extent!of!preF

2h!depletion!was!specific! to!nonFclassical!monocytes.!The!similarity!among!mouse!

monocyte! subpopulation! dynamics! from! preF2h! postFI/R!may! be! attributed! to! their!

similar!expression!of!CX3CR1b!in!STEMI!patients,!there!was!a!greater!drop!in!cells!

with! increased!CX3CR1!expression,!whereby!nonFclassical!monocytes! (CX3CR1hi)!

counts! fell! incrementally! more! than! intermediate! (CX3CR1mid)! and! classical!

(CX3CR1lo)!monocytes!from!preFreperfusion!to!90!minutes!postFPCI.!!

!

The!stronger!depletion!of!nonFclassical!monocytes!in!Cx3cr1GFP/GFP!peripheral!blood!

compared! to! that! of! Cx3cr1+/+! mice! at! 2h! postFI/R! may! indicate! an! increased!

recruitment!of!these!cells!from!the!peripheral!circulation!to!the!injured!myocardium!in!

CX3CR1Fdeficient!mice.!A!possible!explanation!for!this!is!that!circulating!nonFclassical!

monocytes! in! Cx3cr1+/+! mice! can! firmly! adhere! to! the! vascular! endothelium! via!

interactions! between! monocyteFexpressed! CX3CR1! and! endothelial! membraneF

bound!CX3CL1,!and!as!a!result!may!not! leave!the!peripheral!circulation!as!readily.!

The!absence!of!CX3CR1!expression!in!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice!hinders!

this!interaction,!allowing!monocytes!to!flow!more!readily!through!the!circulation!to!the!

site! of! injury,! leading! to! their! depletion.! The! greater! depletion! of! nonFclassical!

monocytes!in!Cx3cr1F/F!mice!may!also!be!a!reflection!of!compromised!cell!survival!in!

the!absence!of!CX3CR1!expression,!as!previously!mentioned.!

!

At! 24h! postFcardiac! I/R,! all! monocyte! subpopulations! were! replenished! in! the!

circulation,!which!is!likely!to!reflect!the!release!of!these!cells!from!the!spleen!as!known!

to! occur! following! MI! [316,! 349].! This! is! also! supported! by! the! decrease! in! the!

percentage!of!splenic!nonFclassical!monocytes!at!24h!I/R!described!in!section!5.2.11.!

Such! monocyte! subpopulation! dynamics! at! 24h! postFI/R! were! constant! across!

Cx3cr1+/+,!Cx3cr1+/GFP,!and!Cx3cr1GFP/GFP!mice,!suggesting!that!genetic!depletion!of!

CX3CR1!does!not!significantly! impair!the!release!of!monocytes!from!other! immune!

cell!reservoirs!(spleen,!bone!marrow)!following!cardiac!I/R.!

!



!

!

210!

The!dynamic!profile!of!circulating!monocyte!subpopulations!following!myocardial!I/R!

is! not! widely! documented! in! mouse! models! to! date,! as! many! studies! focus! on!

monocyte! infiltration! into! the! heart! tissue! itself.!Monocyte! subpopulation! dynamics!

were!however!reported!in!a!rat!model!of!cardiac!I/R!at!day!1,!3,!5,!7!and!14!postFI/R,!

[350].!!

!

Finally,! it! is! important! to! address! the! validity! of! this! data!with! consideration! to! the!

methodological! limitations! of! the! techniques! used.! For! ethical! reasons,! there! is! a!

limitation!on!the!volume!of!mouse!tail!vein!blood!that!may!be!obtained!for!analysis.!

Within! this! protocol,! blood! samples!were! limited! to! a! small! volume! of! 50µl,! which!

arguably!may!not!be!large!enough!to!yield!a!representative!analysis!of!cell!populations!

in!the!peripheral!blood.!Theoretically!there!should!be!minimal!variation!in!monocyte!

subpopulation! counts!within! genotype! groups,! since! these! animals! are! littermates.!

There!was!however!more!variation!than!expected!between!subjects,!which!may!be!a!

result!of!the!blood!volumes!analysed,!or!mouse!health!status.!!

!

5.3.2&Mouse&Monocyte&Subpopulations&in&the&Injured&Myocardium&at&2h,&24h&and&

Day&3&Following&Cardiac&I/R&and&the&Impact&of&Genetic&CX3CR1&Knockout&

!

The!recruitment!of!monocyte!subpopulations!into!the!injured!myocardium!at!2h!and!

24h!postFcardiac!I/R!and!the!effect!of!genetic!CX3CR1!knockout!was!then!assessed!

by! immunofluorescent! staining! of! mouse! heart! tissue.! Leukocyte! recruitment!

dramatically! increased! at! 24h! postFI/R! compared! to! control! hearts! (p<0.0001).!

Cx3cr1GFP/GFP!hearts!showed!significantly!reduced!counts!of!leukocytes!compared!to!

Cx3cr1+/+! (p<0.01)! and! Cx3cr1+/GFP! (p<0.05)! mice! at! 2h,! which! subsequently!

recovered!at!24h,!indicating!a!delayed!immune!response!to!cardiac!I/R!in!CX3CR1!

knockout!mice.!The!recovery!in!leukocytes!at!24h!in!Cx3cr1GFP/GFP!hearts!suggested!

that!absence!of!CX3CR1!expression!may!be!compensated!for!by!another!biological!

mechanism!to!overcome!the!delayed!response!at!2h.!

!

The!same!analysis!was!performed!for!monocyte!subpopulations!in!which!Cx3cr1+/GFP!

hearts!were!used!as!the!control!group!due!to!the!requirement!for!GFP!expression!to!

define! monocyte! subpopulations! (classical! CD11b+GFPmid,! nonFclassical!
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CD11b+GFPhi).!Monocyte!subpopulation!infiltration!into!the!injured!myocardium!was!

minimal!at!2h!postFI/R!regardless!of!genotype.!Classical!and!nonFclassical!monocytes!

then! increased! in! the! injured! myocardium! at! 24h! post! I/R.! Classical! monocyte!

recruitment!was!not!significantly!affected!by!genetic!CX3CR1!knockout,!however!nonF

classical!monocyte!counts!were!significantly! reduced! in!Cx3cr1GFP/GFP!compared! to!

Cx3cr1+/GFP! hearts! (p<0.05).! Analysis! of! monocyte! subpopulation! adhesion! to! the!

myocardial!vein!endothelium!at!2h!postFI/R!showed!that!Cx3cr1GFP/GFP!mice!did!not!

have!reduced!adherence!of!nonFclassical!monocytes!compared!to'Cx3cr1+/GFP!miceb!

the! reduced! nonFclassical! monocyte! population! in! 24h!Cx3cr1GFP/GFP! infarcts! was!

therefore!more!likely!to!be!due!to!a!migration!or!extravasation!defect!than!impaired!

adhesion.! Other! studies! have! reported! a! central! role! of! CX3CR1! in! monocyte!

adhesion,! for! example! Poupel! et! al! have! shown! that! both! in! vitro! and! in! vivo!

pharmacological! inhibition! of! CX3CR1! attenuates! monocyte! adhesion! [348],! while!

recent!phenotypic!studies!with!mouse!models!of!atherosclerosis!have!revealed!that!

CX3CR1! deficiency! significantly! reduces! monocyte! infiltration! into! the! vessel! wall!

[287].!The!similar!levels!of!nonFclassical!monocyte!myocardial!vein!adhesion!observed!

in!this!study!at!2h!could!be!explained!by!the!fact!that!CX3CR1Fexpressing!cells!can!

also! adhere! to! the! endothelium! in! a! mechanism! that! is! independent! of! CX3CR1!

signalling!and!integrin!activation![188,!351].!The!lack!of!difference!may!also!be!due!to!

the!comparison!made!between!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice,!which!does!not!

consider! the!monocyte! adhesion! phenotype! in!CX3CR1+/+!mice.! It! is! possible! that!

monoallelic! expression! of! CX3CR1! leads! to! the! same! phenotype! as! complete!

knockout!of!CX3CR1,! therefore!a!difference! in!phenotype!would!only!be!observed!

when!comparing!normal!expression!of!CX3CR1!in!wildFtype!mice.!Furthermore,!the!

precise!role!of!CX3CR1!in!monocyte!adhesion!and!the!other!important!factors!required!

in!this!process!such!as!integrins,!selectins,!and!CCL2,!are!yet!to!be!confirmed![231].!

The!delayed!infiltration!of!nonFclassical!monocytes!in!Cx3cr1GFP/GFP!hearts!at!24h!postF

I/R!subsequently!recovered!at!day!3!following!I/R.!At!this!later!time!point,!classical!and!

nonFclassical! monocyte! counts! dramatically! increased! from! 24h,! which! was! not!

significantly! affected! by! genetic! CX3CR1! knockout.! The! reduced! nonFclassical!

monocyte! response! in! CX3CR1! knockout! hearts! at! 24h! may! therefore! indicate! a!

delayed! response! of! these! cells! rather! than! complete! reduced! infiltration! in! the!

absence! of! CX3CR1! expression.! Although! genetic! CX3CR1! knockout! did! not!
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significantly!affect! the!counts!of!monocyte!subpopulations!at!day!3! following! I/R,!a!

distinct!spatiotemporal!pattern!of!CD11b+!GFP+!monocytes!was!observed!specifically!

in!Cx3cr1GFP/GFP!infarcts,!whereby!counts!of!GFP+!cells!were!significantly!greater!at!

the!infarct!border!compared!to!that!of!the!central!zone!of!the!infarct.!This!phenotype!

was!not!observed!in!Cx3cr1+/GFP!infarcts,!suggesting!that!complete!CX3CR1!knockout!

may! influence! the! migratory! behaviour! of! infiltrated! monocytes! in! the! injured!

myocardium!at!day!3!postFI/R.!CX3CR1!is!known!to!mediate!the!migration!of!CX3CR1+!

leukocytes! [352],! which! may! explain! the! difference! in! the! localization! of! infarct!

CD11b+GFP+!cells!between!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!heartsb!marginalization!of!

GFP+!cells!at!the!infarct!border!specifically!in!Cx3cr1GFP/GFP!mice!may!be!reflective!of!

differences!in!the!migratory!properties!of!CD11b+CX3CR1F/F!cells.!

!

Although!there!did!not!appear!to!be!a!strong!phenotype!in'Cx3cr1F/F!mice!in!terms!of!

monocyte! infiltration! into! the! injured! myocardium,! the! results! of! this! monocyte!

subpopulation!analysis!in!the!infarct!between!2h!and!day!3!following!I/R!sheds!light!

on!the!temporal!dynamics!of!these!cells!after!I/R.!The!traditional!paradigm!describes!

that!nonFclassical!monocytes! infiltrate! the! injured!myocardium! from!day!5!postFI/R,!

peaking!at!~day!7,!however!in!this!study!there!appears!to!be!a!distinct!population!of!

infarct! nonFclassical! monocytes! at! 24h! following! reperfusion.! Other! recent! studies!

have! also! demonstrated! an! earlier! role! of! nonFclassical!monocytes! in! response! to!

cardiac!injuryb!endoscopic!time!lapse!imaging!of!the!heart!has!demonstrated!infiltration!

of!GFPhi!nonFclassical!monocytes!as!early!30!minutes![313]!and!12h!postFcardiac!I/R!

[353].!The!conventional!idea!that!nonFclassical!monocytes!dominate!the!second!phase!

of!repair!following!I/R!from!day!5F9!postFreperfusion!!therefore!overlooks!any!earlier!

important! role! of! CX3CR1hi! nonFclassical! monocytes.!

!

It!is!important!to!address!the!validity!of!this!immunofluorescence!monocyte!data!with!

consideration! to! the! methodological! limitations! of! the! technique.! Definition! of!

monocyte!subpopulations!in!the!heart!tissue!by!microscopy!described!in!this!chapter!

relied!on!the!method!of!manual!quantification!of!CD11b+!GFPmid!classical!monocytes!

and!CD11b+GFPhi! nonFclassical!monocytes.! The! distinction! between! classical! and!

nonFclassical!monocytes!relied!more!heavily!on!the!level!of!GFP!expression!due!to!

the! poor! quality! of! CCR2! staining.! Although! this! classification! of! monocyte!
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subpopulations!was!based!on!a!subjective!threshold!of!GFP!expression,!analysis!of!

GFP!MFI! by!CD11b+GFPmid! classical!monocytes! and!CD11b+!GFPhi! nonFclassical!

monocytes! showed! a! significant! difference! in! GFP! expression! between!monocyte!

subpopulations,! as! observed! and! defined! by! eye.! The! application! of! automated!

imaging!software!to!increase!the!objectivity!of!the!data!was!considered,!however!the!

utility!of!such!software!is!limited!by!the!natural!autofluorescence!of!mouse!heart!tissue!

within!the!488nm!and!568nm!filters!used.!This!is!particular!prominent!in!the!488nm!

laser,! which! renders! automated! software! unable! to! distinguish! autoFfluorescent!

cardiomyocytes! from! positively! stained! CD11b+FAlexaF488! cells.! Automated!

quantification!of!monocyte!subpopulations!was!therefore!not!performed!to!validate!the!

manual!counts.!An!alternative!approach!to!validate!the!findings!was!to!determine!the!

interFuser!variability!of!manual!counts!of!monocyte!subsets.!Manual!quantification!was!

performed!with!three!independent!observers,!which!showed!minimal!variability!in!cell!

counts,!thus!providing!confidence!in!the!data.!The!subjectivity!involved!in!this!manual!

method!of!monocyte! subpopulation!quantification! in! the!heart! tissue!was! therefore!

unlikely! to! have! had! a! significant! impact! upon! the! results! reported.! Furthermore,!

monocytes!were!quantified!as!total!population,!which!could!be!confidently!identified!

as! CD11b+GFP+! cells.! This! analysis! demonstrated! no! effect! of! genetic! CX3CR1!

knockout!on!monocyte!infiltration!into!the!injured!myocardium!at!either!2h,!24h!or!day!

3!postFI/R.!

!!

To!overcome!the!limitations!of!monocyte!subpopulation!analysis!by!microscopy,!this!

study!also!used!the!method!of!cardiac!digest!to!investigate!monocyte!subpopulations!

in!the!injured!heart!tissue!following!cardiac!I/R.!This!analysis!concluded!that!classical!

and! nonFclassical! monocyte! subpopulations! in! the! infarct! at! 24h! postFI/R! did! not!

significantly! differ! between! Cx3cr1+/+,! Cx3cr1+/GFP,! and! Cx3cr1GFP/GFP! hearts.! This!

method! did! not! identify! a! decreased! population! of! nonFclassical!monocytes! in! the!

infarct!of!Cx3cr1GFP/GFP!hearts!compared!to!Cx3cr1+/GFP!mice!that!was!also!observed!

by!microscopy.!Furthermore,!classical!monocytes!dominated! the!proportion!of! total!

monocytes!over!nonFclassical!monocytes,!while!microscopy!showed!a!more!even!ratio!

of!monocyte!subpopulations.!The!discrepancy!in!monocyte!subpopulation!proportions!

determined! by! cardiac! digest! flow! cytometry! and! immunofluorescence!microscopy!

may! be! attributed! to! differences! in! the! definition! of! classical! and! nonFclassical!
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monocyte!populations!between! techniques.!By! flow!cytometric!analyses,!monocyte!

subpopulations!were!confidently!defined!using!a!detailed!panel!markers!as!classical!

[Ly6ChiCCR2hiCX3CR1midFhi]! and! nonFclassical! [Ly6CloCCR2midCX3CR1hi].! ! Such!

differences!in!monocyte!subpopulation!proportions!determined!by!cardiac!digest!flow!

cytometry!and!immunofluorescence!microscopy!may!also!be!due!to!inefficiencies!in!

antigen! detection! in! fixed! tissues.! This! is! likely! for! mouse! heart! tissue! monocyte!

staining! using! antiFCD11b! and! antiFGFP! antibodies,! which! do! not! reveal! stellateF

shaped!myeloid!cells!in!fixed!mouse!tissue.!Although!heart!tissue!was!only!lightly!fixed!

in!this!study!to!minimize!the!loss!of!antigen,!microscopic!analyses!of!monocytes!may!

fail!to!detect!all!cells.!Variation!may!also!have!risen!from!the!nature!of!the!heart!digest!

methodb!in!particular,!the!small!population!of!nonFclassical!monocytes!may!be!a!result!

of! the!mechanical! and! enzymatic! digestion! step! affecting! certain! cell! populations.!

Furthermore,! monocytes! do! not! represent! a! fixed! cell! state,! but! are! rather! cells!

transitioning!through!maturation!states.!As!a!result,!definition!of!these!cells!is!further!

complicated!by!their!maturation!state!which!coincides!with!changes!in!the!expression!

of!specific!surface!markers![354].!

!

5.3.3&Mouse&Macrophage&Subpopulations& in& the& Injured&Myocardium&at&Day&3&

Following&Cardiac&I/R&and&the&Impact&of&Genetic&CX3CR1&Knockout&

!

The!effect!of!genetic!CX3CR1!knockout!on!infarct!macrophage!populations!was!also!

assessed!at!day!3! following!cardiac! I/R!as!monocyte!subpopulations!are!known! to!

differentiate! into! their! respective!macrophage! populations! following! their! infiltration!

into! myocardial! tissue.! This! study! firstly! demonstrated! that! counts! of! Cx3cr1+/GFP!

control!group!M1!macrophages!were!significantly!higher!than!M2!macrophages!at!day!

3!postFI/R.!This!is!in!agreement!with!the!established!concept!that!M1!macrophages!

dominate!earlier!repair!~day!3!while!M2!macrophages!mediate!the!second!later!phase!

of!repair![355].!There!was!no!significant!effect!of!Cx3cr1F/F!on!M1!and!M2!macrophage!

populations! in! the! infarct! at! day! 3! postFI/R,! though! there! was! a! noticeable! trend!

towards! lower! counts! of! M1! macrophages! in! Cx3cr1GFP/GFP! hearts.! When!

macrophages! were! considered! as! a! total! population,! complete! CX3CR1! knockout!

hearts!had!significantly!lower!counts!of!macrophages!than!Cx3cr1+/GFP!hearts.!Based!

on!this!data! it!was!concluded!that!absence!of!CX3CR1!expression!may!disrupt!the!
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differentiation! of! classical! monocytes! into! M1! macrophages! following! cardiac! I/R.!

Other! reports! have! demonstrated! that! CX3CR1! plays! an! important! role! in! the!

phenotypic!conversion!and!proFinflammatory!functional!polarization!of!monocytes!in!

the! liverb! macrophages! in! Cx3cr1+/GFP! mice! have! a! stronger! proFinflammatory!

phenotype! than! in!Cx3cr1GFP/GFP! mice! [356].! The! observed! reduced! population! of!

macrophages! in! Cx3cr1GFP/GFP! infarcts! (Figure! 5.20)! may! also! be! a! result! of! the!

impaired! survival! signals! in! these!Cx3cr1Fknockout!mice!which! leads! to! increased!

apoptosis!of!CX3CR1Fexpressing!cells![218,!322,!357].!

!

When!considering!these!findings,!it!also!important!to!acknowledge!that!the!definition!

of! macrophage! subpopulations! used! in! this! study! by! microscopy! may! be! an!

oversimplification!of!this!heterogeneous!cell!typeb!currently!the!M1/M2!classification!of!

macrophages! is! criticized! for! not! fully! covering! the! total! spectrum! of! macrophage!

phenotypes.! Particularly! in! a! pathological! context,!macrophages! demonstrate! high!

plasticity,! modifying! their! expression! and! transcription! profile! along! a! continuous!

spectrum,!with!M1!and!M2!phenotypes!as!the!polar!extremes![358,!359].!With!this!in!

mind! it! is! possible! that! there! is! quantitative! overlap! in! the! counts! of! M1! and! M2!

macrophages!at!day!3!post! I/R!described! in! this! study.! In!addition! to! this,! surface!

markers! can! be! complicated! in! several! other! aspects,! including! the! availability! of!

appropriate!antibodies.!Functional!analysis!is!therefore!arguably!a!better!measure.!

!

5.3.4&Mouse&Monocyte&Subpopulations&in&the&Spleen&and&Bone&Marrow&at&24h&

Following&Cardiac&I/R&and&the&Impact&of&Genetic&CX3CR1&Knockout&

!

Investigation! of! splenic! and! bone! marrow! classical! and! nonFclassical! monocyte!

subpopulations!at!24h!postFI/R!in!a!small!cohort!of!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice!

showed!that!the!splenic!nonFclassical!population!decreased!from!baseline!at!24h!postF

I/R.!Bone!marrow!nonFclassical!monocytes!also!decreased!at!this!time!point!though!

this! was! not! statistically! significant.! Such! findings! indicate! that! complete! genetic!

knockout!of!CX3CR1!may! lead! to! the! release!of!nonFclassical!monocytes! from! the!

spleen! and! their! egress! from! the! bone!marrow! at! 24h! following! cardiac! I/R.! This!

process!would!explain! the! increase! in!mouse!nonFclassical!monocytes!observed!at!

24h! in! the! peripheral! blood,! though! this! was! shown! to! occur! similarly! in! both!



!

!

216!

Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice.!It!is!important!to!note!that!this!analysis!was!based!

on!a!relative!ratio!of!monocyte!subpopulations,!and!thus!it!could!also!conversely!be!

possible! that! there! is! an! increase! in! classical! monocytes! in! the! spleen! and! bone!

marrow,! rather! than! a! decrease! in! their! nonFclassical! counterpart.! However,! the!

sample! size!of! the!24h! I/R!group! (n=2)! limits! the!analysis.!Additional! animals! and!

absolute!counts!would!therefore!be!required!to!draw!valid!conclusions.!

!

5.3.5&PD?L1&is&a&Useful&Marker&of&Mouse&Circulating&Non?Classical&Monocytes&

!

This! study! confirmed! a! previous! report! showing! that! PDFL1! is! a! useful!marker! for!

defining! nonFclassical! monocytes! from! classical! monocytes! in! mouse! blood! [360].!

Further!research!is!required!to!determine!if!this!significantly!greater!expression!of!PDF

L1!by!nonFclassical!monocytes!compared!to!classical!monocytes!is!also!seen!in!the!

heart! tissue!monocyte!populations!postFcardiac! I/R.!Such!a! tool!may! facilitate!nonF

classical! monocyte! definition! and! improve! quantification! following! myocardial! I/R,!

which!would!be!particularly!useful!considering!the!limitations!of!monocyte!identification!

by!microscopy!described!in!this!study.!!

!

5.3.6.&Genetic&CX3CR1&Knockout&Has&No&Significant&Effect&on&Cardiac&Function&

at&6&weeks&Post?Cardiac&I/R&

!

The!CX3CL1/CX3CR1!axis!has!been!implicated!in!myocardial!repair!following!I/R!by!

a!number!of!studies,!among!which!the!general!consensus!suggests!that!CX3CL1!is!

detrimental!to!cardiac!repair!and!therefore!worsens!long!term!myocardial!function.!For!

example!in!mouse!models,!CX3CL1!has!been!shown!to!promote!myocardial! injury,!

increase! infarct! size,! and! accelerate! the! progress! of! heart! failure! [203,! 288].!

Therapeutic!inhibition!of!CX3CL1/CX3CR1!may!therefore!confer!a!cardioFprotective!

role!to!improve!cardiac!repair!and!function!following!I/R.!This!has!been!demonstrated!

by!Gu!et!al![289]!who!showed!that!antiFCX3CL1!therapy!reduces!infarct!size,!improves!

cardiac! remodeling! and! function,! and! reduces! mortality,! though! this! was! in! a!

permanent!MI!model.!

!
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Based! on! these! studies,! it! could! be! suggested! that! Cx3cr1GFP/GFP! mice! may! be!

protected!from!cardiac!injury!and!demonstrate!improved!cardiac!function!following!I/R,!

compared! to! control! mice.! As! such,! the! effect! of! genetic! CX3CR1! knockout! on!

myocardial! function!following!I/R!was!examined!at!6!weeks!following!reperfusion!in!

this! study.! This! analysis! revealed! that! there! was! no! significant! effect! of! genetic!

CX3CR1! ablation! on!mouse! ejection! fraction! at! 6!weeks! following! I/R.! There!was!

however!a!notable!trend!towards!improved!cardiac!function!with!increased!CX3CR1!

expression,! observed! as! a! small! incremental! decrease! in! ejection! fraction! from!

Cx3cr1+/+,!to!Cx3cr1+/GFP,!to!Cx3cr1GFP/GFP!hearts.!While!this!observation!contradicts!

the!cardioFprotective!role!of!CX3CL1/CX3CR1!neutralization!reported!by!others,!it!may!

be!explained!by! the!method!of! inhibition.!Furthermore,! it! is! possible! that! a! lack!of!

phenotype!observed!in!this!study!is!due!to!the!modest!sample!size!of!the!groups!usedb!

increased! animal! numbers! may! reveal! a! statistically! significant! difference! cardiac!

function!between!genotypes!which!is!underpowered!using!the!group!size!in!this!study.!

Moreover,!it!is!important!to!consider!that!the!absence!of!an!effect!of!genetic!CX3CR1!

deficiency!on!cardiac!function!at!six!weeks!postFI/R!does!not!rule!out!the!presence!of!

a!phenotype!at!other!time!points!following!I/R.!Future!work!should!therefore!assess!

myocardial! function! in! response! to!different!modes!of!CX3CL11/CX3CR1! inhibition!

and!at!different!time!points!following!cardiac!I/R.!

!

5.3.7&Use&of&the&Cx3cr1EGFP&line&for&the&Study&of&the&CX3CL1/CX3CR1&Axis&in&the&
Post?Cardiac&I/R&Non?Classical&Monocyte&Response&

!

To! study! the! effect! of! CX3CR1! knockout! on! any! biological! function! in! mice,! the!

Cx3cr1GFP/GFP!mouse!is!a!valuable!tool.!In!this!construct,!the!first!320bp!of!the!CX3CR1!

gene! is! replaced! by! the! EGFP! gene! [277].! In! addition! to! investigating! biological!

functions!in!response!to!genetic!CX3CR1!knockout,!this!tool!also!acts!as!a!reporter!

mouse!to!track!GFP+!monocytes.!This!model!is!not!however!perfect!for!the!study!of!

CX3CR1+!monocytes!following!cardiac!I/R,!since!this!germline!mutation!also!affects!

other!CX3CR1Fexpressing!cells! including!NKFcells,!activated!TFcells,!dendritic!cells,!

and!brain!microglia.!As!such!it!is!difficult!to!extrapolate!the!effects!of!genetic!CX3CR1!

deficiency! on! monocyte! behaviour! from! its! effects! on! the! immune! system! more!

broadly.! Indeed,! monocyte! phenotypes! in! Cx3cr1GFP/GFP! mice! may! be! an! indirect!
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consequence!of!CX3CR1!deficiency!on!other! immune!cell! types.!Furthermore,! it! is!

possible! that!Cx3cr1F/F! ! mice! may! have! developed! compensatory! mechanisms! to!

overcome! the! lack! of!CX3CR1!expression,! in! order! to! function! normally.! It! is! also!

important!to!consider!that!different!mechanisms!of!inhibition!of!the!CX3CL1/CX3CR1!

axis! from! genetic! knockout,! such! as! pharmacological! inhibition! of! CX3CL1,! or!

CX3CR1,!may!elicit!different!phenotypesb!for!example,!Poupel!et!al!show!that!longF

term!pharmacological!antiFCX3CR1!treatment!in!mice!resulted!in!a!30%!reduction!in!

inflammatory!monocyte!numbers,!while!having!no!effect!on!resident!monocytes![348].!

By! contrast,! findings! in! Cx3cr1GFP/GFP! mice! by! Landsman! et! al! showed! a! 3Ffold!

reduction! in! resident! monocyte! numbers,! with! no! alteration! in! the! number! of!

inflammatory! monocytes! [218].! Targeted! disruption! of! the! mouse! CX3CL1! gene!

however!does!not!appear!to!generate!any!detectable!!phenotypeb!Cx3cl1F/F!mice!have!

no!histologic!abnormalities!in!any!major!organs,!and!hematopoietic!lineages!in!blood!

and! lymphoid! tissue! are! essentially! normal! [226].! Cx3cr1F/F! mice! also! do! not!

demonstrate!differences!to!wildFtype!mice!with!regard!to!monocyte!recruitment,!DC!

differentiation!and!migration,!or!microglial!responses![277].!The!exact!mechanism!of!

CX3CL1/CX3CR1! axis! inhibition! may! therefore! lead! to! alternative! monocytic!

phenotypes!that!affect!outcome!on!cardiac!function!following!I/R.!This!discrepancy!is!

not!unique!and!may!exist! for!several! reasons,!one!of!which! is! the!aforementioned!

compensatory!mechanisms!that!take!place!in!geneFdeleted!mice!during!development.!

There! is! also! potential! for! the! existence! of! other! sites! of! action! of! the! CX3CR1!

antagonist!that!have!not!yet!been!identified.!!!

!

5.3.8&Translational&Value&of&Cardiac& I/R&Mouse&Models& for& the&Study&of&Post?

Cardiac&I/R&Non?Classical&Monocytes&

!

A!wider!consideration!of!this!study!is!how!relevant!the!study!of!monocytes!in!mice!is!

to!our!knowledge!and!understanding!of!monocytes!in!human.!While!classical!and!nonF

classical! subpopulations! are! broadly! conserved! across! human! and! mice,! the!

monocyte!subpopulations!in!each!species!are!defined!by!different!markers!(Ly6C!in!

mice,!CD14!and!CD16!in!humans),!though!these!markers!are!unlikely!to!govern!their!

function.! Furthermore,! comparison! of! monocyte! gene! expression! profiles! between!

mouse! and! human! have! revealed! that! a! number! of! molecules! are! conversely!
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expressed!between!species’! subsets! [361].!For! the! study!of! the!CX3CL1/CX3CR1!

axis,!it!is!also!difficult!to!extrapolate!findings!from!human!monocytes,!where!there!is!

an! obvious! greater! difference! in! CX3CR1! expression! by! nonFclassical! monocytes!

compared! to!classical!monocytes,! to!mice,!where!Ly6Chi!classical!and!Ly6Clo!nonF

classical!monocytes!express!similar! levels!of!CX3CR1.! It! is!possible! that! the!clear!

greater!expression!of!CX3CR1!by!human!nonFclassical!monocytes!may!be!reflective!

of!a!more!important/central!function!of!CX3CR1!on!human!nonFclassical!monocytes.!

The!lack!of!a!striking!phenotype!observed!in!Cx3cr1GFP/GFP!mice!in!this!chapter!may!

therefore!not!necessarily!be!true!for!inhibition!of!CX3CR1!in!the!clinical!setting.!!

!

5.4&Conclusions&

!

This! study! demonstrates! that! mouse! blood! nonFclassical! monocyte! counts! are!

significantly! reduced! in! response! to! genetic! depletion! of! CX3CR1,! and! therefore!

supports!existing!reports!of!the!effect!of!CX3CR1!expression!on!monocyte!survival.!

NonFclassical! monocytes! appear! in! the! injured! myocardium! at! 24h! postFI/R,!

contradicting!the!traditional!paradigm!that!these!cells!infiltrate!the!heart!~day!5!postF

reperfusion,!which!has!also!been!challenged!by!recent! research.!Genetic!CX3CR1!

knockout!appears!to!reduce!the!infiltration!of!nonFclassical!monocytes!at!24h!postFI/R!

but!not!at!day!3!postFI/R,!suggesting!a!delayed!response!of!these!cells!in!the!absence!

of! CX3CR1! expression.! These! findings! however! need! to! be! confirmed! by! other!

methods!of!studying!monocyte!infiltration!into!the!myocardium,!such!as!using!PDFL1!

which! is! shown! in! this! study! to! be! a! useful!marker! of! the! nonFclassical!monocyte!

subset! in! the! blood.!Genetic! ablation! of!CX3CR1! in!mice! does! not! impair! cardiac!

function!at!six!weeks!postFI/R,!however!inhibition!of!the!CX3CL1/CX3CR1!axis!using!

a!different!approach!such!as!pharmacological!inhibition!of!the!receptor,!or!a!deficiency!

in!the!ligand,!CX3CL1,!may!provide!new!insights.!!

!

To!help!understand!the!specific!role!of!CX3CR1!in!nonFclassical!monocyte!function!

following!cardiac! I/R,! the!signalling!pathways!downstream!of! this! receptor!must!be!

characterised.!Recent!efforts! to!define! these!pathways!have!provided! initial! insight!

into!the!molecular!mechanisms!regulating!nonFclassical!monocyte!function,!but!remain!

largely! inconclusive.! The! next! chapter! of! this! work! therefore! focuses! on! potential!
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pathways!downstream!of!CX3CL1/CX3CR1!signalling! to!help!explain!nonFclassical!

monocyte!function.!!!

!

!
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Monocyte(subpopulation(changes(per(tissue(investigated

Blood Heart Spleen Bone(Marrow

Genotype Cx3cr1+/+ Cx3cr1+/GFP Cx3cr1GFP/GFP Cx3cr1+/GFP Cx3cr1GFP/GFP Cx3cr1+/GFP Cx3cr1GFP/GFP Cx3cr1+/GFP Cx3cr1GFP/GFP

Ly6Chi Classical(
Monocytes

2h(IR: counts,
decreased, from,
baseline, (NS)

24h(IR:(counts,
increased, and,
returned, to,
baseline, (NS)

2h(IR: counts,
decreased, from,
baseline, (p<0.05)

24h(IR:(counts,
increased, and,
returned, to,
baseline, (p<0.05),

Baseline:( counts
NS,from,
Cx3cr1+/+ and,
Cx3cr1+/GFP

2h(IR: counts,
decreased, from,
baseline, (NS)

24h(IR:(counts,
increased, and,
returned, to,
baseline, (NS)

2h(IR:(counts,
similar,to,naïve,
and, sham,hearts,
(NS)

24h(IR((IF):
increase, from,2h,
by,~1.5Ffold, (NS)

Day(3(IR:(
increase, from,
24h, by,5Ffold
(p<0.001)

2h(IR:(NS,from
Cx3cr1+/GFP

24h(IR((IF): NS,
from,Cx3cr1+/GFP

24h(IR (Digest):(
NS,from,
Cx3cr1+/GFP

Day(3(IR:(NS from,
Cx3cr1+/GFP

24h(IR:(CM,
population
similar,to,
baseline, (NS)

24h(IR:(increase,
in,proportion, of,
CM,compared, to,
baseline, (NS)

Baseline: CM,
~5%,of, total,BM,
leukocytes

24h(IR:(NS,
different, from,
baseline

Baseline: NS,
different, from,
Cx3cr1+/GFP

24h(IR:(NS,
different, from,
Cx3cr1+/GFP

Ly6Cinter Intermediate(
Monocytes

2h(IR: counts,
decreased, from,
baseline, (NS)

24h(IR:(counts,
increased, and,
returned, to,
baseline, (NS)

2h(IR: counts,
decreased, from,
baseline, (NS)

24h(IR:(counts,
increased, and,
returned, to,
baseline, (p<0.05),

Baseline:( counts
NS,from,
Cx3cr1+/+ and,
Cx3cr1+/GFP

2h(IR: counts,
decreased, from,
baseline, (NS)

24h(IR:(counts,
increased, and,
returned, to,
baseline, (p<0.05)

Ly6Clo NonIClassical
Monocytes

2h(IR: counts,
decreased, from,
baseline, (NS)

24h(IR:(counts,
increased, and,
returned, to,
baseline, (NS)

2h(IR: counts,
decreased, from,
baseline, (NS)

24h(IR:(counts,
increased, and,
returned, to,
baseline, (p<0.05),

Baseline:( counts
47.5%, lower, than, ,
Cx3cr1+/+
(p=0.047), and,
48.4%, lower, than,
Cx3cr1+/GFP
(p=0.024)

2h(IR: counts,
decreased, from,
baseline, (NS)

24h(IR:(counts,
increased, and,
returned, to,
baseline, (NS)

2h(IR:(counts,
similar,to,naïve,
and, sham,hearts,
(NS)

24h(IR: increase,
from,2h, by,~4F
fold,(NS)

Day(3(IR:(
increase, from,
24h, by,2Ffold
(p<0.01)

2h(IR:(NS,from
Cx3cr1+/GFP

24h(IR:(counts, 2F
fold, lower, than,
Cx3cr1+/GFP,
(p<0.05)

24h(IR (Digest):(
NS,from,
Cx3cr1+/GFP

Day(3(IR:(NS from,
Cx3cr1+/GFP

24h(IR:(NCM,
population
similar,to,
baseline, (NS)

24h(IR:(decrease,
in,proportion, of,
NCM,compared,
to,baseline, (NS)

Baseline: CM,
~2%,of, total,BM,
leukocytes

24h(IR: CM,~5%,
of, total, BM,
leukocytes

Baseline: NS,
different, from,
Cx3cr1+/GFP

24h(IR: NS,
different, from,
Cx3cr1+/GFP
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Table&5.&1.&Summary&of&mouse&monocyte&subpopulation&changes&(Ly6Chi&classical,&Ly6Cinter&intermediate,&Ly6Clo&non?
classical)&in&the&peripheral&blood,&heart,&spleen,&and&bone&marrow&during&the&acute&24h&following&cardiac&I/R.&&
The!effect!of!CX3CR1!knockout!on!monocyte!subpopulations!in!each!tissue!investigated!was!analysed!by!comparing!Cx3cr1+/+,!

Cx3cr1+/GFP,!and!Cx3cr1GFP/GFP!mice.&

!

!

! !
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Chapter(6.0.(Activation(of(the(NF!B(Pathway(by(CX3CR1(Signalling(

in(Human(Monocytes(
!

6.1.(Introduction(

!

In!order!to!understand!the!specific!role!of!CX3CR1!in!non8classical!monocyte!function!

following!cardiac! I/R,! the!signalling!pathways! that!are!activated!downstream!of! this!

receptor! following! CX3CL1! binding! must! be! characterised.! Recent! efforts! have!

demonstrated! that! a! number! of! different! signalling! pathways! may! be! induced!

downstream! of! CX3CR1,! though! this! evidence! is! varied! and! largely! inconclusive.!

Among!those!studied,!the!NF!B!signalling!pathway!has!most!frequently!been!shown!

to!be!a!potential!downstream! target!of!CX3CR1!signalling.!These! reports!however!

cover! a! broad! range! of! immune! cells,! and! the! evidence! of! NF!B! activation! by!

CX3CL1/CX3CR1!specifically!in!monocytes!is!sparse.!Activation!of!NF!B!specifically!

following!myocardial!I/R!has!been!documented!by!a!number!of!studies![362,!363],!and!

importantly! its! inhibition! has! been! shown! to! be! cardioprotective! [364,! 365],! as!

determined! by! reduced! I/R! injury,! attenuated! infarct! size,! and! improved! cardiac!

function! after! MI! [3668369].! The! aim! of! this! chapter! was! therefore! to! investigate!

activation!of!this!pathway!in!human!non8classical!monocytes!in!response!to!CX3CL1!

stimulation,!which!may!help!to!explain!the!function!of!these!cells!following!reperfusion.!

The! NF!B! pathway! regulates! gene! transcription,! cytokine! production,! and! cell!

survival.!Such!functions!downstream!of!NF!B!signalling!could!be!crucial!to!monocyte!

function!following!CX3CL1!stimulation!after!cardiac!I/R.!To!study!the!monocyte!NF!B!

response! to! CX3CL1/CX3CR1! stimulation,! the! human!monocyte! cell! lines! THP81,!

MM6! and!U937!were! studied! followed! by! freshly! isolated! human!monocytes! from!

whole!peripheral!blood.!!

!

The!first!aim!of!this!work!was!to!immunophenotype!the!relative!expression!levels!of!

CX3CR1! by! human! monocyte! cell! lines! and! freshly! isolated! human! classical,!

intermediate!and!non8classical!monocytes.!This!was!performed! to!determine! if! the!

monocyte!population!expressed!adequate!CX3CR1!for!CX3CL1!to!induce!activation!

of!downstream!signalling.!!The!second!aim!was!to!investigate!activation!of!the!NF!B!
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pathway!by!CX3CL1!stimulation!by!measuring!expression! levels!of!NF!B!pathway!

proteins!by!western!blot!analysis!and!FACS.!As!NF!B!is!arguably!one!of! the!most!

important! regulators!of!pro8inflammatory!gene!expression,!several! techniques!have!

been!developed!to!monitor!its!activity!at!multiple!stages!of!NF!B!pathway!activation!

[370].!A!large!amount!of!published!information!on!the!NF!B!signalling!cascade!has!

however! focussed! on! the! two! best8understood! phosphorylation! targets! within! the!

NF!B! p65! subunit,! S276! and! S536! [371].! In! the! NF!B! signaling! cascade,!

phosphorylation! of! p65! is! required! for! nuclear! translocation! and! transcriptional!

activation,! but! different! sites! of! phosphorylation! have! different! significance! in! this!

regardZ!phosphorylation!at!the!serine!536!position!is!required!for!nuclear!translocation!

while!phosphorylation!of!serine!529!affects!transcriptional!activity,!and!serine!276!is!

involved!in!co8activator!recruitment!at!target!gene!promoters![3728374].!Induction!of!

the!NF!B!pathway!in!THP81!monocytes!by!CX3CL1!stimulation!was!therefore!firstly!

determined!by!measuring!phosphorylation!of!p65!at!Ser8536.!The!final!aim!of!this!work!

was! to! determine! if! CX3CL1! stimulation! regulates! the! expression! of! NF!B! target!

genes!in!THP81!monocytes.!The!NF!B!pathway!has!a!broad!spectrum!of!target!genes,!

however!the!focus!in!this!study!was!to!evaluate!the!expression!of!pro8inflammatory!

genes!IL81"!,!IL86,!IL88!and!I!B#!in!monocytes!using!qPCR.!!!

!

!

!

!

!
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6.2(Results((

!

6.2.1(Immunophenotyping(Human(Monocyte(Cell(Line(THPK1(Marker(Expression(

Compared(to(Human(Circulating(Monocyte(Subpopulations((

!

The!THP81!human!monocyte!cell!line!is!a!widely!used!model!for!the!study!of!monocyte!

function! in# vitro,! and!may! therefore! be! a! useful! tool! to! study!monocyte! signalling!

pathways!downstream!of!the!CX3CL1/CX3CR1!axis.!The!existence!of!three!distinct!

monocyte!subpopulations!in!the!human!circulation!prompted!the!initial!aim!of!this!work,!

which!was!to! investigate!THP81!expression!of! the!monocyte!markers!CD16,!CD14,!

CCR2,!CX3CR1!to!identify!whether!these!cells!fall!into!the!classification!of!classical,!

intermediate,! or! non8classical! human!monocytes.! To! address! this,! human!PBMCs!

from!volunteer!peripheral!whole!blood!were!isolated!by!Ficoll!separation,!and!analysed!

by! FACS.! In! parallel,! cultured! THP81! cells! were! analysed! for! monocyte! marker!

expression.!!

!

The! results! of! this! analysis! showed! that! human! blood! monocyte! subpopulations!

expressed! their! respective! characteristic! levels! of! monocyte! markersZ! classical!

monocytes! (CD168CD14++CCR2hiCX3CR1lo),! intermediate! monocytes!

(CD16+CD14+CCR2midCX3CR1mid),! and! non8classical! monocytes!

(CD16++CD14loCCR2loCX3CR1hi)! (Figure! 6.2).! Immunophenotyping! of! THP81!

monocytes!revealed!that!these!cells!were!CD168CD14++CCR2mid8hiCX3CR1lo!(Figure!

6.1,! 6.2).! THP81!monocytes! therefore! expressed!monocyte!markers!CD16,! CD14,!

CCR2!and!CX3CR1!at!levels!that!were!comparable!with!classical!monocytes!(Figure!

6.2B,!C).!Total!PBMCs!were!also!phenotyped!for!monocyte!marker!expression!(Figure!

6.3).!

!

The! results!of! this! initial!profiling!of! the!THP81!human!monocyte!cell! line! therefore!

concluded! that! these! cells! resemble! human! circulating! classical! monocytes! much!

more!closely!than!non8classical!or!intermediate!monocyte!subsets.!!
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Figure(6.(1.(Flow(Cytometry(analysis(of(THPK1(human(monocytic(cell(line.((

THP81!human!monocytes!were!characterised!as!CD168CD14hiCCR2hiCX3CR1lo!cells!

and!therefore!closely!resembled!human!circulating!classical!monocytes.

FSC-A (x 1000)

S
S
C
-A

 (
x 

10
00

)

0 65.5 131.1 196.6 262.1
0

65.5

131.1

196.6

262.1
cells
65.39%

DAPI
S
S
C
-A

 (
x 

10
00

)
-10

2
0 10

3
10

4
10

5
0

65.5

131.1

196.6

262.1

live/dead
91.02%

FSC-A (x 1000)

FS
C
-H

 (
x 

10
00

)

0 65.5 131.1 196.6 262.1
0

65.5

131.1

196.6

262.1

single cells
99.79%

CD19/CD3/CD56

H
LA
-D
R

-10
3
-10

2
10
3

10
4

10
5

-10
2

10
2

10
3

10
4

10
5 Thp-1 Mono

99.69%

CD16

C
D
14

-10
2
10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

Thp-1 Mono
99.50%

CX3CR1
C
C
R
2

-10
2

10
3

10
4

10
5

-10
3

-10
2

10
3

10
4

10
5 87.59% 11.55%

0.86% 0.00%



!

!

227!

!

!

!

!

!

CD14
CD16

CX3C
R1

CCR2
0

5000

10000

15000

M
FI

THP-1

CD14
CD16

CX3C
R1

CCR2
0

5000

10000

15000

20000

M
FI

Classical Monocytes

CD14
CD16

CX3C
R1

CCR2
0

1000

2000

3000

4000

5000

M
FI

Intermediate Monocytes

CD14
CD16

CX3C
R1

CCR2
0

2000

4000

6000

8000

10000

M
FI

Non-Classical Monocytes

To
tal

 P
BMCs

Clas
sic

al 
Mon

oc
yte

s

Int
erm

ed
iat

e M
on

oc
yte

s

Non
-C

las
sic

al 
Mon

oc
yte

s

THP-1
0

2000

4000

6000

8000

M
FI

 

CX3CR1 Expression

B C

D E F

CX3CR1

C
ou
nt

-102 103 104 105
0

25

50

75

100

CCR2

C
ou
nt

-103 -102 103 104 105
0

39

78

117

156

CD14

C
ou
nt

-103 -102 103 104 105
0

40

80

121

161

CD16

C
ou
nt

-102 103 104 105
0

66

132

198

263

CX3CR1

C
ou
nt

-102 103 104 105
0

511

1022

1533

2044

CD14
C
ou
nt

-103 -102 103 104 105
0

454

907

1361

1814

CCR2

C
ou
nt

-103 -102 103 104 105
0

395

791

1186

1581

CD16

C
ou
nt

-102 103 104 105
0

813

1626

2439

3252

PBMCsTHP(1

CX3CR1

C
ou
nt

-102 103 104 105
0

6

11

17

23

CCR2

C
ou
nt

-103 -102 103 104 105
0

5

10

15

20

CD14

C
ou
nt

-103 -102 103 104 105
0

7

13

20

26

CD16

C
ou
nt

-102 103 104 105
0

7

14

21

28

Classical'Monocytes
Intermediate'Monocytes
Non3Classical'Monocytes

A



!

!

228!

Figure'6.'2.'Immunophenotyping'of'the'THP71'human'monocyte'cell'line'compared'with'fresh'whole'blood'human'
monocyte'subpopulations'(classical,'intermediate,'and'non7classical).'
A&E.!MFI!of!CX3CR1,!CCR2,!CD14,!and!CD16!expressed!by!human!blood!monocyte!subpopulations!(classical,!intermediate,!non&

classical),!compared!with!the!THP&1!human!monocyte!cell!line.!F.!Comparison!of!CX3CR1!expression!between!human!blood!

monocyte!subpopulations!and!THP&1!monocytes!showed!that!the!THP&1!monocyte!cell!line!closely!resembles!human!classical!

monocytes!with!relation!to!CX3CR1!expression.''
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Figure'6.'3.'Immunophenotyping'of'human'PBMCs.'
A,!C.!MFI!of!CX3CR1,!CCR2,!CD14!and!CD16!expressed!by!human!PBMCs.!B.!Comparison!of!monocyte!marker!CD14,!CD16,!

CX3CR1! and! CCR2! expression! by! human! PBMCs,! human! blood! monocyte! subpopulations! (classical,! intermediate,! and! non&

classical),!and!THP&1!human!monocytes.
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6.2.2$ Immunophenotyping$of$Human$Monocytic$Cell$Lines$THP<1,$MonoMac6,$
and$U937$
!

In!addition!to!THP/1!cells,!MonoMac6!(MM6)!and!U937!cell!lines!are!frequently!used!

as! models! for! investigating! human! monocyte! function,! regulation,! and! signalling!

pathways! in! vitro! [375/377].! These! monocyte! lines! were! immunophenotyped! for!

monocyte!markers!as!performed! for!THP/1!cells,!with! the!aim! to! identify!a!human!

monocyte!cell!line!that!expresses!high!levels!of!CX3CR1!and!therefore!more!closely!

resembles!the!human!circulating!non/classical!monocyte!population.!!

!

The!results!of!this!analysis!showed!that!U937!monocyte!expression!of!CX3CR1!was!

1.7/fold!greater! than!THP/1! cells! (Figure!6.4A).!The!MM6!cell! line!also!expressed!

greater! levels! of! CX3CR1! than! THP/1! cells! by! approximately! 2/fold.! However,!

comparison!of!CX3CR1!MFI!with!human!peripheral!blood!monocyte!subpopulations!

showed!that!the!expression!of!CX3CR1!by!all!these!monocytic!cell!lines!was!still!lower!

than!that!of!peripheral!blood!classical!monocytes.!Expression!of!CX3CR1!by!THP/1,!

U937!and!MM6!cells!was!30.3%,!51.4%,!and!60.4%!of!that!of!classical!monocytes,!

respectively!(Figure!6.4B).!Furthermore,!non/classical!monocytes!expressed!12.9/fold!

greater! levels!of!CX3CR1! than!THP/1!cells,!7.6/fold!more! than!U937,!and!6.5/fold!

more!than!MM6!monocytes.!!!

!

Therefore,!of!the!three!monocyte!cell!lines!studied,!there!was!no!obvious!choice!for!

studying!non/classical!monocyte!NF!B!signalling!in!response!to!CX3CL1.!The!THP/1!

cell! line! was! carried! forward! for! signalling! experiments! on! the! basis! that! these!

monocytes!were!more!robust!and!practical!to!culture.!!
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$
Figure$6.$4.$Profiling$CX3CR1$expression$by$human$monocyte$cell$lines$THP<1,$
U937$and$MM6$compared$to$human$peripheral$blood$fresh$monocyte$
subpopulations$(classical,$intermediate,$non<classical).$
!
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6.2.3$Optimisation$of$CX3CL1$Dose$and$Time$Stimulation$for$Phosphorylation$
of$the$NF!B$subunit$p65$in$THP<1$Monocytes$
!

To! date,! the! signalling! pathways! that! are! activated! downstream! of! CX3CR1!

stimulation!by!CX3CL1!are!poorly!understood.! Initial! insights!have!pointed! towards!

activation!of!the!NF!B!pathway![378/381]!by!CX3CL1/CX3CR1!in!a!range!of!cell!types!

including!microglia,! intestinal! epithelial! cells,! and! neurons.! The! evidence! reporting!

CX3CR1/induced!activation!of!NF!B!specifically!in!monocytes!however!is!lacking.!In!

this!chapter,! I! therefore!hypothesised!that!CX3CL1!binding!to! its!receptor!CX3CR1!

induces! NF!B! activation! in! human! monocytes,! which! leads! to! an! increased! pro/

inflammatory! response!of! these! cells.!Through! this! upregulation!of!NF!B!and!pro/

inflammatory! response! in!monocytes,! CX3CL1!may! exert! its! detrimental! effect! on!

myocardial!repair!following!cardiac!I/R.!!

!

To! investigate! this,! cultured! THP/1! monocyte! cells! were! stimulated! with! CX3CL1!

ligand!and!NF!B!activation!was!evaluated!by!measuring!the!levels!of!phosphorylated!

p65.!Phosphorylation!of!p65!is!a!widely!used!measure!of!NF!B!signalling!activation\!

under!normal!conditions,!the!p65!subunit!of!NF!B!is!retained!in!the!cytoplasm!with!the!

inhibitory!protein!I!B\!however,!when!NF!B!is!activated!by!stimuli!such!as!TNF/α,!the!

phosphorylated! p65! subunit! of! NF!B! translocates! into! the! nucleus! to! regulate! the!

expression!of! inflammatory!mediators!and!MMPs! [382,!383].!Activation!of$NF!B! is!

known!to!be!induced!by!pro/inflammatory!cytokines!such!as!TNF/",!which!results!in!

nuclear! translocation! of! the! p50/p60! heterodimers! [384].! Based! on! this! known!

phenomenon,!TNF/α!stimulation!was!employed!as!a!positive!control!in!this!study.!!

!

Optimisation! of! the! dose! and! time!of!CX3CL1! stimulation!was! firstly! performed.!A!

number!of!studies!showing!CX3CL1/induced!survival!of!human!monocytes!provided!

insight!into!the!range!of!CX3CL1!required!to!elicit!an!anti/apoptotic!response,!which!

were!initially!used!to!determine!a!dose!range!of!CX3CL1![220,!357,!379,!384].!These!

studies!used!CX3CL1!concentrations!ranging!from!1/1000ng/ml.!On!the!basis!of!this,!

I!firstly!investigated!THP/1!p65!phosphorylation!in!response!to!10,!50,!and!100ng/ml!

CX3CL1,! for! either! 60min! or! 120min.! This! initial! experiment! showed! that! TNF/"!
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(15min,!10ng/ml)!stimulated!a!large!increase!in!the!levels!of!phosphorylated!p65,!as!

expected!(Figure!6.5A).!CX3CL1!stimulation!induced!modest!phosphorylation!of!p65!

at! both! 60min! and! 120min,! which! was! not! notably! different! between! 10,! 50,! and!

100ng/ml!concentrations!of!CX3CL1!at!either!time!point.!Based!on!this!observation,!

10ng/ml! and! 50ng/ml! CX3CL1! concentrations! were! taken! forward! for! subsequent!

analysis.!

!

The!modest!response!of!NF!B!to!CX3CL1!stimulation!observed!at!60min!and!120min!

suggested!that!phosphorylation!of!the!NF!B!subunit!p65!by!CX3CL1!may!occur!at!an!

earlier!time!point.!To!investigate!this,!THP/1!monocytes!were!stimulated!with!10ng/ml!

and!50ng/ml!CX3CL1!for!either!15min,!30min,!60min,!or!180min.!The!latter!time!point!

was! included! to! examine! prolonged! versus! transient! phosphorylation! of! p65.! At!

10ng/ml,!CX3CL1!did!not!induce!significant!phosphorylation!of!p65!at!either!15,!30,!

60,! or! 180min! (Figure! 6.5B,! D).! Of! all! the! time! points! studied,! THP/1!monocytes!

showed! a! slight! increase! in! phosphorylated! p65! at! 60min! compared! to! that! of!

untreated!cells,!though!this!increase!was!modest!and!not!significant.!TNF/"/treated!

cells! showed! a! significant! increase! in! phosphorylated! p65! (p<0.01).! At! a! higher!

concentration! of! 50ng/ml,! CX3CL1! also! did! not! stimulate! significant! p65!

phosphorylation!(Figure!6.5C,!D).!As!observed!for!10ng/ml!CX3CL1,!50ng/ml!CX3CL1!

induced!modest!phosphorylation!of!p65!at!60min,!though!again!this!was!only!marginal!

compared!to!untreated!THP/1!monocytes.!

!

Based! on! these! findings,! stimulation! of! THP/1! monocytes! with! CX3CL1! at! a!

concentration!of!10ng/ml!for!60!minutes!was!repeated!to!identify!whether!the!modest!

NF!B! response! observed! under! these! conditions! was! reproducible! and! therefore!

valid.!Following!repeated!experiments,!this!optimised!dose!and!timing!of!CX3CL1!at!

10ng/ml! for! 60! minutes! induced! modest! significant! phosphorylation! of! the! NF!B!

subunit!p65!compared!untreated!cells!(p<0.01)!(Figure!6.6).!The!findings!of!this!work!

therefore!concluded!that!CX3CL1!stimulation!of!THP/1!monocytes!leads!to!low!levels!

of!NF!B!activation!as!determined!by!increased!phosphorylation!of!p65.!!

!

!

!
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Figure$6.$5.$Optimisation$of$CX3CL1$stimulation$dose$and$time$in$THP<1$cells$
for$activation$of$the$NF!B$pathway$measured$by$phosphorylation$of$the$NF!B$
subunit$p65.$$$
TNF/"!was!used!as!a!positive!control!which!is!known!to!induce!phosphorylation!of!p65!

after!15min!at!10ng/ml.!A.!Dose! response! to!CX3CL1!at!10,!50,!and!100ng/ml! for!

60min!or!120min.!B.!Time!response!to!CX3CL1!at!10ng/ml!for!15,!30,!60!and!180min.!

C.!Time!response!to!CX3CL1!at!50ng/ml!for!15,!30,!60!and!180min.!One/way!Anova!

with! Tukey’s! multiple! comparison! test.! Data! refers! to! mean! ±! SEM.! **p<0.01.! D.!

Western! blot! showing! phosphorylated! p65! in! response! to! CX3CL1! or! TNF/"!

stimulation!at!the!time!and!dose!stated.!Levels!of!phosphorylated!p65!were!normalised!

to!total!p65!and!"/tubulin!was!detected!as!a!loading!control.!
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Figure$6.$6.$Optimised$dose$and$timing$of$CX3CL1$stimulation$of$THP<1$human$
monocytes$at$10ng/ml$for$60$minutes$induces$significant$phosphorylation$of$
NF!B$p65$subunit.$Levels!of!phosphorylated!p65!were!normalised!to!total!p65.!
One/way!Anova!with!Tukey’s!multiple!comparison!test.!Data!refers!to!mean!±!SEM.!

**p<0.01,!***p<0.001.$
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6.2.4$Human$CX3CR1$ inhibitor$KAN567$ (Compound$18a,$AZD8797)$and$NF!B$
inhibitor$ BI605906$ dose$ response$ inhibition$ of$ CX3CL1<induced$ p65$
phosphorylation$
!

Following! the!observation! that!CX3CL1!can! induce!modest!phosphorylation!of!p65!

during!optimal!conditions!(10ng/ml!CX3CL1,!60min),!the!next!aim!of!this!work!was!to!

determine! if! this! response!could!be!blocked! in! the!presence!of!a! i)!NF!B!pathway!

inhibitor!and!ii)!CX3CR1!inhibitor.!To!inhibit!the!NF!B!pathway,!the!molecule!BI605906!

was!used.!BI605906!is!a!selective!IKKβ!inhibitor!(IC50!=!380nM),!which!displays!no!

effect!on!a!panel!of!100!kinases,!except! IGF1!(IC50!=!7.6μM).!A!range!of! inhibitor!

doses!(0.5/10μM)!was!decided!based!on!those!that!are!reported!to!effectively!inhibit!

IKKβ\!Clark!et!al![385]!showed!inhibition!of!p65!phosphorylation!at!2/40μM!BI605906,!

while!Zhang!et!al! [386]!show! inhibition!of! IKKβ!by!BI605906!at!5μM.! In!addition! to!

IKKβ,! a! number! of! kinases! have! been! identified! that! phosphorylate! p65/Ser536!

including! RSK1,! IKKα,! IKKe,! and! NAK/TBK1! [366,! 387/389].! The! conditions! and!

consequences!of!p65/Ser536!phosphorylation!appear!to!depend!on!the!physiological!

context.!Pre/incubation!of!CX3CL1/treated!THP/1!cells!with!BI605906!was!therefore!

also!useful!to!confirm!that!CX3CL1/induced!phosphorylation!of!p65!occurs!via!IKKβ,!

as!oppose!to!other!upstream!signalling!molecules.!

!

THP/1!cells!were!treated!with!either!10ng/ml!60min!CX3CL1!alone,!or!with!0.5,!1,!2.5,!

5,!or!10μM!BI605906!for!30!minutes!prior!to!CX3CL1!stimulation!(Figure!6.7A,!B).!!A!

control!group!of!THP/1!cells!were!treated!with!DMSO!only!as!the!BI605906!inhibitor!

was! stored! in!DMSO.!At! the! lowest! concentration!of!BI605906!of! 0.5μM,! levels!of!

phosphorylated!p65!were!not!significantly!different!from!CX3CL1/only!treated!cells.!At!

1μM! BI605906! however,! CX3CL1/induced! p65! phosphorylation! was! significantly!

reduced!(p<0.05).!Treatment!with!higher!concentrations!of!the!IKKβ!inhibitor!BI605906!

at!2.5μM!and!10μM!further!decreased!phosphorylated!levels!of!p65,!to!below!that!of!

CX3CL1/only! treated! cells! (p<0.01).!Notably,! inhibition! of! IKKβ! by!BI605906! at! all!

doses! tested! reduced! levels!of!phospho/p65! to!below! that!of!CX3CL1/treated!and!

untreated!cells,!suggesting!that!BI605906!may!inhibit!a!p65!response!that!is!stimulated!

by!factors!other!than!CX3CL1.!

!!
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Secondly,! to!determine! if! the!previously!observed!p65!phosphorylation!was! truly!a!

response!to!CX3CL1!and!not!any!other!confounding!stimuli,!the!CX3CR1!antagonist!

KAN567!was!used! to! treat!THP/1!cells!prior! to!stimulation!with!CX3CL1! (10ng/ml,!

60min).!!KAN567!is!a!human!CX3CR1!inhibitor!(Compound!18a,!AZD8797).!As!the!
NF!B!pathway!is!known!to!be!activated!by!a!broad!range!of!stimuli,!it!was!important!

as!part!of!this!study!to!determine!whether!CX3CL1/induced!phosphorylation!of!p65!

under!optimal!conditions!was!a!specific!response!to!CX3CL1,!and!could!therefore!be!

inhibited!upon!blockade!of!CX3CR1!by!KAN567.!Concentrations!of!KAN567!between!

40nM/10μM!have!been!shown!to!inhibit!CX3CL1!binding!to!CX3CR1![390].!A!dose!

range!of!1nM/1μM!was!therefore!employed!in!this!study.!A!vehicle!only!treated!sample!

was!used!as!a! control,!which! is! the!buffer! used!by! the!manufacturer! (Kancera)! to!

dissolve!the!inhibitor.!

!

In! contrast! to! incubation!with! the! IKKβ! inhibitor! BI605906,! pre/incubation!with! the!

CX3CR1! inhibitor! KAN567! for! 30! minutes! prior! to! CX3CL1! treatment! did! not!

significantly! reduce! p65! phosphorylation! induced! by! CX3CL1! stimulation! (10ng/ml!

60min)!(Figure!6.7C,!D).!At!doses!of!1,!10,!100,!500,!and!1000nM,!KAN567!had!no!

significant!inhibitory!effect!on!CX3CL1/induced!phosphorylation!of!p65.!Such!findings!

suggested!that!activation!of!the!NF!B!pathway!observed!in!the!presence!of!CX3CL1!

(10ng/ml!60min)!may!in!part!be!due!to!the!presence!of!other!stimuli!which!also!induce!

this!pathway,!which!is!discussed!in!more!detail!in!section!6.3.!This!is!also!suggested!

by!the!subtle!induction!of!p65!phosphorylation!observed!in!vehicle!only/treated!THP/

1!cells!(Figure!6.7!C,!D).!

!

!

!

!

!

!

!
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Figure'6.'7.'Inhibition'of'CX3CL17induced'p65'phosphorylation'by'NF!B'and'CX3CR1'inhibitors.''
A.!Selective! IKKβ! inhibitor!BI605906! dose! response! inhibition! of!CX3CL1Cinduced! p65! phosphorylation.! n=3/dose! of!BI605906I!

additional!n=8!without!BI605906!inhibitor.!DMSO!only!control!was!included!as!BI605906!was!dissolved!in!DMSO.!OneCway!Anova!

with!repeated!measures!analysis.'Data!refers!to!mean!±!SEM.!*p<0.05,!**p<0.01.!B.!Western!blot!showing!dose!response!inhibition!
of!CX3CL1Cinduced!p65!phosphorylation!in!the!presence!of!the!selective!IKKβ!inhibitor!BI605906.!C.!CX3CR1!antagonist!KAN567!

(Compound!18a,!AZD8797)!dose!response!inhibition!of!CX3CL1Cinduced!p65!phosphorylation.!n=3/dose!KAN567I!additional!n=8!

without!KAN567!inhibitor.!Vehicle!only!control!was!included!as!KAN567!was!dissolved!in!this!buffer.!OneCway!Anova!with!repeated!

measures! analysis.' Data! refers! to! mean! ±! SEM.! B.! Western! blot! showing! dose! response! inhibition! of! CX3CL1Cinduced! p65!
phosphorylation!in!the!presence!of!the!CX3CR1!antagonist!KAN567.!Levels!of!phosphorylated!p65!were!normalised!to!total!p65!and!

"Ctubulin!was!used!as!a!loading!control!throughout.!
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6.2.5%Expression%of%NF!B%Target%Genes%IL:8,%I!Bα,%IL:β,%and%IL:6%by%CX3CL1%%

!

A!well(recognized!function!of!NF!B!is!the!regulation!of!inflammatory!responses.!NF!B!

is! an! inducible! transcription! factor! which! upon! activation,! targets! inflammation! by!

directly! increasing! the! production! of! pro(inflammatory! cytokines,! chemokines,! and!

adhesion!molecules.!NF!B!also!regulates!cell!proliferation,!apoptosis,!morphogenesis!

and!differentiation! [391].!Among! the!most!well(established! inducers!of!NF!B! in! the!

context!of!inflammation!are!members!of!the!TNF!family!of!cytokines![392,!393].!TNF(

"!is!known!to!upregulate!transcription!of!pro(inflammatory!genes!IL(8,!IL(6,!and!IL(1#!

via!activation!of! the!NF!B!pathway.!Gene! transcription!of!TNF("’s! target! genes! is!

known!to!occur!at!2(6h!following!stimulation,!at!a!concentration!of!10ng/ml![394,!395].!

NF!B!is!also!known!to!regulate!its!own!pathway!in!a!negative!feedback!loopR!activation!

of!NF!B!for!example!by!TNF("!induces!I!B"!gene!transcription.!In!THP(1!monocytes,!

Gomes!et!al!have!shown!that!the!NF!B!pathway!is!activated!by!LPS!stimulation,!which!

leads!to!increased!production!of!the!inflammatory!cytokines!TNF(",!IL(1#,!IL(6,!and!(

8![396].!Monocyte!activation!of!the!NF!B!pathway!specifically!in!response!to!CX3CL1!

has! however! not! been! explored! to! date.! Based! on! the! previous! observation! that!

CX3CL1! stimulation! can! lead! to! slight! induction! of! p65! phosphorylation! in! THP(1!

monocytes,!the!next!part!of!this!work!was!to!identify!downstream!target!genes!of!NF!B!

signalling!that!are!regulated!by!CX3CL1!stimulation.!Elucidation!of!such!target!genes!

would!help! to! understand!how! the!CX3CL1/CX3CR1!axis! contributes! to!monocyte!

function!following!cardiac!I/R.!!

!

To!investigate!this,!THP(1!cells!were!seeded!on!day!0!and!left!to!culture!for!48h!at!

37°C!in!normal!media.!This!time!frame!allowed!for!any!effect!of!fresh!serum!on!NF!B!

pathway!activation!to!plateau!before!stimulation!with!CX3CL1.!THP(1!monocytes!were!

lysed!for!total!RNA!at!either!2h,!6h,!or!16h!following!CX3CL1!stimulation!and!reverse!

transcription!was! performed! to! obtain! cDNA.!Real(time!PCR!was! then! carried! out!

probing!for!NF!B!target!genes!IL(8,!IL(6,!IL(1#!and!I!B".!GAPDH!and!RPL13A!were!

included!as!housekeeper!reference!genes.!Results!were!normalized!using!the!$$CT!

method.!Concentrations!of!CX3CL1!of!10ng/ml!and!50ng/ml!were!used!on!the!basis!

of!the!modest!phosphorylation!of!p65!observed!previously!at!these!concentrations!of!
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the! ligand.! Time! points! of! 2h,! 6h,! and! 16h! were! chosen! on! the! basis! that! gene!

transcription!changes!are!known!to!occur!within!this!time!frame.!The!well(established!

inducer!of!NF!B!target!gene!expression,!TNF(",!was!used!as!a!positive!control!in!this!

study.!

!

Data! shown! in! Figure! 6.8A! shows! that! IL(8! expression! was! increased! by! TNF("!

stimulation!for!either!2h!or!6h!at!10ng/ml!compared!to!untreated!cells,!however!this!

was!not!significant.!Stimulation!of!THP(1!cells!with!CX3CL1!for!2h!did!not!significantly!

change! the! expression! levels! of! IL(8! at! either! concentration! of! CX3CL1! tested.! A!

longer!stimulation!of!CX3CL1!at!10ng/ml!for!6h!however!lead!to!a!significant!increase!

in! IL(8! expression! (p! =! 0.039)! (Figure! 6.8A).!Analysis! of! three! of! the! independent!

experiments!showed!that!this!upregulation!of!IL(8!expression!was!greater!at!the!lower!

dose!of!10ng/ml!CX3CL1!(p!=!0.011),!than!50ng/ml!CX3CL1!(p!=!0.037)!(Figure!6.8B).!

Investigation!of! IL(8!gene!expression! following!an!extended!CX3CL1!stimulation!of!

16h!showed!that!the!expression!of!this!chemokine!was!not!significantly!increased!at!

this!time!point.!!

!

Stimulation!of!THP(1!monocytes!with!TNF("!for!both!2h!and!6h!at!10ng/ml!significantly!

increased!the!expression!of!NF!B!gene!targets!I!B"!and!IL(1#!(Figure!6.8C,!D).!TNF(

"!stimulation!increased!I!B"!expression!more!significantly!at!2h!(p!=!0.0003)!than!6h!

(p!=!0.001).!Expression!of!IL(1#!was!upregulated!significantly!to!a!similar!extent!at!2h!

(p!=!0.0007)!and!6h!(p=!0.0003)!following!TNF("!expression.!Stimulation!with!CX3CL1!

for!either!2h,!6h,!or!16h!at!the!two!concentrations!of!the!ligand!tested!did!not!however!

significantly! change! the! expression! of! NF!B! targets! I!B"! (Figure! 6.8C)! and! IL(1#!

(Figure!6.8D).!

!

!

!

!

!
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!

Figure%6.%8.%CX3CL1%induction%of%NF!B%target%genes%in%THP:1%monocytes.%

THP(1!cells!were!stimulated!with!either!10!or!50ng/ml!CX3CL1!for!either!2h!(n=2),!6h!

(n=4),!or!16h!(n=2)!to!study!the!regulation!of!NF!B!inflammatory!target!genes!IL(8!(A,!

B),!I!B"!(C),!and!IL(1#!(D).!TNF("!stimulation!at!10ng/ml!for!2h!or!6h!was!used!as!a!

positive! control! (n=3/time! point).! One(way! Anova! with! Tukey’s! test! for! multiple!

comparisons.!Data!refers!to!mean!±!SEM.!*p<0.05,!**p<0.01,!***p<0.001.!
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6.2.6%Purification%of%Human%Whole%Peripheral%Blood%Monocytes%%

!

In!the!previous!section!I!showed!that!THP(1!human!monocytes!show!a!slight!induction!

of! p65! phosphorylation! in! response! to! CX3CL1! stimulation! (10ng/ml! 60min).!

Downstream!of!this!activation,!THP(1!monocytes!showed!modest!upregulation!of!IL(

8! expression! following! 6h! stimulation! with! 10ng/ml! CX3CL1.! Based! on! these!

observations!it!is!plausible!that!CX3CL1!ligand!binding!to!its!receptor!CX3CR1!induces!

minor!activation!of!the!NF!B!pathway!in!THP(1!monocytes.!Such!a!modest!response!

may!be!explained!by!the!low!levels!of!CX3CR1!expressed!by!THP(1!monocytes!shown!

in!section!6.2.2.!Immunophenotyping!of!these!cells!previously!showed!that!expression!

of!CX3CR1!by!these!cells!resembles!that!of!human!CX3CR1lo!classical!monocytes.!

Due! to! their! high! expression! levels! of! CX3CR1,! non(classical! monocytes! would!

provide! an! ideal! model! to! study! NF!B! activation! by! CX3CL1/CX3CR1! signalling.!

Current!available!human!monocyte!cell!lines!however,!like!THP(1!monocytes,!possess!

a!mature!classical!monocyte!phenotype,!as!shown!in!this!study!for!MM6!and!U937!

cells!and!by!others![397].!As!such,!there!is!no!existing!human!cell!line!available!which!

represents!non(classical!monocytes.!Attempts!to!mature!the!most!advance!cell! line!

(MonoMac6)![398,!399]!to!become!CD16(positive!have!not!been!successful!thus!far.!

Furthermore,! gene! expression! data,! CD!marker! profile! and! functional! chemotaxis!

assays!suggest! that! the!monocyte!cell! lines!THP(1!and!U937!only!partly! resemble!

freshly!isolated!human!classical!CD14+!monocytes!in!their!undifferentiated!state![400].!

With!this!in!mind,!it!appears!that!the!most!appropriate!method!of!studying!CX3CL1(

induced!NF!B!activation!in!non(classical!monocytes!is!to!purify!these!cells!from!fresh!

human! whole! blood/PMBCs.! Techniques! to! isolate!monocytes! from! human! whole!

blood!are!fairly!established,!however!there!is!evidence!that!the!choice!of!monocyte!

enrichment! protocol! significantly! affects! the! yield,! purity,! relative! abundance! of!

monocyte! subsets,! and! the! resulting! phenotype! of! cultured!monocytes! [401,! 402].!

Among!monocyte!isolation!methods,!negative!selection!of!monocytes!appears!to!be!

the!most!effective,!whereby!the!distribution!of!monocyte!subsets!is!not!substantially!

altered![403].!

!

Based! on! these! reports,! this! study! used! a! negative! human! monocyte! selection!

protocol.! This! approach! is! based! on! the! labeling! of! non(monocytes! with! biotin(
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conjugated! antibodies! and! subsequent! depletion! of! the! labeled! cells! by! binding! to!

streptavidin(conjugated! magnetic! beads,! while! monocytes! remain! untouched.! The!

Monocyte!Isolation!Kit!II!(Miltenyi!Biotec,!#130(091(153)!contains!anti(CD3!and!anti(

CD7! to! label!T!cells,!anti(CD16!(granulocytes),!anti(CD19!(B!cells),!anti(CD56!(NK!

cells),! anti(CD123! (granulocytes),! as!well! as! anti(CD235a! to! label! red! blood! cells.!

Using!this!approach,!the!count!of!non(classical!monocytes!that!could!be!obtained!from!

a!specified!volume!of!human!whole!blood!was!determined!to!plan!subsequent!NF!B!

protein!and!gene!expression!analysis!experiments!accordingly.!

!

EDTA! anti(coagulated! blood! was! obtained! from! healthy! volunteers! after! informed!

consent!and! in!accordance!with! the!ethical!guidelines!of! the! institution.!Monocytes!

were! extracted! as! described! in! section! 3.! The! purity! of! human! monocytes! was!

evaluated!by! fluorescent! staining!with! the!previously!established!human!monocyte!

marker!antibody!panel!(CD14,!CD16,!HLA(DR,!CD3,!CD19,!CD56,!CCR2,!CX3CR1)!

and!FACS!analysis.!!

!

The!extracted!PBMC!cell!suspension!corresponded!to!a!yield!of!1x107!PBMCs/ml!of!

whole!blood!as!determined!by!manual!counting,!and!was!made!up!of!a!heterogeneous!

population!of!immune!cells!including!T(cells,!B(cells,!NK(cells,!and!monocytes!(Figure!

6.9A).! FACS! analysis! of! the! isolated! PBMCs! showed! that! the! total! monocyte!

population! (HLA(DR+! Lin()! represented! 4.3%! of! total! PBMCs! (Figure! 6.9B),! and!

therefore!yielded!~4.3x105!monocytes/ml!blood.!The!PBMC!sample!was!then!enriched!

for!monocytes!by!depletion!of!non(monocytic!cell!types.!The!obtained!yield!of!purified!

monocytes!represented!95.7%!of!total!cells!(Figure!6.9C),!which!was!approximately!

4.9x!higher! than! that! achieved! from!peripheral!whole!blood!and!22.3x!higher! than!

PMBC! total! monocytes.! The! non(monocyte! fraction! of! PBMCs! was! analysed! to!

confirm!the!effective!extraction!of!monocytes!(Figure!6.9D).!This!population!contained!

2%!monocytes!among!all!other!leukocytes,!further!confirming!successful!extraction!of!

the!monocyte!population.!Furthermore,! as! this! protocol! only! involved!one! stage!of!

immune(magnetic!separation,!there!was!high!viability!of!purified!monocytes!of!>95%!

(Figure!6.10B).!Isolated!human!classical,!intermediate,!and!non(classical!monocytes!

expressed!characteristic!expression!of!CCR2!and!CX3CR1,!demonstrating! that! the!

extraction!process!did!not!affect!the!expression!of!these!chemokine!markers!(Figure!
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6.10A).!Of! the!purified! total!monocyte!population,!classical!monocytes! represented!

~85%,! non(classical! monocytes! 5(10%! and! intermediate! monocytes! <5%! (Figure!

6.10B).!Considering!that!4.3×105!monocytes!could!be!obtained!per!ml!of!blood,!the!

hypothetical!isolation!yield!of!non(classical!monocytes!which!represent!5(10%!of!total!

monocytes!was!2.15x104(4.3x104!cells/ml!blood.!These!findings!were!obtained!from!

two!independent!experiments!using!whole!blood!from!two!different!volunteers.!
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Figure'6.'9'Purification'of'human'whole'peripheral'blood'monocytes'by'negative'selection'beads.''
PBMCs!were!firstly!removed!by!centrifugation!of!whole!blood!over!Histopaque!(Sigma!Aldrich,!#10771),!followed!by!erythrocyte!lysis!

using!Lysing!Buffer! (BD!Pharm!Lyse,!#555899).!PBMCs!were! then!subject! to!monocyte!negative! selection!using! the!Monocyte!

Isolation! Kit! II! and! manual! columns! (Miltenyi! Biotec,! #130R042R201).! Flow! Cytometry! was! used! to! analyse! the! total! monocyte!

population!in!A.!human!whole!blood,!B.!extracted!PBMCs,!C.!purified!monocyte!population!obtained!by!negative!selection,!D.!purified!

nonRmonocyte!population.!
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Figure'6.'10.'Purification,'viability,'subpopulation'composition'and'chemokine'marker'expression'of'extracted'human'
blood'monocytes.'
A.!Expression!of!chemokine!receptors!CCR2!and!CX3CR1!by!purified!human!blood!monocytes.!This!magneticRseparation!process!

does!not!alter!the!expression!of!these!key!monocyte!markers.!B.!The!viability,!purification,!and!composition!of!purified!total!monocytes!

from!human!whole!blood.!This!monocyte!isolation!protocol!yielded!a!high!purity!of!monocytes!of!>95%,!of!which!classical!monocytes!

represented! ~85%,! nonRclassical!monocytes! 5R10%! and! intermediate!monocytes! <5%.! Data! representative! of! two! independent!

experiments!(two!human!volunteer!blood!samples).!Data!refers!to!mean!±!SEM.
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6.2.7% FACS% Analysis% of% NF!B% subunit% p65% Phosphorylation% by% CX3CL1%
stimulation%of%Monocytes%%
!

The! purification! of!monocytes! from! human!whole! blood! described! in! the! previous!

section!was!performed!to!establish!the!counts!of!monocytes!that!could!be!obtained!

from! a! specified! volume! of! blood! and! thus! determine! the! sample! required! for!

subsequent! protein! and! gene! expression! experiment! analysis.! It! was! initially!

hypothesized!that!the!CX3CR1+!nonEclassical!monocyte!proportion!of!this!purified!total!

monocyte!population!would!show!a!stronger!NF!B!response!to!CX3CL1!stimulation!

than! that! observed! for! THPE1!monocytes,! due! to! their! higher! expression! levels! of!

CX3CR1! (Figure!6.10A).!However,! the!yield!of!nonEclassical!monocytes! that! could!

theoretically!be!obtained!(2.15x104E4.3x104!/!ml!blood),!would!not!permit!the!study!of!

pEp65! expression! by! western! blot! protein! analysis! as! performed! using! THPE1!

monocytes,!as!this!required!a!minimum!of!1x106!cells!per!treatment.!!

!

Due!to!this!low!count!of!nonEclassical!monocytes,!it!was!decided!to!first! investigate!

the! total!monocyte!NF!B!response! to!CX3CL1!by!western!blot!analysis.!As!1ml!of!

blood!yielded!4.3×105!total!purified!monocytes,!60ml!of!volunteer!blood!was!obtained,!

as!this!would!give!a!theoretical!yield!of!~2.5x107!monocytes.!Once!the!sample!was!

obtained,!PBMCs!were!isolated,!and!monocytes!were!purified!as!described!in!section!

6.2.6.!An!excess!volume!of!blood!was!included!to!allow!for!loss!of!some!cells!during!

PBMC! isolation! and! monocyte! purification.! From! the! purified! total! monocyte!

population,!3x106!cells!were!cultured!per!condition!(untreated,!CX3CL1!and!TNFE")!

in!serumEfree!RPMIE1640!to!avoid!the!induction!of!the!NF!B!pathway!by!serum.!Cells!

were!cultured!briefly!for!30min!prior!to!stimulation!with!CX3CL1!or!TNFE".!Following!

treatment,! it! was! observed! that! all! monocytes! were! no! longer! viable! leading! to!

termination!of!the!experiment.!This!is!likely!due!to!the!effect!of!serumEstarvation!which!

has! been! shown! to! induce! apoptosis! of! monocytes.! CX3CL1! has! been! shown! to!

rescue!cells!from!starvationEinduced!apoptosis,!though!interestingly!there!was!no!proE

survival! effect! observed! in! CX3CL1Etreated! cells! during! this! experiment.! Other!

methods!of! culturing! purified! human!monocytes!must! therefore! be! tested! in! future!

work.!!

!
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An!alternative!approach!to!study!activation!of!the!NF!B!pathway!by!CX3CL1!rather!

than!protein!expression!analysis!is!to!analyse!levels!of!phosphorylated!p65!by!FACS.!

This!method!would!also!permit!analysis!of!pEp65!expression!specifically!by!the!nonE

classical!monocyte!subpopulation,!since! these!cells!could!be!gated!and!defined!as!

CD14+CD16++CX3CR1hiCCR2lo! cells.! This! technique! required! optimisation,! as! a!

complex!method!of! fixation!and!permeablisation!of! cells! is! required! to! permit! both!

monocyte!surface!marker!antibody!binding!and!detection!of!intracellular!pEp65.!This!

optimization!was!carried!out!using!the!MM6!monocyte!cell!on!the!basis!that!these!cells!

express!slightly!higher!levels!of!CX3CR1!and!thus!a!response!to!CX3CL1!would!be!

more!obvious!if!present.!The!protocols!tested!are!summarized!in!Table!6.1.!Protocol!

1!highlighted!in!green!was!the!most!effective.!This!work!was!completed!with!the!help!

of!postEdoc!Dr.!Catherine!Park.!!!

!

As!per!protein!expression!analysis,!TNFE"!treatment!was!used!as!a!positive!control!to!

compare!with!optimized!CX3CL1!treatment!(10ng/ml!for!60!min),!with!or!without!30min!

preEtreatment!with! the!CX3CR1!inhibitor!KAN567!(10nM).!This!preliminary!analysis!

showed! that!untreated!MM6!cells!showed!slight! induction!of! the!NF!B!pathway!as!

determined! by! increased! levels! of! pEp65! (Figure! 6.11,! 6.12),! which! reflected! the!

findings! observed! in! the! previous! THPE1! protein! analysis.! Treatment! with! TNFE"!

(10ng/ml,!15m)!further!increased!the!percentage!of!pEp65+!MM6!monocytes,!though!

this!response!was!not!as!striking!as!that!observed!in!THPE1!pEp65!protein!analysis.!

Stimulation!of!MM6!monocytes!with!CX3CL1!(10ng/ml!60min)!lead!to!no!difference!in!

pEp65!activation!compared!with!untreated!cells!(Figure!6.11,!6.12),!in!contrast!to!the!

modest!pEp65!response!observed!in!THPE1!cells!by!western!blot!analysis.!!

!

To!test!if!this!lack!of!response!was!a!reflection!of!the!low!CX3CR1!expression!by!MM6!

monocytes,! this! protocol! was! decided! to! be! performed! on! human! whole! blood!

samples,! which! would! permit! examination! of! the! specific! CX3CR1hi! nonEclassical!

monocyte!NF!B!response! to!CX3CL1,!by!gating!on!CD14+CD16++!cells.!This!work!

was! unfortunately! prevented! by! Institute! shutdown! relating! to! the! COVIDE19!

pandemic,!but!represents!a!starting!point!for!future!work!building!on!this!preliminary!

research.!!

!
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Table%6.%1.%Protocols%tested%for%FACS%analysis%of%phosphorylated%p65%(pGp65)%in%
MM6%cells%treated%with%CX3CL1.%%
Protocol!1!gave!the!clearest!results!and!is!also!the!method!recommended!by!Cell!

Signalling![404].!All!protocols!were!also!tested!for!nonEspecific!binding!of!the!pEp65!

secondary!antibody!by!running!a!no!p65!primary!antibody!control.!This!analysis!
showed!no!offEtarget!binding!of!the!secondary!antibody.%%

!!

!

!

!

!

!

!

!

Protocol! Step!1! Step!2! Step!3! Step!4! Step!5!

1!

Stain!

Monocytes!

(CD16,!

CD14)!

Fix!(PFA)!
Permeabilisation!!

(Methanol)!

pEp65! Primary!

Antibody!Stain!

pEp65!

Secondary!

Antibody!Stain!

2!

Stain!

Monocytes!

(CD16,!

CD14)%

Fix!(PFA)%
Permeabilisation!!

(TritonEX)%
pEp65! Primary!

Antibody!Stain%

pEp65!

Secondary!

Antibody!Stain%

3! Fix!(PFA)%
Stain!

Monocytes!

(CD16,!CD14)%

Permeabilisation!!

(Methanol)%
pEp65! Primary!

Antibody!Stain%

pE65!

Secondary!

Antibody!Stain%

4! Fix!(PFA)%
Stain!

Monocytes!

(CD16,!CD14)%

Permeabilisation!!

(TritonEX)%
pEp65! Primary!

Antibody!Stain%

pEp65!

Secondary!

Antibody!Stain%
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Figure%6.%11.%FACS%analysis%of%MM6%monocyte%expression%of%phosphorylated%
p65%(pGp65)%following%CX3CL1%treatment%(10ng/ml%60min).%%
Untreated! cells! showed! low! levels! of! pEp65!which! are! comparable! with! the! levels!

observed!following!treatment!with!CX3CL1!at!10ng/ml!for!60!min.!This!response!is!not!

blocked!in!the!presence!of!the!CX3CR1!inhibitor!KAN567,!suggesting!induction!of!the!

NF!B!pathway!by! factors! other! than!CX3CL1.! TNFE"! treatment! stimulated! slightly!

higher!phosphorylation!of!p65!than!untreated!cells!and!CX3CL1!treatment.!%
!
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Figure%6.%12.%Optimized%protocol%to%investigate%the%levels%of%phosphorylated%
p65%(pGp65)%in%MM6%monocytes%in%response%to%CX3CL1%(10ng/ml%60min)%
stimulation.%%
Following!stimulation!with!CX3CL1!(10ng/ml!60min),!MM6!cells!were!stained!for!the!

monocyte!markers! CD16! and!CD14,! followed! by! fixation! in! PFA.! Cells! were! then!

permeabilised!using!methanol!to!allow!subsequent!primary!and!secondary!staining!of!

intraEcellular!pEp65.!Pilot!optimisation!data!from!two!independent!experiments.!Data!

refers!to!mean!±!SEM.!
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6.3%Discussion%
!

In!this!chapter!I! investigated!how!stimulation!of!CX3CR1+!monocytes!with!CX3CL1!

ligand,!which!is!known!to!increase!in!the!circulation!following!STEMI,!may!activate!the!

downstream! proEinflammatory! NF!B! signalling! cascade.! Elucidation! of! the!

mechanisms!of!CX3CL1/CX3CR1!signalling! in!nonEclassical!monocytes!will!help! to!

explain!their!exact!function!following!cardiac!I/R,!and!therefore!help!to!understand!the!

mechanistic! link! between! their! dynamics! in! the! circulation!and!myocardial! function!

following!STEMI.!

!

The! data! presented! in! this! chapter! indicates! that! CX3CL1! treatment! of! THPE1!

monocytes!at!the!optimal!time!and!dose!(10ng/ml!for!60!minutes)!can!induce!modest!

phosphorylation! of! the! NF!B! subunit! p65,! which! leads! to! a! small! significant!

upregulation!of!the!proEinflammatory!gene!ILE8.!CX3CL1!stimulation!however!had!no!

significant!effect!on!the!expression!of!other!NF!B!proEinflammatory!target!genes,!ILE6!

and!ILE1#.!It!is!plausible!that!the!modest!phosphorylation!of!p65!at!Ser536!precedes!

the!induction!of!ILE8!expressione!studies!have!shown!that!transfection!of!the!S536D!

form! of! p65! induces! ILE8! transcription,! while! the! S536A! form,! which! cannot! be!

phosphorylated!at!the!p65ESer536!site,!does!not![405].!As!previously!mentioned,!the!

low! induction! of! p65! phosphorylation! and! ILE8! expression! by! CX3CL1! stimulation!

shown!in!this!work!may!be!related!to!the!low!CX3CR1!expression!levels!by!the!THPE

1!cell!linee!CX3CR1!expression!is!12.9Efold!lower!in!THPE1!monocytes!compared!to!

that!of!human!peripheral!blood!nonEclassical!monocytes.!It! is!therefore!conceivable!

that! stimulation! of! human! CX3CR1hi! nonEclassical! monocytes! by! CX3CL1! would!

induce! stronger! activation! of! the! NF!B! pathway! due! to! the! considerably! higher!

expression!of!CX3CR1!by! this!monocyte!subset.! Investigation!of! this!nonEclassical!

monocyte!NF!B!response!to!CX3CL1!stimulation!is!however!restricted!to!the!use!of!

freshly!isolated!human!nonEclassical!monocytes,!due!to!the!lack!of!an!established!nonE

classical! monocyte! cell! line.! The! only! evidence! of! a! nonEclassical! monocyteE

resembling!cell!line!is!MonoMac1!cells,!the!sibling!cell!line!of!MonoMac6!monocytes,!

can!have!induced!expression!of!CD16!in!response!to!Macrophage!ColonyEStimulating!

Factor!(MECSF)![406].!Purification!of!monocytes!from!human!whole!peripheral!blood!

can!be!performed!successfully,!as!demonstrated!in!this!study!using!negative!selection.!
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Activation! of! NF!B! pathway! by! CX3CL1! stimulation! specifically! in! nonEclassical!

monocytes!can!then!be!achieved!by!FACS!analysis!of!pEp65.!In!this!thesis,!I!present!

a! preliminary! protocol! for! investigating! this,! which! was! optimized! on! the! MM6!

monocyte!cell!line.!Future!work!should!focus!on!establishing!a!successful!method!of!

culturing!human!purified!monocytes,!which!can!then!be!used!for!this!analysis.!!

!

While! it! is! possible! that! the!minimal! response! of! THPE1!monocytes! to!CX3CL1! is!

related! to! low!CX3CR1!expression,! another! consideration! to!make! is! the! effect! of!

serum!on! the!activation!of! the!NF!B!signalling! cascade.! It! is!well! established! that!

activation!of!this!pathway!can!be!induced!by!a!broad!range!of!stimuli,!each!of!which!

mediates! a! specific! pathway! of! NF!B! activation! to! induce! a! specific! downstream!

function.!A!number!of!reports!have!suggested!that!exposure!of!cells!to!fresh!media!

influences! NF!B! activation! [407]! and! target! gene! expression.! To! avoid! the!

confounding! effects! of! serum! on! NF!B! activation! in! this! study,! THPE1! cells! were!

cultured!with! fresh!media! 48h! prior! to!CX3CL1! stimulation,! allowing! the! effects! of!

serum!on!NF!B!signalling!to!plateau!before!treatment!with!CX3CL1.!Furthermore,!the!

background!level!of!p65!phosphorylation!could!be!ascertained!from!untreated!control!

cells,!which!had!a!significantly!lower!level!of!phosphorylated!p65!than!CX3CL1Etreated!

cells!(10ng/ml!60min),!thereby!supporting!the!subtle!induction!of!the!NF!B!pathway!

by!CX3CL1.!An!alternative!method!of!using!serumEfree!media!could!be!employed!to!

distinguish!the!relative!effects!of!CX3CL1!and!serum!on!NF!B!activation!if!required,!

however! this! starvation! of! cells! would! also! introduce! confounding! factorse! serum!

starvation! itself! can! lead! to! activation! of! the! NF!B! pathway.! Frankenberger! at! al!

showed!that!DNA!binding!activity!of!NF!B!in!monocytes!was!detected!without!specific!

stimulatione!constitutive!NF!B!activity!was!detected!in!the!monocyte!cell!lines!HL60,!

U937,!THPE1,!MonoMac1!and!MonoMac6,!in!serumEfree!conditions![408].!Analysis!of!

human! primary! cells! also! identified! substantial! constitutive! NF!B! activity! in! blood!

monocytes.!It!is!therefore!arguable!that!treatment!of!THPE1!cells!with!fresh!media!48h!

prior! to! CX3CL1! stimulation! is! a! more! valid! approach! than! serumEfree! media! to!

investigate!the!THPE1!NF!B!response!to!CX3CL1.!Future!work!should!however!test!

reduced!serum!concentrations,!between!0.1E10%!to!identify!the!effect!on!basal!p65!

phosphorylation!events,!or!substitute!serum!with!BSA.!
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!

It!must!also!be!acknowledged!that!the!slight! induction!of!ILE8!by!CX3CL1!in!THPE1!

monocytes!observed!in!this!study!does!not!occur!for!other!target!genes!ILE1β,!ILE6!and!

IκBα.!Sasaki!et!al!discuss!that!in!U937!monocytes!and!human!PBMCs,!nuclear!IκBα!

inhibits!recruitment!of!SerE536EpEp65!to!the!TNFEα,!ILE1β,!and!ILE6!promoters,!but!does!

not! repress! the! ILE8! promoter.! [369].! As! such,! it! is! possible! that! induction! of! ILE8!

expression!in!monocytes!may!still!occur!during!inhibition!of!the!NF!B!pathway.!Future!

work! should! therefore! investigate! CX3CL1Einduced! upregulation! of! ILE8! by! THPE1!

monocytes!in!the!presence!of!the!CX3CR1!antagonist!KAN567.!It!is!also!possible!that!

a!higher!concentration!of!CX3CL1!ligand!is!required!to!induce!greater!upregulation!of!

ILE8e!most!chemokines!bind!optimally!to!their!receptor!between!concentrations!of!10E

30nM!(~100E300!ng/ml),!however!the!concentrations!of!CX3CL1!used!herein!are!at!

the!lower!end!of!this!range.!!

!

A! reproducible!effect!of!CX3CL1!on!NF!BEmediated! ILE8!expression!would!help! to!

explain!the!function!of!CX3CR1!monocytes!following!cardiac!I/R,!since!ILE8!is!heavily!

implicated! in! cardiovascular! disease! [409].! Following! ! MI,! ILE8! induces! homing! of!

neutrophils! that! contribute! to! myocardial! injury! [410].! It! could! therefore! be!

hypothesized!that!increased!CX3CL1!ligand!in!the!circulation!following!STEMI!induces!

NF!B! activation! in! the! vascular! pool! of! CX3CR1+! nonEclassical!monocytes,! which!

leads! to! increased! production! of! ILE8! and! therefore! potentiated! proEinflammatory!

neutrophil!recruitment!to!the!infarct.!Future!experiments!should!therefore!examine!ILE

8! production! by! cultured! nonEclassical! monocytes! in! response! to! CX3CL1,! and!

migration!of!neutrophils!in!response!to!this.!ILE8!is!also!involved!in!the!establishment!

and!preservation!of!an!inflammatory!microenvironment!of!the!insulted!vascular!wall,!

and!participates!in!all!stages!of!atherosclerosis!from!vascular!inflammation!to!cardiac!

remodeling! after!myocardial! infarction! [411].! The! ILE8! cytokine! also! promotes! and!

sustains!the!shift!from!an!acute!to!a!chronic!inflammatory!reaction!in!the!vessel!wall!

by!mediating!the!release!of!the!monocyte!chemoattractant!CCL2!and!the!shedding!of!

ILE6Rα!from!neutrophils!in!the!inflammatory!infiltrate![411].!ILE8!is!also!an!important!

modulator!of!monocyteEendothelial!interaction!under!flow!conditionse!ILE8!can!rapidly!

cause! rolling!monocytes! to! firmly!adhere! to!endothelialEexpressed!EEselectin! [412].!

Inhibition!of! ILE8! in! rabbit!model! lead! to!reduced!myocardial! injury!after!cardiac! I/R!
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[413].! Furthermore! in! STEMI! patients,! high! circulating! concentrations! of! ILE8! is!

associated! with! large! infarct! size,! impaired! recovery! of! LV! function,! and! adverse!

clinical!outcome![414].!

!

CX3CL1Einduced!ILE8!expression!through!NF!B!activation!in!THPE1!monocytes!may!

therefore! result! in! different! effects! on! the! immune! response! to! cardiac! I/R.! Since!

CX3CL1!is!known!to!peak!at!90!minutes!following!reperfusion!in!STEMI!patients![209],!

CX3CL1!may! induce! the! greatest! expression! of! ILE8! at! this! time! point,! leading! to!

increased!production!of!ILE8!6h!following!stimulation,!as!shown!in!this!study.!This!may!

lead!to!increased!adhesion!of!nonEclassical!monocytes!to!the!endothelium,!or!cause!

exaggerated! neutrophil! recruitment! to! the! injured! myocardium! and! prolong! the!

inflammatory!response,!leading!to!further!myocardial!damage.!!

!

!

!

!

!

!

!

!
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Chapter%7.0.%Discussion%
!

7.1%Summary%of%Findings%
!

7.1.1%Introduction%
!

The!primary!aim!of!this!research!was!to!further!understand!the!role!of!nonEclassical!

monocytes!following!acute!cardiac!I/R!and!the!importance!of!the!CX3CL1/CX3CR1!

axis! in! this! response.! To! date,! research! has! documented! the! CX3CR1Emediated!

patrolling!function!of!these!cells!along!the!vascular!endothelium!in!both!human!and!

mouse,!though!their!function!outside!of!this!immune!surveillance!in!the!acute!response!

to! cardiac! I/R! is! unknown.! In! mouse! models! of! cardiac! I/R,! Ly6Clo! nonEclassical!

monocytes!are!known!to!dominate!the!second,!reparative!phase!of!repair!at!day!5E9!

postEMI.!These!cells!largely!arise!from!the!maturation!of!Ly6Chi!classical!monocytes!

which! mediate! the! inflammatory! phase! of! repair! (day! 1E3! postEMI).! Recent! work!

however!suggests!an!earlier!role!of!CX3CR1+!nonEclassical!monocytes,!specifically!of!

the!‘patrolling!vascular!pool’!of!these!cells,!which!have!been!observed!in!the!injured!

myocardium! within! the! first! 3h! of! reperfusion! [161,! 163].! This! thesis! therefore!

hypothesized! that!CX3CR1+!nonEclassical!monocytes!have!a! key! role! in! the!acute!

response!(up!to!24h)!to!cardiac!I/R!via!CX3CL1/CX3CR1signalling,!which!influences!

cardiac!repair!and!therefore!cardiac!function!following!myocardial!I/R.!

!!

7.1.2% Acute% depletion% of% circulating% CX3CR1+% nonGclassical% monocytes% at% 90%
minutes%postGPCI%is%associated%with%STEMI%patient%infarct%size%and%LVEF%
!

In!two!studies!of!retrospective!and!prospective!STEMI!patients,!I!performed!a!detailed!

analysis!of!nonEclassical!monocyte!dynamics! in! the!circulation!at!acute! time!points!

after!reperfusion!(15min,!30min,!90min,!180min,!24h).!!This!study!presents!a!novel!

analysis!as! there!has!been!no!previous! investigation!of!monocyte!dynamics!during!

this! immediate! postEreperfusion! period! among! published! studies! to! date.! The!

prospective!study!described!in!chapter!4!also!provides!a!highly!accurate!quantification!

of! STEMI! patient! circulating!monocyte! counts,! due! to! the! robust! and! reproducible!
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FACS!method!of!defining!monocyte!subpopulations.!In!contrast,!other!published!work!

has!been!criticized!due!to!the!inaccurate!definition!of!each!monocyte!population![286].!!!

!

The! prevailing! result! from! these! studies! was! that! nonEclassical! monocytes! are!

dramatically! depleted! in! the! circulation! of! STEMI! patients! at! 90! minutes’! postE

reperfusion.!This!finding!was!consistent!in!both!retrospective!and!prospective!STEMI!

patient!cohorts.!These!changes!were!not!observed!in!the!NSTEMI!patient!group,!so!

was!therefore!specific!for!cases!of!acute!I/R!rather!than!a!PCIEprocedurally!induced!

observation.!Classical!monocytes!and! intermediate!monocytes!did!not!demonstrate!

the!same!dramatic!depletion!at!90!minutes’!post! reperfusion! that!was!observed!for!

nonEclassical!monocytes.!Classical!monocytes!showed!minor!drop,!which!was!slightly!

increased!in!intermediate!monocytes.!In!this!sense,!a!greater!depletion!of!monocyte!

subpopulations!was!seen!with!increasing!levels!of!CX3CR1!expression.!Analysis!of!

myocardial!function!in!STEMI!patients!by!cardiac!MRI!revealed!that!these!acute!postE

reperfusion! nonEclassical! monocyte! dynamics! (preE90min)! were! significantly!

associated!with!both!patient! infarct!size!and!LVEF,!whereby!a!greater!depletion!of!

CX3CR1+!nonEclassical!monocytes!predicted!larger!infarct!size!and!lower!LVEF.!As!

there!was!no!significant!association!between!monocyte!subpopulation!dynamics!and!

MVO,! this! study! suggests! that! monocyte! kinetics! during! the! acute! 24h! postE

reperfusion!are!more!related!to!infarct!size!than!to!microvascular!damage.!This!is!in!

contrast! to! the! postEreperfusion! lymphocyte! response,! whereby! an! early! decrease!

(90min!postEPCI)!in!STEMI!patient!circulating!T!cell!counts!is!significantly!associated!

with!the!extent!of!MVO![209].!

!

The!nature!of! this! relationship! is!unclear,!however!a!possible!mechanism! is! that!a!

larger! infarct! size! stimulates! a! greater! inflammatory! cascade,! involving! increased!

cleavage!of!endotheliumEexpressed! transmembrane!CX3CL1! into!soluble!CX3CL1,!

which!in!turn!which!stimulates!a!greater!depletion!of!nonEclassical!monocytes!from!the!

circulation!as!they!are!recruited!to!the!injured!myocardium,!as!illustrated!in!Figure!7.1.!

This!is!particularly!plausible!since!the!concentration!of!circulating!CX3CL1!in!STEMI!

patients!has!been!shown!to!peak!at!90!minutes!postEPCI![209],!thus!coinciding!with!

nonEclassical! monocyte! depletion.! This! increased! response! of! nonEclassical!
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monocytes!may!promote!further!leukocyte!recruitment!and!potentiate!the!inflammatory!

response!to!I/R,!leading!to!a!compromised!LVEF.!!

This!research!has!therefore!provided!a!basis!for!future!clinical!studies!to!investigate!

the!relationship!between!nonEclassical!monocyte!dynamics!and!cardiac!outcome!in!a!

much! larger! cohort! of! STEMI! patients,! and! validate! the! findings! presented! in! this!

thesis.!!

!

7.1.3% Genetic% knockout% of% CX3CR1% affects% the% counts% of% circulating% nonG
classical%monocytes,%but%not% their% infiltration% into% the% injured%myocardium%or%
cardiac%function%following%myocardial%I/R.%
!

A! large! proportion! of! this! thesis! is! focused! on! a! murine! model! of! cardiac! I/R! to!

investigate! the! effect! of! genetic! CX3CR1! knockout! on! the! monocyte! response! to!

myocardial!I/R.!This!model!provided!two!main!powerful!tools!that!were!unavailable!in!

the!clinical!settinge!direct!access! to! injured!heart! tissue,!and!a!model!of!CX3CR1E/E!

monocytes,! using! the! CX3CR1EGFP! mouse! line.! To! draw! comparisons! with! the!

observed!STEMI! patient! depletion! of! circulating! nonEclassical!monocytes! following!

reperfusion,! mouse! circulating! monocyte! subpopulations! were! quantified! at! 2h!

following!induced!cardiac!I/R.!Mouse!Ly6Clo!nonEclassical!monocytes!were!depleted!

in!the!circulation,!as!observed!in!the!clinical!setting.!This!however!was!not!confined!to!

nonEclassical! monocytes! but! was! also! observed! for! classical! and! intermediate!

populations,!which!may!relate! to! the!similar!expression! levels!of!CX3CR1!between!

subsets,!as!discussed!in!Chapter!5.!When!analyzing!the!effect!of!CX3CR1!knockout!

on! mouse! blood! monocyte! populations,! the! data! presented! here! confirms! those!

findings!reported!by!otherse!CX3CR1!knockout!mice!have!significantly!reduced!counts!

of!circulating!nonEclassical!monocytes!at!baseline,!due!to!the!absence!of!CX3CR1E

mediated!survival!signals.!Interestingly!in!this!study,!I!showed!that!the!extent!of!nonE

classical!monocyte! depletion! from! the! circulation! at! 2h!was! significantly! greater! in!

CX3CR1!knockout!mice!than!in!wildEtype!mice.!Further!research!is!required!to!confirm!

if!this!is!due!to!the!reduced!survival!of!these!cells,!or!a!greater!recruitment!of!CX3CR1E

/E!nonEclassical!monocytes!to!the!injured!heart!tissue.!!

!
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Analysis!of!immune!cell!infiltration!into!the!injured!myocardium!showed!that!monocyte!

infiltration!dramatically!increases!in!the!infarct!at!day!3!following!I/R!compared!to!2h!

and! 24h.! Based! on! the! data! presented! here,! genetic!CX3CR1! knockout! does! not!

significantly!affect!the!infiltration!of!total!monocytes!into!the!injured!myocardium!at!2h,!

24h,!or!day!3!following!cardiac!I/R.!SubEclassification!of!monocytes!into!classical!and!

nonEclassical! monocytes! based! on! GFP! expression! showed! that! nonEclassical!

monocyte!counts!in!the!injured!myocardium!at!24h!were!significantly!lower!in!CX3CR1!

knockout!mice!compared!to!Cx3cr1+/GFP!control!mice.!The!reduced!counts!of!infiltrated!

nonEclassical!monocytes!at!24h!in!CX3CR1E/E! !mice!were!followed!up!by!examining!

monocyte!adhesion!to!myocardial!LV!veins!at!2h!post!I/R.!CX3CR1!is!widely!reported!

to!be!crucial!for!monocyte!adhesion!and!thus!CX3CR1E/E!mice!were!hypothesized!to!

have! reduced! counts! of! endothelialEadhered! monocytes! in! the! major! veins! of! the!

injured!myocardial!tissue.!Monocyte!adhesion!at!2h!postEI/R!was!found!to!be!specific!

to!the!I/R!region,!but!was!not!significantly!different!between!control!Cx3cr1+/GFP!and!

CX3CR1E/E!mice.!Following!these!findings,! it!was!concluded!that!CX3CR1!knockout!

mice!have!reduced!infiltration!of!nonEclassical!monocytes!at!24h,!which!is!not!due!to!

impaired!adhesion!at!2h!postEI/R,!and!subsequently!recovers!at!day!3!I/R.!This!data!

was!based!on!a!comparison!between!Cx3cr1+/GFP!and!Cx3cr1GFP/GFP!mice,!therefore!

future! work! is! required! to! investigate! monocyte! behaviour! in! wildEtype! mice.! The!

methodological! limitations! regarding! monocyte! subset! definition! by!

immunofluorescence! microscopy! in! this! study! also! require! these! findings! to! be!

confirmed!using!more!robust!methods!of!nonEclassical!monocyte!definition!in!the!heart!

tissue! such! as! timeElapse! imaging,! intraEvital! microscopy,! or! confocal! microscopy.!

Future!work!should!also!build!on!the!existing!findings!from!this! thesis!showing!that!

mouse!circulating!nonEclassical!monocytes!express!significantly!greater!levels!of!PDE

L1!than!their!classical!monocyte!counterpart.! If! this!distinction! in!PDEL1!expression!

between!monocyte!subsets!prevails!in!the!mouse!heart!tissue,!such!a!tool!may!allow!

more!accurate!identification!of!infiltrated!nonEclassical!monocytes!than!the!methods!

used!herein.!!

!

Analysis! of! macrophage! subpopulations! in! the! day! 3! I/R! heart! showed! that! M1!

macrophages!are!significantly!more!abundant!than!M2!macrophages,!which!is!in!line!

with!current!concepts.!Comparison!between!Cx3cr1+/GFP!control!mice!with!CX3CR1!
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knockout! hearts! showed! no! effect! of! CX3CR1! knockout! on! macrophage!

subpopulations!at!day!3.!A!lack!of!phenotype!was!also!observed!in!the!assessment!of!

mouse! myocardial! function! at! 6! weeks! following! cardiac! I/R! by! MRIe! wildEtype,!

Cx3cr1+/GFP!and!CX3CR1!knockout!mice!showed!no!significant!differences! in!ESV,!

EDV,!and!LVEF!parameters.!As!discussed! in!detail! in!chapter!5,! the!absence!of!a!

striking! phenotype! in! CX3CR1E/E! mice! may! be! explained! by! the! development! of!

compensatory!mechanisms!to!overcome!the!lack!of!this!key!receptor.!Investigation!of!

CX3CL1/CX3CR1! inhibition! through! other! mechanism! such! as! pharmacological!

inhibition!of!CX3CR1!or!CX3CL1,!which!would!not!be!confounded!by!compensatory!

mechanisms,!should!therefore!be!investigated!in!future!research.!Other!studies!have!

demonstrated! the! effect! of! antiECX3CL1! treatment! on! cardiac! repair! following! I/R,!

therefore!it!would!be!of!great!interest!to!see!how!this!method!of!inhibition!influences!

the!nonEclassical!monocyte!response!to!myocardial!I/R.!

!

7.1.4.%CX3CL1/CX3CR1%signalling%induces%modest%activation%of%the%NF!B%proG
inflammatory%pathway%
!

The! third! aim! of! this! project! was! to! investigate! activation! of! the! NF!B! pathway!

downstream!of!CX3CL1/CX3CR1!stimulation! in!human!monocytes.!Both! the!NF!B!

pathway! and! the! CX3CL1/CX3CR1! axis! have! been! implicated! in! the! extent! of!

myocardial!damage!following!cardiac!I/R,!therefore!it!was!hypothesized!that!CX3CL1!

stimulation! of! nonEclassical! monocyteEexpressed! CX3CR1! activates! downstream!

NF!B!signalling,! leading! to!upregulated!proEinflammatory! functions!of!nonEclassical!

monocytes.!Immunophenotyping!of!human!monocyte!cell!lines!THPE1,!MM6!and!U937!

cells! demonstrated! that! all! three! cell! lines! resembled! human! circulating! classical!

monocytes! in! terms!of!CX3CR1,!CD16,!and!CD14!expression.!Following! time!and!

doseEresponse!optimisation!of!CX3CL1!stimulation,!I!showed!that!THPE1!monocytes!

show!modest!activation!of!the!NF!B!subunit!p65!in!response!to!CX3CL1!treatment!

(10ng/ml! 60! minutes).! Under! these! optimised! conditions,! THPE1! monocytes! also!

showed!modest! but! significant! upregulation! of! the! proEinflammatory! cytokine! ILE8.!

Since!ILE8!is!an!established!chemotactic!factor!for!neutrophil!recruitment!to!injured!or!

infected! tissue,! these! findings! support! a! working! hypothesis! that! activation! of! the!

vascular!pool!of!nonEclassical!monocytes!by!circulating!CX3CL1!following!cardiac!I/R!



!

!

267!

may! lead! to!activation!of! the!NF!B!cascade!and!upregulated!production!of! ILE8!by!

nonEclassical! monocytes! (Figure! 7.1),! which! subsequently! promotes! exaggerated!

recruitment!of!neutrophils! to!the! injured!myocardium.!Such!a!heightened!neutrophil!

response!may!potentiate!the!inflammatory!response!in!the!injured!myocardium!and!

therefore!exacerbate!injury.!!

!

The!modest!levels!of!NF!B!activation!in!response!to!CX3CL1!witnessed!in!this!study!

may!be! reflective!of! the! low!expression!of!CX3CR1!by!THPE1!monocytes.!Such!a!

response! may! be! greater! in! nonEclassical! monocytes! which! express! considerably!

higher! levels! of! CX3CR1.! Since! there! is! no! existing! cell! line! that! represents! nonE

classical!monocytes,! these!cells!must!be! isolated! from!human!whole!blood.! In! this!

thesis!I!validated!a!method!of!purifying!total!monocytes!from!human!whole!peripheral!

blood! using! negative! selection! beads,! which! yielded! a! high! purity! (>95%)! of!

monocytes.!While!this!method!achieved!a!high!purity!of!total!monocytes,!culturing!of!

these!cells! in!serumEfree!mediate! to!prevent!serumEactivation!of! the!NF!B!induced!

monocyte!cell!death!in!a!matter!of!hours.!In!an!alternative!approach,!I!then!optimised!

a!protocol!to!investigate!NF!B!activation!by!CX3CL1!in!nonEclassical!monocytes!by!

FACS!analysis.!This!method!was!optimized!on!the!monocyte!cell!line!MM6,!with!the!

intent!to!progress!to!experiments!using!human!whole!blood.!Using!this!technique,!nonE

classical! monocyte! pEp65! expression! could! be! distinguished! from! that! of! other!

monocyte! subsets! by! gating! on!CD14+CD16++! cells! during! FACS! analysis.! Future!

work! should! therefore! utilise! this! optimised!protocol! to! investigate!NF!B!activation!

specifically! in! human! CX3CR1hi! nonEclassical! monocytes! in! response! to! CX3CL1!

stimulation.!Identification!of!a!heightened!NF!B!response!in!these!cells!compared!to!

MM6!classicalElike!monocytes!would!suggest!CX3CL1Especific!induction!of!the!NFkB!

pathway.!Another!approach! to! investigate! this! in! future!work!would!be! to! transfect!

human!monocyte! cells! with! CX3CR1,! and! identify! robust,! specific! upregulation! of!

NF!B!by!binding!of!CX3CL1.!

!

!

!

!

!
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Figure'7.'1.'The'Monocyte'Response'to'MI.'
Adapted!from!Nahrendorf!et!al!2007,!2010.!The!monocyte!response!to!myocardial!infarction!in!mouse,!based!on!Nahrendorf’s!time!

course!of!biphasic!monocyte!subpopulation!recruitment!and!function!in!the!infarct!myocardium.!Phase!I!of!healing!is!an!inflammatory!

response!dominated!by!CCL2Frecruited!Ly6Chi!classical!monocytes!from!the!spleen!which!infiltrate!the!heart!at!day!1F3!postFMI.!Once!

in!the!heart!tissue,!Ly6Chi!classical!monocytes!undergo!differentiation!into!M1!macrophages.!Ly6Chi!classical!monocytes!and!M1!

macrophages!secrete!proinflammatory!cytokines!such!as!TNFF!,!and!carry!out!phagocytosis!and!proteolysis!to!clear!necrotic!infarct!

material.!The!second!phase!of!healing!is!reparative!and!proFfibrotic,!occurring!at!day!5F9!postFMI.!This!phase!is!mediated!by!Ly6Clo!

nonFclassical!monocytes!which!are!recruited!to!the!heart!from!the!circulation!via!a!CX3CL1!chemokine!gradient.!Ly6Clo!nonFclassical!

monocytes!can!also!arise!from!differentiation!of!Ly6Chi!monocytes.!Ly6Clo!nonFclassical!monocytes!differentiate!into!the!M2!class!of!

macrophages,!both!of!which!terminate!the!inflammatory!response!by!releasing!antiFinflammatory!mediators!such!as!ILF10!and!TGFF

".!Ly6Clo!and!M2!macrophages!coordinate!angiogenesis!and!promote!blood!supply!in!the!forming!granulation!tissue.!Type!I!collagen!

is!synthesized!by!myofibroblasts!which!strengthens!the!infarct!and!protects!it!against!rupture.!More!recent!studies!have!demonstrated!

a!possible!earlier!role!of!nonFclassical!monocytes!in!the!acute!24h!following!cardiac!I/RU!CX3CR1+!monocytes!have!been!shown!to!

be! present! in! the! infarct! as! early! as! 15m! following! reperfusion!may! be! derived! from!a! vascular! pool! of! patrolling! nonFclassical!

monocytes.! It! is!possible! that! this!early!wave!of! infiltrating!nonFclassical!monocytes!mediates! the!acute!neutrophil! response!and!

thereby!influences!the!extent!of!inflammation!following!myocardial!injury.!!
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7.2$Limitations$

!

7.2.1$Assessment$of$Injury$in$Mouse$Model$of$Cardiac$I/R$

!

One!of!the!key!limitations!of!this!work!concerns!the!lack!of!assessment!of!injury!in!the!

model!of!cardiac!I/R,!which!may!have!impacted!the!data!and!therefore!interpretation!

of!this!study.!The!extent!of!cardiac!injury!following!cardiac!I/R!can!be!determined!using!

a!range!of!measures!including!assessment!of!infarct!size!by!plasma!biomarkers!such!

as! creatine! kinase! and! troponins.! Other! studies! investigating! a! mouse! model! of!

cardiac!I/R!indeed!have!utilized!these!measuresE!24h!after! induction!of!MI,!a!blood!

sample!is!collected!from!the!tail!vein!into!a!tube!containing!sodium!citrate!buffer!for!

assay! of! troponin! I! by! ELISA! (Life! Diagnostics! High! Sensitivity! Mouse! Cardiac!

TroponinPI!ELISA!kit)!to!assess!the!extent!of!ischemic!injury![415,!416].!Cardiovascular!

magnetic! resonance! (CMR)! with! gadoliniumPbased! contrast! agents! to! image! late!

gadolinium!enhancement!(LGE)!is!also!used!for!tissue!characterisation!after!cardiac!

I/R,!which!is!considered!the!gold!standard!to!assess!infarct!size!in!experimental!MI!

models![417].!

!

7.2.2$Sample$Size$and$Missing$Power$Analysis$

!

When! investigating! monocytes! in! the! mouse! spleen! and! bone! marrow! following!

cardiac! I/R,! inadequate! number! of! animals! in! certain! groups! prevented! statistical!

analysis.!Further!experiments!are! therefore!required! increase!n!numbers! to!ensure!

rigor!and!reproducibility!and!the!validation!of!results.!

!

!

!

!

!

!

!

!
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7.3.$Future$Studies$of$Human$and$Mouse$Monocytes$

!

eGFP!expression!on!classical!and!nonPclassical!monocytes!in!Cx3cr1+/GFP!mice!lead!

to! the! traditional! nomenclature! that! classical! monocytes! are! CX3CR1lo! and! nonP

classical!monocytes!CX3CR1hi.!However!more!recent!studies!have!now!shown!that!

eGFP! expression! does! not! correlate! with! CX3CR1! surface! protein! expression! on!

classical!and!nonPclassical!monocytes.!A!recent!study!has!shown!that!eGFP!level!in!

Cx3cr1+/GFP! mice! does! not! reflect! CX3CR1! expression! (as! measured! using! antiP

CX3CR1! antibody)! [419],! and! consequently! CX3CR1! expression! does! not!

discriminate!mouse!classical!monocytes!from!nonPclassical!monocytes!using!a!multiP

parametric! analysis! of! mouse! blood! monocytes! in! steady! state! or! inflammatory!

conditions!(measured!by!either!antiPCX3CR1!antibody!or!CX3CL1PAF647!uptake).!As!

such,! the! cytosolic! reporter! eGFP! is! an! indirect! measure! of! CX3CR1! surface!

expression,! and! the! previous! definition! of! CX3CR1lo! classical! monocytes! and!

CX3CR1hi! nonPclassical! monocytes! can! therefore! no! longer! be! used! in! mice.!

Furthermore,!as!the!halfPlife!of!GFP!is!>24h,!cells!that!no!longer!express!CX3CR1!are!

likely!to!harbor!residual!GFP!because!of!the!extended!halfPlife!of!the!GFP!protein.!This!

study!did!however!identify!that!the!marker!CD43!can!discriminate!mouse!monocyte!

subsets,! unlike! CX3CR1E! in! the! blood,! bone! marrow,! spleen,! and! lung,! classical!

monocytes!are!Ly6Chi!CD43P/lo,!while!nonPclassical!monocytes!are!Ly6Clo!CD43hi.!

!

Another! recent! study! showed! that! CX3CR1! mRNA! and! protein! expression! is! not!

significantly!different!between!mouse!classical!and!nonPclassical!monocytes,!however!

is!significantly!increased!on!nonPclassical!monocytes!in!the!bone!marrow,!indicating!a!

loss!of! this! receptor!expression!on!nonPclassical!monocytes! in! the!blood! [420].!By!

contrast! in! humans,! CX3CR1! expression! is! significantly! greater! on! nonPclassical!

monocytes!than!classical!monocytes!in!the!blood,!bone!marrow,!spleen,!and!lung,!and!

can! therefore! accurately! differentiate! human! monocyte! subsets! in! these!

compartments.!This!work!also!identified!CD43!as!a!better!marker!than!CX3CR1!to!use!

with!Ly6C!for!defining!mouse!monocyte!subpopulations.!

!

!
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7.4.$Conclusion$

!

The! research! presented! in! this! thesis! builds! on! recent! findings! demonstrating! an!

earlier!role!of!nonPclassical!monocytes!following!cardiac!I/R!than!originally!believed.!

STEMI! patient! nonPclassical! monocyte! dynamics! immediately! following! PCI! are!

associated! with!myocardial! function,! suggesting! a!mechanistic! link! between! these!

cells!and!cardiac!repair!while!also!offering!a!potential!biomarker!to!stratify!patients.!

This!project!established! in!prePclinical!mouse!models!of! cardiac! I/R! that!monocyte!

adhesion!to!myocardial!venous!endothelium!occurs!over!a!similar!time!point!to!these!

distinct!STEMI!patient!nonPclassical!monocyte!dynamics.!This!early!postPreperfusion!

role!of!nonPclassical!monocytes!may!be!linked!to!the!acute!neutrophil!response!to!MI,!

through!CX3CL1Pinduced!upregulation!of!ILP8!production!by!nonPclassical!monocytes!

via!the!NF!B!pathway.!Such!findings!provide!the!foundation!to!explore!the!acute!postP

reperfusion!role!of!nonPclassical!monocytes!in!further!depth,!to!understand!their!exact!

role.! These! findings! are! of! significant! clinical! relevance,! as! there! is! currently! no!

approved! therapeutic! treatment! for! ischaemia! reperfusion! injury! in!STEMI! patients!

following!PCI!to! improve!outcomeE!currently!approved!therapeutics!are!restricted!to!

antiPclotting!strategies,!which!do!not! target! ischemia! reperfusion! injury.!Harnessing!

the!CX3CL1/CX3CR1Pmediated!nonPclassical!monocyte!response!in!the!acute!postP

reperfusion! period! may! offer! a! key! avenue! to! prevent! a! detrimental! I/RPinduced!

inflammatory!response,!at!clinically!feasible!time!point!while!STEMI!patients!are!still!

hospitalised.!!

!

!

!

!

!

!

!

!

!

!
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