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ABSTRACT 

Rupture of “vulnerable” atherosclerotic plaques and subsequent thrombosis cause acute 

cardiovascular events, and can develop upon exposure of the arterial wall to low shear stress. 

Myeloid cells - the main inflammatory cells within atherosclerotic plaques - are 

heterogeneous; ranging from “classical” pro-inflammatory M1 macrophages to “alternative” 

M2 macrophages and various subsets of dendritic cells. The activation of Toll-like receptors 

and downstream Interferon Regulatory Factors (IRFs) is involved in atherosclerosis. IRF5 

polarises macrophages towards the M1 phenotype and modulates cytokine production by 

dendritic cells.  

I utilised two murine models of atherosclerosis: the hypercholesterolaemic ApoE-/- 

(Apolipoprotein E knockout) mouse strain, and a perivascular cast modifying shear stress 

patterns in the carotid artery. Firstly, I found the majority of macrophages in early and 

intermediate lesions of the aortic root and advanced oscillatory shear stress-modulated lesions 

express heme oxygenase-1 (HO-1). The representation of the M1 macrophage marker iNOS 

(inducible nitric oxide synthase) and IRF5 is more prevalent in low shear stress-modulated 

plaques, which resemble a vulnerable plaque, while M2 macrophage markers are elevated in 

oscillatory shear stress-modulated plaques resembling stable plaques. 

Secondly, I studied the effect of IRF5 deletion on the development of atherosclerosis by 

comparing the severity of atherosclerosis in ApoE-/- mice with ApoE-/-IRF5-/- mice. 

Atherosclerotic lesions in the aortic root of ApoE-/-IRF5-/- mice are reduced in size, and in all 

vascular regions they have smaller necrotic cores (a marker of plaque vulnerability), due to a 

reduction in efferocytosis, and an increase in atheroprotective macrophages. Lesions in ApoE-

/-IRF5-/- mice also have a depleted content of cells expressing CD11c; therefore IRF5 is 

detrimental in atherosclerosis by skewing myeloid cell differentiation towards dendritic cells 

possibly via GM-CSF. My study provides a novel link between inflammatory signalling, 

efferocytosis and necrotic core formation. 
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1.1. INTRODUCTION TO ATHEROSCLEROSIS 

Atherosclerosis is a multi-factorial inflammatory disease and is the primary initiator of 

coronary and cerebrovascular disease; responsible for 29% of deaths worldwide (WHO, 

2011). Initially believed to uniquely be a lipid accumulation process (Kannel et al., 1976), 

recent evidence demonstrates a significant inflammatory component to atherosclerotic disease 

(Ross, 1999). In support of this view, an increased incidence of cardiovascular disease is 

observed in patients suffering from classic inflammatory diseases such as rheumatoid arthritis 

and systemic lupus erythematosus (Full et al., 2009). Atherosclerosis occurs only at specific 

sites of the vasculature such as curvatures and branch points suggesting a relationship with 

haemodynamics (Caro et al., 1971). 

Atherosclerotic plaques develop silently over a long time period, but the most frequent 

manifestations of atherosclerotic disease are acute (Davies and Thomas, 1985). Early studies 

reported that plaque rupture and thrombosis are the cause of acute complications, prompting 

many to seek the identification of “precursor” lesions vulnerable to rupture and thrombosis 

(Davies, 1996; Stary et al., 1995). Virmani et al. named these high-risk lesions thin-cap 

fibroatheromas (TCFAs) (Virmani et al., 2000) and recent literature linked these lesions to a 

high incidence of acute coronary syndromes (ACS) (Stone et al., 2011). Collectively these 

studies demonstrate that a large necrotic core, high macrophage content and thin fibrous cap 

are characteristics of plaque vulnerability. Macrophages are commonly found at plaque 

rupture sites (Kolodgie et al., 2000), suggesting they are pivotal in vulnerable plaque rupture. 

However, up to 30% of clinical events result from endothelial disruption overlying plaques 

with few macrophages and extracellular lipids but rich in smooth muscle cells (SMCs) and 

extracellular matrix (ECM) (Fishbein, 2010).  

The focal nature of atherosclerosis has been acknowledged since the earliest studies in the 

field. Predilection sites of atherosclerosis are normally branched or curved arteries, where 

blood flow is non-linear and of a reduced velocity, exerting pro-atherogenic low or oscillatory 

shear stress (Caro et al., 1971). Fast linear blood flow in straight vessels generates protective 

high shear stress (HSS). Low shear stress (LSS) occurs in inner curvatures (e.g. in the aortic 

arch, myocardial aspect of coronary arteries) and upstream of stenoses, where the direction of 

blood flow is unchanged but shear levels are at a lower magnitude than in a straight vessel 

(Giannoglou et al., 2010). Emerging literature has linked LSS to the development of 

vulnerable plaques (Cheng et al., 2006). Oscillatory shear stress (OSS) features a change in 

both the magnitude of shear stress and the direction of blood flow, normally occurring at 

branch points, bifurcations or downstream of stenoses (Giannoglou et al., 2010).  
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1.1.1. Risk factors and inflammatory diseases associated with cardiovascular 

disease 

Central obesity, hypertension, dyslipidaemia and insulin resistance are linked to an increased 

risk of cardiovascular disease and type 2 diabetes, and collectively have been classified as the 

metabolic syndrome (IDF, 2013). These diseases are linked to environmental factors such as 

poor diet, smoking, lack of exercise and genetic background. Cardiovascular risk factors such 

as smoking, hypertension, excess adipokines from obese patients, and hyperglycaemia in 

diabetics can elevate reactive oxygen species production causing endothelial dysfunction 

(Bonetti et al., 2003). Adiponectin is reduced by TNF-α and IL-6 secretion from excess 

adipose tissue (Suganami et al., 2005) correlating with insulin resistance, decreased HDL 

(high density lipoprotein) and increased LDL (low density lipoprotein) cholesterol, and 

atherosclerosis (Rizvi, 2009). Adiponectin expressed by macrophages reduces foam cell 

formation in arteries (Luo et al., 2010) but induces a pro-inflammatory macrophage profile 

(Cheng et al., 2012). High LDL levels in the bloodstream are linked to an increased presence 

of vulnerable plaques (Finn et al., 2010).  

These traditional cardiovascular risk factors are more common in patients with inflammatory 

diseases such as rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). These 

patients have an increased incidence of cardiovascular events such as myocardial infarction, 

stroke or myocarditis, and atherosclerosis (Full et al., 2009). Modulating inflammation can 

treat these diseases. TNF-α blockage improves the complications of RA; suppressing 

cytokines in the bloodstream and leukocyte trafficking which may improve cardiovascular 

outcomes (Maini et al., 1995). Statins inhibit MHC-II induction by IFN-γ and are effective 

against collagen-induced arthritis, murine lupus and experimental autoimmune 

encephalomyelitis (Kwak et al., 2000) while reversing the lipid imbalance associated with 

atherosclerosis. 

 

1.2. PATHOGENESIS OF LESION FORMATION 

1.2.1. Intimal thickening and endothelial dysfunction 

Atherosclerosis is a risk factor-driven inflammatory disease involving interactions between 

mononuclear immune cells, resident SMCs and endothelial cells. Intima cushions are thought 

to be the precursors of atherosclerotic lesions observed in humans, referred to as eccentric or 

diffuse intimal thickening (Stary et al., 1992). It is primarily composed of SMCs, elastin and 
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proteoglycans but there are no lipid deposits and very few macrophages present (Stary et al., 

1992). However most mammals do not have such intimal thickening like in humans and the 

structure of the glycosaminoglycan chains on arterial proteoglycans can differ between 

species (Curwen and Smith, 1977). In small animals such as mice, lipids are deposited in the 

subendothelial space mostly consisting of ECM and a few SMCs, and foam cells accumulate 

at the initial stages forming a ‘fatty streak’ (Nakashima et al., 1994; Rosenfeld et al., 1987). 

By contrast in humans, lipids are deposited in the deeper layers of the thickened intima, with 

a high presence of ECM, SMCs, and foam cells accumulate in the middle layer of the intima 

with non-foamy macrophages, extracellular lipid deposition, SMCs and ECM (Stary et al., 

1994; Virmani et al., 2000). Therefore foam cells appear before SMC proliferation, ECM 

production and extracellular lipid accumulation in mice, whereas the reverse pattern is true 

for humans (Nakashima et al., 2008). 

Endothelial dysfunction usually initiates atherosclerosis; this could be a response to injury by 

noxious substances such as cigarette smoke, diabetes, hypertension, or due to biomechanical 

injury resulting from complex blood flow (Bonetti et al., 2003). Normally the endothelial cell 

plasmalemma has a net negative charge meaning the endothelium is non-thrombogenic, as 

circulating cells also have a negatively charged surface. However in hyperlipidaemic or 

atherosclerotic conditions, anionic sites adopt a non-uniform distribution, possibly 

contributing to the increased permeability of the arterial wall at atheroprone locations 

(Mompeo et al., 1998). The integrity of interendothelial junctions (IEJs) can be perturbed by 

disturbed blood flow, pro-inflammatory cytokines (by reorganising the actin cytoskeleton) 

and endothelial injury, thus opening up IEJs increasing the permeability of the vessel wall to 

circulating lipoproteins and even releasing endothelial cells into the circulation (Makin et al., 

2004). Endothelial cells found in close proximity to IFN-γ producing T cells can express 

MHC-I and –II as well as co-stimulatory molecules like LFA-3 and CD40, demonstrating an 

antigen presenting capability to effector T cells (Shiao et al., 2005), which could further 

propagate inflammation. However they cannot activate naïve T cells due to a lack of CD80 

and CD86 expression (Shiao et al., 2005).  

 

1.2.2. Lipid accumulation and retention 

Even at vascular sites with non-linear flow, high plasma concentrations of LDLs are 

necessary to initiate atherogenesis (Stary et al., 1994). Hyperlipidaemia is the most 

characterised risk factor for the initiation of atherosclerosis (Glass and Witztum, 2001). 

Initially the dominant theory was of lipid insudation put forward by Anitschkow and 
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Chalatow (Anitschkow et al., 1983), then by Glass with the discovery of the LDL Receptor 

(Wu et al., 1992). Tabas et al proposed a revised version called the “response to lipoprotein 

retention” highlighting the potential role of matrix deposition and the binding of lipoproteins, 

namely LDL, to the matrix component of the subendothelium, principally 

glycosaminoglycans (Tabas et al., 2007). A high plasma LDL concentration increases 

transcytosis of LDL across the aortic endothelium (Vasile et al., 1989). LDLs are minimally 

modified (mmLDL) then oxidised, by myeloperoxidase, 15-lipoxygenase for example, to 

oxLDL in the intima (Glass and Witztum, 2001), a process which is inhibited by nitric oxide 

(Hogg et al., 1993). Lipoprotein lipase generates smaller cholesterol ester-rich particles, 

which easily enter the arterial wall, and can enhance the adherence of LDL to arterial 

proteoglycans (Williams and Tabas, 1995). The “response to lipoprotein retention” – puts 

forward the possibility that predisposing stimuli at specific vascular sites, such as low shear 

stress (Figure 1.1a), increases local synthesis of lipid-retaining proteoglycans that facilitate 

the local accumulation of lipoproteins (Williams and Tabas, 1995). LDL retention is aided by 

Apoplipoprotein B (ApoB) although susceptible endothelium such as that found in diabetics 

does not necessitate such high levels of ApoB for lipid retention due to their altered arterial 

matrix (Tabas et al., 2007). The retention of LDLs is higher at the atheroprone branch points 

of the abdominal aorta in rabbits (Schwenke and Carew, 1989), which become tethered to 

proteoglycans in the arterial wall and are thus susceptible to oxidation, through enzymatic or 

non-enzymatic means, within the intima generating modified LDL (Glass and Witztum, 

2001). Converting ApoB to smaller molecular forms and enriching LDL with cholesterol 

increases their affinity to proteoglycans (Tabas et al., 2007). A potential mechanism for 

increased lipid retention is the tendency of blood to recirculate at low or oscillatory shear 

stress regions creating a stagnation point (Wada et al., 2002). The resulting diffusion of fluid 

across the endothelium – or transmural water flux - leads to an accumulation of lipids on the 

luminal surface of the endothelium, referred to as an LDL concentration polarisation layer. 

The higher plasma LDL concentration eventually leads to LDL transport through the 

endothelium and into the intima (Nielsen, 1996). Vascular regions with a higher surface LDL 

concentration also feature greater intimal thickening (Wada et al., 2002). 

Pro-inflammatory cytokines and mmLDL upregulate endothelial cell expression of selectins 

and vascular cell adhesion molecule 1 (VCAM-1) facilitating monocyte entry into the intima 

(Hansson et al., 2006) (Figure 1.1a). OxLDL stimulates endothelial cells and SMCs to secrete 

monocytic maturation factors such as macrophage colony stimulating factor (M-CSF), which 

influences the differentiation of monocytes into macrophages. Subsequently, macrophages 

phagocytose modified LDL – predominantly via the scavenger receptors AI and CD36 

(Hazen, 2008) - and become foam cells (Sanders, 1994). The cholesterol loading associated 
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with foam cell formation increases the intracellular accumulation of desmosterol – an 

intermediate of cholesterol biosynthesis. A recent study showed that desmosterol increases 

homeostatic responses to elevated cholesterol, thus promoting sterol efflux and inhibiting 

inflammation resulting in “deactivated” foam cells (Spann et al., 2012). This study proposes 

that the pro-inflammatory activity of macrophages is determined by extrinsic pro-

inflammatory stimuli, not cholesterol. However many previous studies show that cholesterol 

induces inflammatory pathways. High LDL cholesterol levels are associated with circulating 

markers of inflammation such as C-reactive protein and the development of atherosclerosis in 

humans (Blake and Ridker, 2003). Cholesterol crystals can activate NLRP3 inflammasomes, 

which is required for atherogenesis (Duewell et al., 2010). OxLDL can induce the expression 

of pro-inflammatory mediators such as cytokines and adhesion molecules (Steinberg, 2009), 

where the signal can be mediated via Toll-like receptors (Choi et al., 2009; Xu et al., 2001), 

which are known to promote inflammation and atherosclerosis (Michelsen et al., 2004; 

Monaco et al., 2009). The accumulation of foam cells, referred to as “fatty streaks” or 

“intimal xanthomatas”, do not always become atherosclerotic (Virmani et al., 2000). Human 

and animal studies demonstrate atherosclerosis is not a progressive disease, it can be 

reversible (Aikawa et al., 1998). The fatty streaks observed in children tend to regress as the 

lesions seen in adulthood are distributed in different areas of the vasculature (Velican and 

Velican, 1980). Dietary intervention can aid such regression, for example the intima-media 

thickness on the carotid artery of humans can be reduced by long-term consumption of low-

fat or low-carbohydrate diets (Shai et al., 2010). On the contrary, one study demonstrated that 

T lymphocytes are the first to infiltrate the intima at the fatty streak stage as opposed to 

macrophages and SMCs, which dominate in more advanced plaques (Xu et al., 1990).  

 

1.2.3. Fibroatheroma development 

Progressive lesions arise with further accumulation of lipids and proliferation of SMCs; this 

stage is termed pathological intimal thickening (Virmani et al., 2000). There is a tendency for 

lipid deposition where apoptotic cells and ECM build up with the varied presence of free 

cholesterol to form “lipid pools” closest to the medial side of the lesion (Nakano et al., 2010), 

while macrophages tend to accumulate on the luminal side outside the lipid pool. When 

macrophages infiltrate the lipid pool, transform into foam cells and apoptose increasing the 

free cholesterol content, a lipid-rich necrotic core develops (Libby, 2002) (Figure 1.1b). Free 

cholesterol loading of macrophages activates Fas ligand (FasL) which subsequently leads to 

Fas-mediated apoptosis (Yao and Tabas, 2000). A very recent study by Robbins et al. seeks to 
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alter the established paradigm of the progression of atherosclerosis. Even though 

atherosclerotic lesions at the early stages of disease rely on monocyte recruitment for their 

progression, this is no longer the case in advanced atherosclerosis where lesions progress due 

to the proliferation of macrophages in situ, particularly in the intima rather than the adventitia 

(Robbins et al., 2013). The proliferation of these lesional macrophages is dependent on the 

scavenger receptor SR-A (Robbins et al., 2013). However during disease regression, induced 

by re-expressing ApoE in ApoE-/- mice, a stable rate of apoptosis in parallel with hampered 

monocyte recruitment to plaques, results in a reduction in macrophages despite there being no 

migratory egress (Potteaux et al., 2011).  

The ensuing response to injury put forward by Russell Ross leads to architectural changes in 

the intima (Ross et al., 1977). Macrophages secrete growth factors stimulating an influx of 

SMCs, either derived from the media or from progenitors, collagen synthesis and ECM 

deposition forming a fibrous cap beneath the endothelium (Ross, 1999); such plaques are 

referred to as “fibroatheromas” and correlate with an increased chance of disruption (Felton et 

al., 1997). Normally laminin and type IV collagen in the vessel wall maintain SMC 

differentiation, however in response to injury SMCs reverse from a contractile to a synthetic 

phenotype (Chamley-Campbell et al., 1981) and produce type I and III collagen, elastin, 

fibronectin, proteoglycans and osteopontin (Rzucidlo et al., 2007), resulting in plaques with 

multi-layered basal lamina and enlarged extracellular matrix rich in collagen bundles and 

fibrils (Simionescu, 2007). The production of type I and III collagen contributes to local 

fibrosis in the plaque. In addition, type I collagen can further induce VCAM-1 expression via 

the transcription factor NFAT (Minami et al., 2006). The formation of a thick fibrous cap 

maintains plaque integrity and avoids the contact of the intraplaque pro-thrombotic tissue 

factor-rich necrotic core with flowing blood (Feintuch et al., 2007) creating a mature 

fibroatheroma, and consists predominantly of type I collagen, varied amounts of macrophages 

and lymphocytes, and a few SMCs (Nakano et al., 2010) (Figure 1.1b).  

Endothelial and smooth muscle cells secrete elastases to degrade vessel wall elastin; hence 

the artery is positively remodelled to maintain its luminal diameter (Glagov et al., 1987). 

Plaque neovascularisation can occur from the adventitia forming microvessels around the 

lipid core (Jeziorska and Woolley, 1999). Lymphocytes can accumulate around these vessels 

and leakage causes intraplaque haemorrhage (Milei et al., 1998). Microvascular endothelial 

cells and circulating monocytes supply tissue factor (TF) adding to the problematic 

thrombotic core although this can be inhibited by adiponectin (Okamoto et al., 2013). TF 

elicits an intracellular signalling cascade involving Akt and Erk, ultimately leading to the 



 28 

expression of MCP-1 (monocyte chemotactic protein 1) to stimulate further neovessel 

formation (Arderiu et al., 2011). 

 

1.2.4. Plaque morphology is a major determining factor of clinical 

manifestations 

Lesions were historically first classified into progressive stages under the assumption that the 

most advanced lesions are precursors of adverse clinical events. Herbert Stary et al. 

histologically classified advanced lesions displaying disruptions of the lesion surface, 

thrombosis and the presence of macrophages in the lesion’s periphery as type IV and V 

lesions, both of which were associated with coronary syndromes (Stary et al., 1995). More 

recently it has become evident that advanced plaques can differ in composition and size, and a 

specific morphology is actually associated with a higher risk of thrombosis, which led to an 

alteration in their classification. Michael Davies described the requirement of a large lipid 

core, thin fibrous cap, high macrophage content and low SMC content to produce plaques 

vulnerable to disruption (Davies, 1996). Atherosclerotic plaques with a thin fibrous cap may 

be more likely to rupture. These are termed “thin-cap fibroatheromas (TCFAs)” or vulnerable 

plaques by Virmani et al. and are considered the highest risk phenotype for major 

cardiovascular events (Stone et al., 2011). TCFAs are usually characterised by a large 

necrotic core, increased levels of macrophages, and reduced numbers of SMCs in pathology 

studies in comparison to low risk “stable” fibroatheromas (Fagerberg et al., 2010). Apoptosis 

or clearance of SMCs may cause thinning of the cap (Virmani et al., 2000), macrophages 

secrete digestive enzymes such as Cathepsin-D, but matrix metalloproteinases (MMPs) are 

the main contributors to the thinning and rupture of the fibrous cap, exposing the pro-

thrombogenic tissue factor-rich necrotic core and intraplaque haemorrhage to flowing blood 

and platelets in particular, triggering thrombosis (Hansson et al., 2006). Lymphocytes may 

also cause a reduction in SMC proliferation and repair, and collagen production through the 

production of IFN-γ (Amento et al., 1991). Plaque rupture is often asymptomatic and its 

healing leads to discontinuous plaque progression. However, if plaque rupture leads to acute 

occlusion or subocclusion of blood flow, acute myocardial damage follows. 

Intracoronary imaging showed TCFAs are associated with a higher risk of further events over 

a three year period (Stone et al., 2011). Pathological intimal thickening are low risk lesions, 

while thick cap fibroatheromas are associated with an intermediate risk, indicating how 

evolution towards a two compartment plaque (atheromatous core and fibrous cap) are crucial 

to make the atherosclerotic process symptomatic and that thick cap atheromas could lead to 
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thin cap atheromas with further matrix degradation. The chances of plaque rupture also 

increases in line with the number of cholesterol clefts present (Virmani et al., 2000). The 

necrotic core expands further as intraplaque macrophages apoptose and their phagocytic 

clearance (efferocytosis) is impaired (Schrijvers et al., 2005). A larger necrotic core 

accelerates lesion progression and can predict plaque vulnerability (Ohayon et al., 2008; 

Virmani et al., 2000). It appears the strongest predictors of plaque rupture are the thickness of 

the fibrous cap and the size of the necrotic core (Nakano et al., 2010).  

Plaque neovascularisation can occur at the latter stages leading to haemorrhage into the 

necrotic core linked to foam cell rich areas. There is an increased presence of vasa vasorum in 

the adventitia surrounding TCFAs and ruptured plaques (Nakano et al., 2010). Leaky 

endothelial junctions in the immature vasa vasorum – associated with the localisation of 

inflammatory cells - may permit extravasation of red blood cells causing haemorrhage (Figure 

1.1b), which correlates with more clinical events (Kolodgie et al., 2003), and an increased 

availability of free cholesterol and macrophage infiltration further expanding the size of the 

necrotic core. However hypercholesterolaemic pigs show evidence of neovascularisation 

before the onset of atherosclerosis and may promote early plaque progression (Kwon et al., 

1998). While critically low neovascularisation may drive atherosclerosis by hypoxia (Barker 

et al., 1993). Recurrent haemorrhage may promote calcification (Gössl et al., 2010), which is 

negatively associated with acute coronary syndromes (Motoyama et al., 2007). Inflammation 

and macrophages can co-localise with osteogenic activity in early stage atherosclerosis, which 

could lead to the presence of microcalcifications (Aikawa et al., 2007). Macrophages and 

SMCs release vesicles, which sometimes become trapped within plaque collagen, later 

evolving into microcalcifications (New et al., 2013). These fibrocalcific lesions are normally 

considered stable, as they commonly possess a thick fibrous cap over large areas of 

calcification. However these lesions may signify healed erosions or ruptures (Virmani et al., 

2000).   

Plaque rupture is often asymptomatic and its healing causes discontinuous plaque progression 

(Ylä-Herttuala et al., 2011). However, if plaque rupture leads to sudden occlusion of blood 

flow, acute myocardial damage follows. The fibrous cap ruptures most frequently at its 

weaker shoulder regions - where more macrophages and MMPs are found (Finn et al., 2010) 

(Figure 1.1c). MMPs are inactive zymogens which require cleavage by other proteases e.g. 

plasmin, to be activated (Carmeliet et al., 1997). Activated MMPs can degrade ECM and 

collagen in the fibrous cap and are more common in patients with acute coronary syndromes 

than those with stable angina (Kaartinen et al., 1998), while being increased along with pro-

inflammatory cytokines IL-6 and TNF-α in unstable angina (Inoue et al., 2003). SMCs 



 30 

synthesise ECM and macrophages produce MMPs; hence the stability of a plaque maybe 

determined by the balance between these two activities (Suzuki, 2010). Risk factors such as 

smoking, diabetes and dyslipidaemia can induce oxidative stress activating MMPs while 

hypertension can mechanically weaken the fibrous cap (Kamada et al., 2007; Ono et al., 2013; 

Valentin et al., 2005). Smoking has been specifically related to plaque erosion (Burke et al., 

1997). Statins can stabilise plaques by reducing macrophage and lipid levels, MMP 

expression by macrophages and increasing collagen (Aikawa et al., 1998, 2001), which 

correlates with the overall reduction in the number of coronary events and mortality ((4S), 

1994). 

But not all TCFAs rupture, thrombosis can be triggered by plaque rupture (Burke et al., 

1999), endothelial cell erosion (Davies et al., 1988; Farb et al., 1996), or more rarely calcified 

nodules (Kragel et al., 1989). Calcified nodules can cause discontinuity of the fibrous cap and 

thus plaque erosion triggering thrombosis (Virmani et al., 2006). As the growing 

atherosclerotic plaque causes stenosis or occlusion of the artery, compensatory remodelling of 

the artery occurs in an attempt to maintain the luminal diameter (Glagov et al., 1987). 

Progressive plaques and severe lesions that have already ruptured demonstrate positive 

remodelling of the artery i.e. expansion of the cross-sectional diameter of the artery enabling 

the maintenance of the luminal diameter. However once the plaque burden reaches 

approximately 40% of the cross-sectional vessel area, this compensatory mechanism is 

exhausted leading to negative remodelling and subsequently arterial stenosis or even 

complete occlusion (Glagov et al., 1987). Negative remodelling is associated with risk factors 

such as smoking and hypertension (Britten et al., 2003). Extensive positive remodelling may 

indicate high plaque instability as these plaques have thin caps, high lipid content (Kume et 

al., 2008) and increased MMPs (Schoenhagen et al., 2002). Luminal narrowing can follow 

repeated ruptures due to a recurring cycle of rupture and repair of the fibrous cap made visible 

by layers of SMCs and collagen interspersed by lipids (Mann and Davies, 1999).   
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Figure 1.1. The development of an atherosclerotic plaque. The schematic illustrates how 

an atherosclerotic plaque develops and how flow patterns change in the carotid bifurcation. 

A) Oscillatory blood flow (multidirectional flow) occurs in the carotid bifurcation, imposing 

low and oscillatory shear stress on the vessel wall. Lipids concentrate in the lumen before 

diffusing into the intima. Endothelial cells detect the low shear stress and upregulate their 

expression of adhesion molecules to recruit monocytes into the intima. The monocytes 

differentiate into macrophages and phagocytose subintimal lipids transforming them into 

foam cell macrophages. B) A mature plaque develops with further infiltration of 

inflammatory cells, secretion of inflammatory cytokines and chemokines, migration of 

smooth muscle cells from the media and collagen synthesis to form a fibrous cap just beneath 

the endothelium, and neovascularisation leading to intraplaque haemorrhage. Macrophages 

apoptose in the plaque to generate a lipid-rich necrotic core. C) An exhaustion of 

compensatory remodelling causes the expanding plaque to change the local flow patterns. 

Hence low and oscillatory shear stress only affects the distal portion of the plaque while fast 

linear blood flow from the common carotid artery imposes high shear stress and high strain 

on the fibrous cap. Greater smooth muscle cell proliferation and collagen synthesis in the 

distal segment stabilises this region of the plaque. By contrast, inflammation is upregulated in 

the upstream segment increasing macrophage accumulation and matrix metalloproteinases 

breaking down the fibrous cap increasing the risk of rupture. Dendritic-T cell interactions are 

more frequent at high-risk rupture sites. Rupture of the fibrous cap exposes the pro-

thrombotic necrotic core to circulating coagulation factors activating the formation of a 

thrombus, which can occlude the artery. Figure and legend adapted from Seneviratne et al., 

2013. 
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1.3. HAEMODYNAMICS AND ATHEROSCLEROSIS 

1.3.1. Atherosclerosis is initiated at specific parts of the vasculature 

Specific sites of the vascular tree are predisposed to atherosclerotic plaque formation. An 

inverse relationship between wall shear stress and artery wall thickness has been 

demonstrated in the coronary arteries (Wentzel et al., 2003). The predilection sites of 

atherosclerosis are normally at branch points or inner curvatures of arterial bends, where 

blood flow is not linear and of a low velocity. While fast flowing blood in straight vessels 

generates protective high shear stress (HSS), low or oscillatory shear stress at predilection 

sites is pro-atherogenic (Caro et al., 1971). Low shear stress (LSS) occurs at inner curvatures 

and upstream of stenoses, where blood flow is unidirectional but shear levels fluctuate over 

the cardiac cycle averaging at a magnitude lower than the average shear stress levels in a 

straight vessel (Giannoglou et al., 2010). Examples of curved arteries include the aortic arch 

and the myocardial aspect of the coronary arteries, which are curved over the surface of the 

heart. Oscillatory shear stress (OSS) involves changes in both the magnitude of shear stress 

and the direction of blood flow over the cardiac cycle, normally at branch points, bifurcations, 

downstream of stenoses or in an anastomosed artery and tends to produce eccentric plaques 

(Stone et al., 2003).  

Pro-atherogenic flow reversal and greater coronary arterial curvature occurs during systole; 

hence flow conditions during diastole are atheroprotective. However an increased heart rate 

shortens the duration of diastole equalling it to the duration of systole and prolonging pro-

atherogenic conditions (Soulis et al., 2006). Complex plaques are mostly found in the inner 

curvature of the aortic arch, correlating with a higher oscillatory shear index, while diseased 

patients generally have lower wall shear stress levels throughout the aorta during the systolic 

phase of the cardiac cycle compared to healthy individuals (Markl et al., 2013). The coronary 

vasculature experiences LSS and OSS in various locations due to the large number of side 

branches and the tortuous nature of the major vessels (Xie et al., 2013).  

As lesions progress, an LSS environment may be generated downstream of the lesion 

promoting further plaque growth in a longitudinal direction. At athero-susceptible 

bifurcations, pulsatile flow creates OSS further promoting plaque growth downstream 

(Chatzizisis and Giannoglou, 2006). Hence complex blood flow plays an important role in the 

initiation of atherosclerosis and fatty streak formation, with greater lipid accumulation 

potentially promoting the characteristics of plaque vulnerability in advanced atherosclerotic 

lesions (Figure 1.1a).   
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1.3.2. Shear stress, endothelial cell activation and monocyte 

recruitment 

Blood pressure exerts tensile stress, while blood flow exerts shear stress parallel to the vessel 

wall on endothelial cells. Potential mechanotransducers on the endothelial cell surface, which 

sense changes in flow patterns converting biomechanical forces to biochemical responses, 

include integrins, receptor tyrosine kinases, G-proteins, cadherins and PECAM-1 (Tzima et 

al., 2005). Deformation of the endothelial cell’s cytoskeletal network may also be a 

mechanical stimulus as it transmits force from cell to cell (Davies, 2009). The transcription 

factors KLF2 and Nrf2 stimulate atheroprotective gene expression in response to favourable 

blood flow (Koskinas et al., 2009). Endothelial cells are unable to adapt to shear forces 

created by complex flow patterns and so adopt an activated or pro-inflammatory phenotype, 

referred to as endothelial dysfunction (Osborn et al., 2006). LSS can upregulate cytokines, 

oxidative stress and adhesion molecules such as VCAM-1 and ICAM-1 promoting monocyte 

recruitment (Iiyama et al., 1999). OSS can also promote monocyte arrest on the endothelial 

cell surface, upregulate P-selectin, ICAM-1, increase transglutaminase activity, and 

subsequently the expression of MCP-1 and thus monocyte recruitment (Hsiai et al., 2003; 

Matlung et al., 2012). Complex flow impairs cell alignment and increases the permeability of 

endothelial cell junctions (Hahn and Schwartz, 2008). Intimal thickening resulting from LSS 

can cause local hypoxia potentially serving as an angiogenic stimulus by upregulating VEGF 

(vascular endothelial growth factor) resulting in plaque neovascularisation (Cheng et al., 

2006). Following LDL retention, LSS can stimulate the production of reactive oxygen species 

by endothelial cells, which oxidatively modify LDL into oxLDL (Rouhanizadeh et al., 2008) 

serving as a further monocytic chemoattractant (Williams and Tabas, 1995). The detection of 

LSS by endothelial mechanoreceptors could also promote inflammatory activity by intimal 

macrophages and other inflammatory cells. But it is not clear how the mechanical stimulus 

from shear stress could be transduced into a signal for macrophages. Endothelial cells are the 

most likely mediator of such an effect but we do not know whether they can secrete cytokines 

into the intima to influence macrophages or whether their increased expression of adhesion 

molecules and subsequent monocyte recruitment is the intermediary event between shear 

stress detection and macrophage activity. 
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1.3.3. Fibrous cap thinning and arterial remodelling 

Inflammation triggered downstream of LSS could activate the Fas ligand and subsequent 

macrophage apoptosis (Seimon and Tabas, 2009). Inflammatory cytokines can also activate 

caspases in SMCs causing their apoptosis and reduced appearance in the plaque (Virmani et 

al., 2000). As SMCs are also able to synthesise collagen, SMC apoptosis can further weaken 

the fibrous cap; in addition as SMCs can hinder macrophage apoptosis, the loss of SMCs can 

further increase the size of the necrotic core (Cai et al., 2004). 

In porcine coronary arteries, LSS positively correlates with the increased expression of 

collagenases, elastases, thinning of the fibrous cap, elastic lamina degradation and arterial 

remodelling (Chatzizisis et al., 2008). In contrast, OSS increases the proliferation of SMCs 

(Thacher et al., 2010) by activating PI3K-Akt signalling (Haga et al., 2003). The presence of 

ECM degrading enzymes, such as MMPs and cathepsins, in the fibrous cap can be stimulated 

by LSS and plaque macrophages (Chatzizisis et al., 2008) generating a TCFA (Figure 1.1b). 

Deleting MMP13 specifically in macrophages increases plaque collagen content in ApoE-/- 

mice (Deguchi et al., 2005), and MMP13 expression is specific to M1 macrophages (Kadl et 

al., 2010), suggesting that M1 macrophages are important for ECM degradation and hence 

fibrous cap thinning. Furthermore, MMP9 is increased in the circulation of ACS patients and 

is associated with an elevated risk of cardiovascular death (Blankenberg et al., 2003). 

Persistent low shear stress in the porcine coronary artery generates TCFA-like plaques which 

have increased amounts of leukocytes, MMPs, MCP-1, and PDGF (platelet-derived growth 

factor, which stimulate SMCs), SMC apoptosis and decreased levels of collagen (Koskinas et 

al., 2013).  

Developing plaques instigate compensatory remodelling to maintain the diameter of the 

lumen (Glagov et al., 1987). LSS could be the primary stimulus, conversely the subsequent 

inflammation can stimulate elastase activity promoting high-risk aneurysm-like expansion of 

the artery (Halpern et al., 1994). However OSS also elevates the activity of MMP-2 and -9 

which could promote arterial remodelling (Gambillara et al., 2005). Arterial remodelling can 

deform intraplaque neovessels - which are surrounded by erythrocytes perhaps revealing 

recent haemorrhage – during the cardiac cycle, particularly at systole (Teng et al., 2012). 

Therefore mechanical loading of neovessels may trigger intraplaque haemorrhage. Plaques at 

the early stages of remodelling could be more prone to rupture (Ohayon et al., 2008), which 

may be the reason behind growth spurts of clinically silent plaques. This study suggested that 

fibrous cap thickness, necrotic core thickness (rather than area) and the extent of arterial 

remodelling must all be considered to judge the degree of plaque vulnerability (Ohayon et al., 
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2008). A long-term (3 year) patient study demonstrated that arterial remodelling is a more 

accurate predictor of clinical events than plaque rupture (Okura et al., 2009).  

 

1.3.4. Biomechanical stress and plaque rupture 

1.3.4.1. Increasing stenosis alters local flow patterns and inflammation 

Ultimate exhaustion of arterial remodelling, leads to constrictive remodelling where the 

plaque protrudes into the lumen, creating a stenosis and modifying local shear stress patterns 

(Figure 1.1c). Proximal to the maximal stenosis, the lesion surface is subjected to HSS and 

high strain while the distal segment is exposed to LSS and OSS (Gijsen et al., 2008).  

In the carotid bifurcation, the upstream plaque surface highly expresses VCAM-1, has greater 

monocyte adhesion, macrophage accumulation and apoptosis, thinner fibrous caps, 

intraplaque haemorrhage, plaque rupture and thrombosis (Dirksen et al., 1998). However 

plaque growth continues in the distal region, featuring more SMCs (Dirksen et al., 1998). LSS 

can also intensify endothelin production, and subsequent SMC proliferation and ECM 

synthesis (Yoshizumi et al., 1989). However the distal segment is more prone to thrombosis 

following endothelial erosion as this region has a higher rate of endothelial cell apoptosis 

(Tricot et al., 2000). 

The chemokine receptors CCR2 and CCR6, MCP-1 and MIP-3α (macrophage inflammatory 

protein-3α) are increased in the upstream segment and closely associate with dense 

neovascularisation (Yilmaz et al., 2007), supporting the hypothesis that leukocytes may 

infiltrate the intima via neovessels (Eriksson, 2011). HSS can stimulate platelet aggregation, 

activation and cell apoptosis, triggering the release of platelet-derived microparticles 

containing adhesion molecules such as P-selectin, subsequently upregulating adhesion 

molecules on the surface of endothelial cells and monocytes (Nomura et al., 2001). The 

consequent events include enhanced monocyte recruitment to the upstream segment, 

endothelial cell proliferation facilitating neovascularisation, and CD40L expression 

stabilising thrombi (Boulanger et al., 2001). Activated platelets can produce pro-

inflammatory mediators such as RANTES and IL-6 (Croce and Libby, 2007) further 

propagating inflammation in the plaque. Increased numbers of T cells and dendritic cells 

(DCs) are observed in the upstream segment of human plaques (Yilmaz et al., 2007). The 

majority of these DCs express high levels of CD83, LAMP3 (lysosomal-associated membrane 

protein-3) and HLA-DR (an MHC-II receptor) indicating a mature phenotype, and appear to 
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be in frequent contact with T cells in rupture-prone regions (Yilmaz et al., 2004). 

Furthermore, in hypercholesterolaemic rabbits, gelatinase activity and oxLDL accumulation 

is upregulated in foamy macrophages and SMCs upstream (Segers et al., 2007). MMP-2 and -

9 could be responsible for the gelatinase activity (Galis et al., 1994) (Figure 1.1c). 

 

1.3.4.2. High shear stress, wall strain and plaque rupture 

Which blood flow conditions directly lead to plaque rupture is a subject of debate. Some 

argue that HSS is responsible. Nonetheless in addition to shear stress, the arterial wall 

experiences wall (mechanical or tensile) stress as a result of the pulsatile blood flow 

circumferentially distending the arterial wall (Zhao-rong et al., 2003). Recent studies have 

provided evidence that plaque rupture is linked to high mechanical strain in the fibrous cap. 

Residual stress exists in the artery regardless of blood flow, whose state is dependent on the 

thickness and composition of the artery wall. A large lipid core can compress the relatively 

compliant fibrous cap increasing residual stress in the cap, which tends to be highest at the 

cap’s thinnest point. High residual stress has been detected at the medial side of the lipid core 

and co-localises with macrophages (Ohayon et al., 2007). Microcalcifications can also elevate 

residual stress (Wenk et al., 2010). Therefore it has been proposed that plaque rupture can be 

the result of residual stress as well as external pressure from flowing blood (Ohayon et al., 

2007).  

Upstream arterial lesion segments experiencing HSS in CAD (coronary artery disease) 

patients have an increased prevalence of rupture sites, macrophages, MMPs (particularly 

MMP9) and higher strain (Samady et al., 2011). Plaques with softer regions such as a large 

lipid core tend to experience greater strain and HSS, which can further soften the plaque 

(Gijsen et al., 2013). An MRI study of the human carotid bifurcation showed that even though 

locations experiencing HSS display plaque rupture, higher plaque wall stress is a much better 

predictor of plaque rupture (Teng et al., 2010), and was more common in the upstream 

segment. Patients with symptomatic carotid plaques have thinner fibrous caps, larger lipid 

cores, and higher plaque wall stress levels than asymptomatic patients, particularly at the 

plaque shoulders (Gao et al., 2011). An irregular plaque surface can also increase the 

instability of carotid plaques, where wall stress is concentrated at the greatest curvature of the 

plaque surface increasing the risk of rupture at these sites (Teng et al., 2011).  
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1.4. MOUSE MODELS OF ATHEROSCLEROSIS 

Many diseases are commonly studied in mice as they reproduce rapidly, are inbred and their 

genome is known enabling the study of disease in a short time frame (Daugherty, 2002). As 

human tissue is generally available when already diseased, mouse models are vital to study 

disease initiation and progression. The C57BL/6 genetic background is used to study 

atherosclerosis due to its increased susceptibility to disease in comparison to the C3H and 

BALB/c strains (Paigen et al., 1987). Mice are generally resistant to hypercholesterolaemia so 

genetic targeting is necessary; they can be transgenic (e.g. Apolipoprotein mutants, ApoB, 

ApoBEC-1, ApoB100, ApoE mutants expressing human ApoE2 and ApoE3-Leiden isoforms, 

ApoCIII) or gene-targeted mouse models, i.e. the ApoE knockout (ApoE-/-) and LDL receptor 

knockout (LDLR-/-) mice. The use of mice to study atherosclerosis allows the use of other 

genetic modifications to study how genes of interest influence the progression of 

atherosclerosis.  

 

1.4.1. ApoE-/- mice 

Mice carry most of their plasma cholesterol in the protective HDL form whereas humans 

mostly carry cholesterol as LDL. However the ApoE-/- mouse is spontaneously 

hypercholesterolaemic and its lipoprotein profiles are similar to humans – with elevated 

cholesterol enriched chylomicron and VLDL particles in the plasma (Daugherty, 2002). In 

ApoE-/- mice, lesions develop in: the aortic root, the aortic arch, the ascending aorta, coronary 

arteries and vascular branch points (Nakashima et al., 1994). When observing the aortic root, 

monocyte adhesion to the endothelium is first evident at 8 weeks of age with lesions 

dominated by foam cells appearing from 10 weeks and fibro-lipid lesions with many SMCs 

appearing from 15 weeks (Nakashima et al., 1994). After 20 weeks of age, plaques become 

more fibrous with more SMCs, ECM and an overlying fibrous cap. Haemorrhage is observed 

in advanced lesions of the innominate artery (Rosenfeld et al., 2000). Therefore the 

pathogenesis of atherosclerosis in ApoE-/- mice is the closest to humans out of all the mouse 

models. Feeding these mice a high fat diet accelerates the progression of disease, with 

adhesion molecules appearing earlier on the vascular endothelium (Iiyama et al., 1999), and 

further enrichment of the lesions with foam cells in comparison to chow-fed mice 

(Nakashima et al., 1994). Some authors study low shear stress in the inner curvature of the 

aorta, and oscillatory shear stress in the carotid or iliac bifurcations (Feintuch et al., 2007). 

However due to the much higher velocity of blood flow in mice compared to humans, the 

shear stress levels at these vascular locations are still much higher than that found in humans 
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(Cheng et al., 2007a). Human shear stress patterns can be mimicked in mice using a 

perivascular device to be detailed later. 

 

1.4.2. LDLR-/- mice 

Immunologists consider LDLR-/- mice as the best model of human atherosclerosis because the 

absence of LDLR expression can occur in humans, which causes familial 

hypercholesterolaemia (Hobbs et al., 1992), while ApoE deficiency never occurs in humans. 

But LDLR-/- mice only have modest hypercholesterolaemia in comparison to ApoE-/- mice 

meaning LDLR-/- mice require a high fat diet to exacerbate hypercholesterolaemia and 

develop atherosclerotic lesions throughout the aorta, aortic root and coronary arteries 

(Ishibashi et al., 1993, 1994). In addition, the pathogenesis of atherosclerosis does not 

resemble the human disease as well as ApoE-/- mice. Simple lesions consisting of lipid-laden 

macrophages are found in LDLR-/- mice, while more advanced lesions featuring necrotic 

cores and calcification only develop after prolonged feeding of a high fat diet (Roselaar et al., 

1996). Due to the restricted expression of LDLR, primarily confined to the liver, LDLR-/- 

mice can be used for bone marrow transplantation, which specifically enables the study of the 

role of circulating cells in atherosclerosis (Getz and Reardon, 2012).    

 

1.4.3. Mouse models of plaque instability and rupture 

Between 30 and 40 weeks of age, intraplaque haemorrhage is observed in the brachiocephalic 

artery of ApoE-/- mice, particularly in the shoulder regions of the fibrous cap (Seo et al., 

1997). Luminal thrombosis on the surface of the fibrous cap has also been observed in the 

brachiocephalic artery of ApoE-/- mice (Johnson and Jackson, 2001), although the observed 

disruptions of the fibrous cap beneath the thrombi are very small and could be better referred 

to as plaque erosion or fissures (Schwartz et al., 2007). Despite the difficulty in modelling 

plaque rupture in mice, Sasaki et al. described a method for ApoE-/- mice where the carotid 

artery is ligated proximal to the bifurcation, and 4 weeks later a cuff is placed proximal to the 

ligation. This method induced the formation of lipid- and collagen-rich lesions containing 

inflammatory cells, SMCs, intraplaque haemorrhage, visible breaks in the fibrous cap and 

even the formation of a fibrin-rich thrombus (Sasaki et al., 2006). On the contrary, the 

mechanism of plaque rupture in this model is not clear and may not necessarily replicate the 

mechanism of plaque rupture in humans. Plaque rupture in this model may be mechanically 

induced rather than being due to inflammatory activity or fibrous cap breakdown by MMPs. 
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However as murine vessels are significantly smaller than humans, it may not be clinically 

relevant to model plaque rupture in mice, additionally plaque rupture and thrombosis in 

humans is often clinically silent (Jackson et al., 2007).  

Mice do not provide the ideal model to study atherosclerosis as demonstrated by studies 

comparing the morphology of human and murine plaques. The fibrous cap overlying human 

plaques is made up of a dense connective tissue matrix full of collagen and elastin, in contrast 

to the murine fibrous cap, which contains some thin lamellae and disorganised elastin-rich 

connective tissue (Schwartz et al., 2007). In comparison to murine plaques, human plaques 

are more fibrotic and calcified, and are less cellular with smaller foam cell and necrotic core 

areas (Campbell et al., 2013). Peak stress levels localised in the fibrous cap of human plaques 

whereas in murine plaques, peak stress was situated in the media and adventitia and not even 

in the thin fibrous cap. Consequently murine plaques are more likely to suffer whole vessel 

rupture rather than fibrous cap rupture (Campbell et al., 2013).  

 

1.4.4. Modelling shear stress-dependent vulnerable plaque development in mice 

Cheng et al. recently developed a perivascular cast, which is tied around the right common 

carotid artery of a high fat-fed Apolipoprotein E knockout (ApoE-/-) mouse. The cast has a 

tapered conformation creating a gradual stenosis moving up the carotid artery. Blood flow is 

slowed upstream of the cast creating LSS. The blood then increases its velocity as it moves 

through the stenotic region within the cast creating atheroprotective HSS. As the blood exits 

the cast downstream, vortices are generated creating an OSS region (van Bochove et al., 

2010).  

The first study using this cast demonstrated that plaques in the LSS-modulated region of the 

carotid artery are larger with a high presence of lipids, macrophages, and greater MMP 

activity. LSS plaques increase genetic expression of VCAM-1, ICAM-1; and the pro-

inflammatory mediators C-reactive protein, IL-6 and VEGF (Cheng et al., 2006). Greater 

vascular remodelling and intraplaque haemorrhage is also evident in the LSS region. On the 

contrary, plaques in the OSS-modulated region of the carotid artery have a higher presence of 

SMCs and collagen and lower genetic expression of inflammatory mediators (Cheng et al., 

2006). Therefore this cast model is valuable to study the progression of atherosclerotic 

plaques resembling stable and vulnerable phenotypes simultaneously.  

Placement of the cast for 1 week upregulates the IFNγ-inducible protein 10 (IP-10) in the LSS 

region, while after 3 weeks MCP-1 and growth-regulated oncogene α (GRO-α) are 



 41 

specifically increased in the LSS region (Cheng et al., 2007b). These chemokines may aid the 

recruitment of monocytes and other leukocytes such as T cells during the early stage of 

vulnerable plaque development. However at 9 weeks, Fractalkine (CX3CL1) is only expressed 

in the LSS region where more cells expressing the Fractalkine receptor (CX3CR1) are found. 

Fractalkine may be acting as a chemoattractant for the homeostatic Ly-6Clo monocyte subset, 

which is known to express high levels of the Fractalkine receptor. Hence Ly-6Clo monocytes 

could be a major determinant of plaque vulnerability. Inhibition of Fractalkine in this study 

reduces growth and increases the stability of plaques in the LSS region (Cheng et al., 2007b). 

Fractalkine inhibition also correlates with a decrease in mast cell accumulation. Mast cells 

have been hypothesised to cause constriction of atherosclerotic vessels by their release of 

histamine and leukotrienes (Galli, 2000), hence they could increase the risk of acute 

cardiovascular events. Arginase-2 expression induced by LSS in this model, increases the 

level of macrophages, lipid, collagen, cell apoptosis and reactive oxygen species generation 

(Olivon et al., 2013). 

Hypertension mediated by Angiotensin II is known to increase the occurrence of acute 

cardiovascular events (Mehta and Griendling, 2007). Administrating Angiotensin II to ApoE-/- 

mice with the perivascular cast placed for 9 weeks increases the expression of MMP-8 and -

13 in LSS-modulated lesions; this is mirrored by greater degradation of type I collagen and a 

reduction in the collagen content of these plaques (Cheng et al., 2009a). As the incidence of 

intraplaque haemorrhage also increases in LSS lesions, this study demonstrates that 

Angiotensin II increases the vulnerability of LSS-modulated plaques by increasing fibrous 

cap breakdown and thrombogenic material in the plaque.  

One major limitation of this model is that we are still not able to model plaque rupture, and as 

detailed already the possibility of plaque rupture has only been observed in the mouse with 

ligation of the carotid artery alongside placement of a cast (Sasaki et al., 2006) or in the 

brachiocephalic artery of old ApoE-/- mice (Johnson and Jackson, 2001; Rosenfeld et al., 

2000), but they do not tend to be accompanied by the formation of a platelet and fibrin-rich 

thrombus (Cullen et al., 2003). The observed ruptures do not resemble those seen in humans, 

and may be better referred to as fissures. Hence we still rely on obtaining human samples of 

ruptured atherosclerotic plaques to study the mechanisms involved in triggering thrombosis. 
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1.5. ROLE OF INFLAMMATION IN ATHEROSCLEROSIS 

This introduction has already mentioned that atherosclerosis is an inflammatory disease 

influenced by several different factors (Ross, 1999). The pathogenesis of atherosclerosis 

involves a complex interplay between mechanical stimuli, cell types endogenous to the artery 

and inflammatory cells recruited from the circulation. The primary cell type found in 

atherosclerotic lesions, even at the earliest stages, is the macrophage, although dendritic cells 

and T cells are also important contributors to atherosclerotic disease (Stary et al., 1994). 

Detection of mechanical factors and/or LDL by mechanoreceptors can result in endothelial 

injury, subsequent dysfunction, and the initiation of inflammatory signalling cascades, which 

can result in upregulation of adhesion molecules, leukocyte chemoattractants, and even 

secretion of pro-inflammatory cytokines following the activation of NFκB (Cuhlmann et al., 

2011; Monaco et al., 2004). The increasing infiltration of inflammatory cells, particularly 

macrophages, further propagates the inflammatory process increasing the presence of 

cytokines, chemokines and degradative enzymes such as MMPs causing further vascular 

damage (Libby, 2002), while apoptosis of foam cell macrophages generates a lipid-rich 

necrotic core contributing to plaque instability (Björkerud and Björkerud, 1996; Hegyi et al., 

1996).  

 

1.5.1. Myeloid Cells 

1.5.1.1. Mast Cells 

Mast cells are found in connective tissues, mostly submucosal tissues and the dermis and are 

important for alerting the immune system to local infection. Derived from common myeloid 

progenitors, they play an important role in allergic reactions by degranulation, releasing 

proteins such as histamine, which is followed by sustained inflammation (Krishnaswamy et 

al., 2001). Mast cells have been observed in coronary and carotid artery plaques; specifically 

localised at sites of plaque erosion, haemorrhage or rupture, while the presence of adventitial 

mast cells correlates with cardiovascular events (Constantinides, 1953). They are able to 

secrete serine proteases such as chymase which can activate MMPs promoting plaque 

instability, and the conversion of angiotensinogen to angiotensin (Caughey, 2007) to promote 

vasoconstriction possibly restricting remodelling of the arterial wall. A deficiency in Kit – 

which depletes mast cells – reduces atherosclerotic disease (Sun et al., 2007). Mast cells also 

contribute to intraplaque haemorrhage (particularly adventitial mast cells), macrophage 

apoptosis, vascular leakage and the recruitment of leukocytes to murine atherosclerotic 
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plaques via the CXCR2/VLA-4 axis (Bot et al., 2007). The mast cell-derived pro-

inflammatory cytokines IL-6 and IFN-γ advance atherogenesis by elevating the production of 

matrix-degrading proteases (Sun et al., 2007). Antagonising CCR3 inhibits perivascular mast 

cell recruitment, subsequently reduces plaque and necrotic core size, thus stabilising plaques, 

and inhibiting mast cell chymase had the same effect (Bot et al., 2011). 

 

1.5.1.2. Monocytes 

Monocytes are derived from macrophage-dendritic cell precursors (MDPs) in the bone 

marrow, which express CD115, c-Kit, CX3CR1 and Flt3. MDPs can differentiate into 

monocytes and DCs (Auffray et al., 2009). More recently, flow cytometry and proteomic 

analyses identified a common monocyte progenitor (cMoP) in mice, which is found between 

MDPs and monocytes (Hettinger et al., 2013). cMoPs only give rise to monocytes, however 

M-CSF converts cMoPs to F4/80hi macrophages while GM-CSF produces cells with a DC-

like phenotype. And of particular interest, the transcription factors TCFEB and IRF5 are 

upregulated during the transition of cMoPs into Ly-6C+ monocytes (Hettinger et al., 2013). 

Monocytes constitute 5-10% of peripheral blood leukocytes in humans (Gordon and Taylor, 

2005) and can circulate for several days before entering tissues via the leukocyte adhesion 

cascade and differentiating into macrophages. Monocytes rely on various chemokine 

receptors and adhesion molecules to traffic from the bone marrow and blood to tissues.  

Mature murine monocytes are categorised into two main subsets according to their expression 

levels of Ly-6C, the chemokine receptors CCR2 and CX3CR1 (Fractalkine receptor). Ly-

6ChighCCR2highCX3CR1low monocytes – termed inflammatory or classical monocytes – are 

recruited to inflamed sites, depend on CCR2 to mobilise from the bone marrow, and are able 

to respond to MCP-1 (Gautier et al., 2009a). Ly-6Chi monocytes display innate immune 

activity while being able to trigger adaptive immune responses against pathogens (Geissmann 

et al., 2003). Ly-6ClowCCR2lowCX3CR1high monocytes – resident or non-classical monocytes - 

patrol the endothelium to maintain homeostasis, depend on LFA-1 and CX3CR1 for crawling 

and extravasation (Auffray et al., 2007), and can swiftly invade infected sites to initiate an 

immune response. A knockout study showed Nr4a1-dependent Ly-6Clo
 monocytes acquire a 

dendritic appearance as they crawl, with some monocytes containing vacuoles full of cell 

debris, and facilitate the entry of neutrophils with the aid of TLR7 (Carlin et al., 2013). In 

humans, CX3CR1 is highly expressed on classical CD14hiCD16-
 monocytes while 

CD14lowCD16+
 monocytes (not present in inflamed tissues) express low CX3CR1 levels 

(Geissmann et al., 2003). CD14 is a co-receptor for TLR-4 enabling lipopolysaccharide 
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detection while CD16 (or FCγRIII) belongs to the Fcγ receptor family that bind to antibodies 

during immune responses such as antibody-dependent cell-mediated cytotoxicity (ADCC). 

Circulating murine inflammatory and resident monocytes exist at a 1:1 ratio (Geissmann et 

al., 2003). One study showed Ly-6Clo monocytes are more mature than Ly-6Chi monocytes 

(Sunderkötter et al., 2004) while other studies show almost no conversion of Ly-6Chi to Ly-

6Clo monocytes (Nahrendorf et al., 2007). A recent fate mapping study revealed that Ly-6C+ 

monocytes differentiate into Ly-6C- monocytes, which have a longer half-life in the 

circulation (Yona et al., 2013). The existence of CCR2+CX3CR1+ monocytes indicates a 

transition from one type of monocyte to the other (Yona et al., 2013). A mouse model of 

myocardial infarction illustrated that Ly-6Chi monocytes are predominant in the early stages 

after infarction phagocytosing damaged tissue while Ly-6Clo monocytes promote healing and 

angiogenesis in the latter stages (Nahrendorf et al., 2007). When Ly-6Chi monocytes enter and 

differentiate in the steady state murine colon, there is a stepwise loss of Ly-6C expression 

while MHC-II, F4/80, CD64, CD11c and CX3CR1 are upregulated, as shown by FACS and 

PCR studies (Bain et al., 2013). In addition, they transform into an M2-like macrophage by 

upregulating markers such as CD163 and CD206, become more phagocytic, produce IL-10, 

become desensitised to TLR ligands and lose their ability to produce pro-inflammatory 

mediators such as IL-6 and iNOS (Bain et al., 2013). However when the colon becomes 

inflamed, this differentiation process in inhibited and the cells remain as Ly-6Chi monocytes 

secreting pro-inflammatory mediators. The human equivalent to these monocytes are CD11c+ 

cells which downregulate their expression of CD11c as they mature (Bain et al., 2013).  

In mouse models of myocardial infarction and the peritoneal infection Listeria 

monocytogenes, Ly-6Chi monocytes differentiate into pro-inflammatory M1-type 

macrophages and dendritic cells, which could be referred to as Tip-DCs (TNF/iNOS-

producing DCs (Serbina et al., 2003)), while Ly-6Clo monocytes differentiate into anti-

inflammatory M2-type macrophages displaying tissue repair activity (Auffray et al., 2007; 

Nahrendorf et al., 2007). In addition, microarray studies showed that extravasating Gr-1-Ly-

6Clo monocytes activate a macrophage differentiation program while Gr-1+Ly-6Chi monocytes 

activate DC differentiation (Auffray et al., 2007). Gr-1+Ly-6Chi monocytes adoptively 

transferred into an inflamed peritoneum also differentiate into DCs (Geissmann et al., 2003). 

However in a model of allergic skin lesions, inflammatory Ly-6Chi monocytes adopted an 

M2-like macrophage phenotype in response to IL-4 derived from basophils (Egawa et al., 

2013). In vivo labelling of murine monocytes with fluorescent latex microspheres showed that 

monocytes can emigrate to non-lymphoid organs, recirculate to lymph nodes and present 

antigens to induce T cell responses, without differentiating into macrophages or DCs, so 
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monocytes can also be considered as end-stage cells (Tacke et al., 2006), although there is 

some speculation over this conclusion as only 11% of monocytes were successfully labelled 

in this study. However in inflammatory conditions, monocytes are forced to differentiate into 

macrophages (for example CD11c+ macrophages in the peritoneum) or DCs and are later 

removed by cell death when the tissue returns to a steady state (Tacke et al., 2006).   

 

1.5.1.2.1. Monocytes in atherosclerosis 

A deficiency in adhesion molecules such as P-selectin, ICAM-1 and VCAM-1, or blockage of 

their interactions with their respective ligands and integrins can reduce monocyte recruitment 

and atherosclerotic lesion size (Cybulsky et al., 2001; Nageh et al., 1997). In vivo cell 

tracking studies showed that inflammatory monocytes use chemokine receptors CX3CR1, 

CCR2 and CCR5 to enter plaques while resident monocytes only use CCR5 (Tacke et al., 

2007). Murine knockout studies showed that Ly-6Chi monocytes depend CCR2 for their 

mobilisation from the bone marrow and tissue infiltration, as a deficiency in CCR2 reduces 

their numbers in the circulation and tissues while maintaining high levels in the bone marrow 

(Combadiere et al., 2008; Tsou et al., 2007). A deficiency in CX3CR1 reduces lesion size and 

macrophage accumulation leading to morphological features of a stable plaque (Combadiere 

et al., 2003) suggesting Ly-6Chi monocytes may promote plaque instability. Combined 

deletion of CCL2, CX3CR1 and CCR5 virtually eliminates atherosclerosis, monocyte 

accumulation, and halts bone marrow and blood monocytosis (Combadiere et al., 2008). 

Depletion of CD11b+ cells using a diphtheria toxin system – which reduces peripheral blood 

monocytes and tissue macrophages - reduces atherosclerotic plaque area and the amount of 

lipid, macrophages, SMCs, collagen and necrotic core size, however there is no effect on 

established plaques (Stoneman et al., 2007). This study suggests that monocyte-derived 

macrophages are important for developing the features of plaque vulnerability and stability at 

the early stages, but monocyte and macrophage recruitment has no effect on the advanced 

stages of disease (Stoneman et al., 2007). In regression models of atherosclerosis, either by 

normalising plasma HDL levels or transplanting the aortic arch from ApoE-/- mice into wild-

type mice, Ly-6Chi monocytes emigrate from regressing plaques, and the expression of M2 

macrophage markers is increased in bone marrow-derived macrophages and plaque 

macrophages (Feig et al., 2011, 2012). 

Ly-6Chi monocytes represent 90% of monocytes accumulating in murine atherosclerotic 

lesions (Swirski et al., 2007). Hypercholesterolaemia increases the proliferation and 

differentiation of Ly-6Chi monocytes, impairs conversion to resident subsets (which can be 
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reversed by statins) and elevates macrophage foam cell formation (Swirski et al., 2007). 

Endothelial necrosis has been observed at sites of Ly-6Clo
 monocyte and neutrophil 

recruitment (Carlin et al., 2013). The fractalkine receptor, CX3CR1 seems to be important for 

Ly-6Clo
 monocyte survival as the anti-apoptotic gene Bcl-2 is not expressed in CX3CR1-

deficient resident monocytes (Jakubzick et al., 2008). Enforcing the survival of monocytes 

and phagocytic cells in CX3CR1-deficient mice, by reconstituting the bone marrow with cells 

expressing the Bcl-2 transgene, restores atherogenesis (Landsman et al., 2009) implying 

CX3CR1 as a potential therapeutic target against atherosclerosis. Resident monocytes are less 

represented in plaques compared to their inflammatory counterparts (Swirski et al., 2009). 

Yet the number of circulating Ly-6Clo
 monocytes appears to correlate with lesion size 

(Combadiere et al., 2008). Moreover resident monocytes can become loaded with cholesterol 

by binding to circulating oxLDL in both humans and mice while inflammatory monocytes 

cannot (Mosig et al., 2009; Wu et al., 2009), and they could potentially contribute to lipid 

accumulation in early atherosclerotic plaques (Gautier et al., 2009a). In vivo cell tracking in 

mice revealed that Ly-6Clo monocytes upregulate CD11c and may differentiate into dendritic 

cells within atherosclerotic lesions (Tacke et al., 2007) with the ability to control local 

adaptive immune responses, possibly promoting T cell tolerance to self antigens from 

apoptotic cells, as has been shown in monocyte-derived splenic dendritic cells (Peng et al., 

2009). In hypercholesterolaemic ApoE-/- mice, oxLDL can increase the expression of CD11c 

on murine monocytes and the majority of arrested monocytes in ApoE-/- mice are Ly-6Chi (Wu 

et al., 2009). CD11c is required for the arrest of monocytes in high shear conditions, which 

also involves VLA-4 and CD18 binding to endothelial VCAM-1 (Wu et al., 2009).  

Approximately 90% of circulating monocytes in humans belong to the classical subset 

(Gautier et al., 2009a). The amount of pro-inflammatory CD14+CD16+ monocytes and serum 

TNF-α levels is elevated in patients with coronary artery disease (Schlitt et al., 2004) and this 

monocyte subset negatively correlates with fibrous cap thickness (Imanishi et al., 2010). Flow 

cytometry analysis showed CD14++CD16+ monocytes, particularly those from patients who 

have suffered a myocardial infarction, upregulate their expression of CD11c in response to 

vLDL uptake, high fat consumption or elevated circulating triglycerides (following high 

fructose consumption), and the upregulation is particularly pronounced in patients with large 

necrotic cores (Foster et al., 2013). Active and stabilised CD11c increases VLA-4 expression 

on monocytes and thus enables it to form clusters and bind to endothelial VCAM-1, 

strengthening the adhesion of recruited monocytes (Foster et al., 2013). While CCR2 and 

CX3CR1 are similarly expressed between human and mouse monocyte subsets, microarray 

studies show there are differences in the expression of other genes between the two species, 
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such as the macrophage scavenger receptor (Ingersoll et al., 2010), which can make the 

determination of human monocytic behaviour difficult when based on murine studies.  

 

1.5.1.3. Embryonic Origin of Phagocytes 

In the mouse embryo, macrophages develop in the yolk sac from day 8 of gestation while 

haematopoietic stem cells appear in the haematogenic endothelium of the aorto-gonado-

mesonephros region (Boisset et al., 2010). These cells are functionally immature in 

comparison to adult macrophages, do not appear to be actively phagocytic and only express 

markers associated with immature macrophages such as the M-CSF receptor (Lichanska et 

al., 1999). Macrophages are heavily dependent on M-CSF for their development as the op/op 

mice, which lack bone marrow, have a reduction in macrophage populations of the kidney, 

liver and spleen for example, which other macrophage populations such as the lymph nodes 

and thymus are unaffected (Wiktor-Jedrzejczak et al., 1992). At the early gestational stages of 

the rat embryo, macrophages are found in the yolk sac and the proximal endoderm, at day 12 

they are also found in loose connective tissue of the embryo and the developing fetal liver, 

and by day 14 they are found in the developing mesenchymal tissue (El-Nefiawy et al., 2002). 

Post-day 12, macrophages start to resemble adult macrophages with a developed granular 

endoplasmic reticulum and Golgi apparatus, a large range of cytoplasmic vacuoles and 

vesicles, and lysosomes (El-Nefiawy et al., 2002). Over time macrophages are less prominent 

in the yolk sac and move into other embryonic organs such as the primitive gut, intestines and 

lung bud but not in neural tissue. Macrophages display phagocytic-like functions targeting 

degenerating erythroblasts and free nuclei (El-Nefiawy et al., 2002).   

The transcription factor PU.1 is essential for the development of yolk sac macrophages 

(Dakic et al., 2005) while Myb is required haematopoietic stem cell development 

(Mukouyama et al., 1999). Genetic deletion studies suggest a strong role for PU.1 for F4/80 

expressing macrophages originating in the yolk sac, while Myb-dependent precursor cells 

replenish classical DCs and CD11b+ macrophages (Schulz et al., 2012).  

 

1.5.1.4. Macrophages 

Macrophages are differentiated cells within tissues, derived from monocytes or directly from 

myeloid progenitor cells during haemopoiesis (Geissmann et al. 2010). Metchnikoff first 

recognised the recruitment of leukocytes and phagocytosis (Metchnikoff, 1908). Individual 
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studies by Florey and Gowens identified circulating monocytes giving rise to tissue 

macrophages (Ebert and Florey, 1939; Gowans, 1962). In the late 1960s, van Furth and 

colleagues named the mononuclear phagocyte system (MPS) of cells, and with in vitro 

labelling studies described dividing promonocytes in the bone marrow as progenitor cells of 

monocytes; peripheral blood monocytes and peritoneal macrophages were considered end 

cells as they did not divide (van Furth and Cohn, 1968). Silverstein and colleagues studied the 

mechanisms of Fc receptor-mediated phagocytosis (Griffin et al., 1975) and Cohn and Hirsch 

identified fluid- and receptor-mediated endocytosis (Cohn and Hirsch, 1960). Osteopetrotic 

(op) mice with a natural mutattion in the osteopontin gene, have a deficiency in CSF-1 (or M-

CSF), rendering monocytes and macrophages almost absent in the bone marrow, lung, liver, 

spleen and thymus, as well as a reduction in colony forming units (Wiktor-Jedrzejczak et al., 

1992). Discovery of antigen markers such as F4/80 and CD68 enabled the identification of 

specialised macrophages in different tissues (Hirsch et al., 1981; Holness et al., 1993). 

Mackaness used the Listeria monocytogenes and BCG (tuberculosis) infections to 

demonstrate that macrophage activation is dependent on antigen presentation and T cell-

derived IFN-γ (Mackaness, 1964), and later iNOS was shown to be involved in IFN-γ-

activated macrophages (MacMicking et al., 1997). More recently numerous receptors were 

discovered to mediate the activation and functional activities of macrophages. The most 

pertinent examples include Fc and complement receptors for phagocytosis (Bianco et al., 

1975), scavenger receptors mediating LDL uptake implicated in foam cell formation 

(Goldstein et al., 1979), the Toll pathway in Drosophila (Lemaitre et al., 1996) and the 

homologous Toll-like receptors in humans (Medzhitov et al., 1997).  

A macrophage activation paradigm has been proposed to involve 4 stages: differentiation by 

growth factors such as GM-CSF and M-CSF, priming (or polarisation) by IFN-γ or IL-4 and 

IL-13, functional activation from a stimulus received by TLRs for example, and finally 

resolution to enable repair functions by anti-inflammatory mediators like IL-10 and TGF-β 

(Gordon and Martinez, 2010). The differentiation of monocytes into macrophages is essential 

for the development of atherosclerotic lesions; for example M-CSF-deficient mice are 

resistant to the development of atherosclerosis (Smith et al., 1995). The deficiency and 

inhibition of GM-CSF and GM-CSF injections into mice, showed that GM-CSF regulates the 

proliferation of intimal cells, primarily DCs expressing CD11c and MHC-II, thus promoting 

atherosclerosis development (Shaposhnik et al., 2007; Zhu et al., 2009), however another 

knockout study found GM-CSF is protective in hypercholesterolaemic conditions as 

macrophage and SMC accumulation, pro-inflammatory cytokines, VCAM-1, PPAR-γ 

(Peroxisome proliferator-activated receptor gamma), ABCA1 and CD36 all increased 

(Ditiatkovski et al., 2006). 
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Macrophages demonstrate incredible plasticity and can modify their behaviour upon 

microenvironmental cues; as a result many believe a dichotomy exists in parallel with the Th 

helper (Th)1 and Th2 lymphocyte subsets. In response to bacterial motifs such as LPS and 

IFN-γ, macrophages undergo the so-called “classical” or inflammatory activation, a type of 

priming similar to Th1 lymphocyte polarisation (Biswas and Mantovani, 2010). LPS or IFN-γ 

primed macrophages, also termed M1, are considered IL-12highIL-10low, and they produce 

inflammatory cytokines such as IL-1, IL-23 and TNF-α, toxic mediators like nitric oxide and 

reactive oxygen species and express opsonic receptors such as CD16 (Bastos et al., 2007; 

Mantovani et al., 2004) (Figure 1.2). Exposure of human macrophages to IFN-γ increases 

STAT1 transcription further sensitising the macrophages to IFN-γ stimulation (Hu et al., 

2002), and a study of STAT1-mutant mice showed serine phosphorylation of STAT1 

promotes inflammatory responses (Varinou et al., 2003). Increased expression of inducible 

nitric oxide synthase (iNOS or NOS2) signifies upregulation of arginine (Mori, 2007). 

Hypoxia and Th1 cytokines promote NFκB to activate HIF-1α, which mediates iNOS 

transcription and thus the production of nitric oxide from L-arginine in murine bone marrow-

derived macrophages (Takeda et al., 2010). While not generally considered a strong M1 

marker, Arginase-2 expression is induced by M1 differentiation of murine macrophages, 

which subsequently induces pro-inflammatory mediators and chemokines such as MCP-1, 

TNF-α, IL-6 and iNOS and increases monocyte adherence to the endothelium (Ming et al., 

2012). Additionally, a deficiency in Arginase-2 in ApoE-/- mice reduces the severity of 

atherosclerosis, monocyte accumulation and necrotic core size (Ming et al., 2012).  

The tumour suppressor gene p16INK4a downregulate M2 markers in murine bone marrow-

derived macrophages (Cudejko et al., 2011). GM-CSF-differentiated murine macrophages 

demonstrate M1-like behaviour as they produce the pro-inflammatory cytokines IL-12, IL-23, 

IL-6 and TNF-α, and activate the transcription factors NFκB and AP-1 (Fleetwood et al., 

2007, 2009). Following differentiation with GM-CSF, IRF5 expression increases and 

mediates the transcription of the pro-inflammatory cytokines IL-12 and IL-23 while inhibiting 

IL-10 transcription (Krausgruber et al., 2011). The transcriptional co-repressor KAP1 inhibits 

the ability of IRF5 to transcribe TNF-α and other M1 macrophage genes in murine 

macrophages (Eames et al., 2012).  

Culturing mixed cell populations from human carotid endarterectomies reveals a role for 

NFκB in the regulation of pro-inflammatory genes such as TF, IL-6, IL-8, TNF-α and several 

MMPs (Monaco et al., 2004). NFκB has been implicated in the transcription of iNOS and 

COX-2 by murine macrophages in vitro (Xie et al., 1994; Yamamoto et al., 1995). M1 

macrophages primed by IFN-γ upregulate the expression of TLR4 and components of the 
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MyD88 signalling pathway. Detection of LPS by TLR4 in synergy with CD14, stimulates 

NFκB-dependent transcription of inflammatory chemokines e.g. IL-8 and MCP-1 (Richmond, 

2002). A deficiency in IKKβ – an inhibitor of NFκB – in mice increases expression of pro-

inflammatory cytokines and iNOS while reducing the M2 markers arginase-1 and the IL-4 

receptor (Fong et al., 2008). But mycobacterial infection of mice can induce the expression of 

arginase-1 by classically activated macrophages in a TLR-dependent manner (El Kasmi et al., 

2008). 

Alternative or M2 macrophage polarisation was first identified following exposure to IL-4 

(Stein et al., 1992). M2 macrophages: can fine tune Th2 responses and adaptive immunity, 

fight parasitic infection, eliminate cell debris via scavenger receptors and promote tolerance, 

tissue remodelling and repair (Mantovani et al., 2004). M2 macrophages are heterogeneous 

and are suggested to exist as one of three subtypes induced by different inflammatory signals: 

M2a macrophages induced by IL-4 or IL-13, M2b after exposure to immune complexes, IL-

1R or TLR agonists, or M2c activated by glucocorticoid hormones or IL-10. All M2 

macrophages express non-opsonic receptors such as the mannose receptor CD206 or MRC1 

(Mantovani et al., 2004). While M2a and M2c macrophages are thought of as IL-12lowIL-

10high, M2b macrophages express high levels of both IL-12 and IL-10 while promoting Th2 

cell differentiation and repressing inflammation (Mantovani et al., 2004).  

STAT6 is phosphorylated in human monocytes following stimulation by IL-4 and IL-13 (Roy 

et al., 2002), and induces Th2 responses by recruiting the IRF4 transcription factor in bone 

marrow-derived macrophages (El Chartouni et al., 2010) (Figure 1.2). In vitro studies of 

murine macrophages demonstrate that IL-4-induced STAT6 suppresses IFN-γ-induced 

STAT1-dependent gene transcription, by competing to bind to gammaRE DNA motifs 

(Ohmori and Hamilton, 1998). Expressing a dominant negative form of STAT3 in human 

macrophages demonstrated that IL-10 acts via STAT3 to inhibit MHC-II, COX2, TNF-α and 

IL-6 (Williams et al., 2004). Mice deficient in the p50 subunit of NFκB have reduced M2-

associated gene expression and increased M1-driven inflammation and IFN-β production 

(Porta et al., 2009).  

Murine M2 macrophages stimulated by IL-4 in vitro express increased levels of arginase-1; 

an enzyme responsible for synthesising polyamine precursors important for cell growth and 

proline, a key component of collagen (Khallou-Laschet et al., 2010). Th2 cytokines induce 

HIF-2α to transcribe Arginase-1 thus limiting the production of nitric oxide in thioglycollate-

elicited murine peritoneal macrophages (Takeda et al., 2010). Stressed or necrotic cells 

release the endoplasmic reticulum chaperone protein BiP (binding immunoglobulin protein) 

stimulating alternative activation of human peripheral blood mononuclear cells (PBMCs) 
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(Corrigall et al., 2004). Activation of the nuclear receptor PPARγ primes human monocytes 

into M2 macrophages increasing their expression of CD206 (Bouhlel et al., 2007). IL-4-

induced human macrophages have a lesser ability to take up cholesterol but increase their 

storage of esterified cholesterol (Chinetti-Gbaguidi et al., 2011). PCR analysis of human M2 

macrophages demonstrate a very high phagocytic activity mediated by PPARγ, but have low 

cholesterol efflux abilities due to low expression of LXRα (Chinetti-Gbaguidi et al., 2011). In 

murine macrophages, incubation with ApoE upregulates the expression of M2 markers and 

phagocytosis, via the vLDLR and ApoER2 receptors, while downregulating M1 macrophage 

markers (Baitsch et al., 2011). AMPKα1 (the catalytic subunit of AMP-activated protein 

kinase) is crucial for the phagocytosis-induced polarisation of macrophages towards an anti-

inflammatory M2 phenotype during the resolution of inflammation in the regeneration of 

murine skeletal muscle (Mounier et al., 2013). MerTK is an apoptotic cell receptor and its 

expression is restricted to human M2c macrophages, where IL-10 polarises M2c macrophages 

and induces MerTK expression in an autocrine loop. Moreover, MerTK enables M2c 

macrophages to clear apoptotic cells more efficiently than other macrophage subsets (Zizzo et 

al., 2012). 

The commonly used nomenclature for macrophages could be premature; as macrophages may 

exist as part of a continuum. Macrophages can display different and specific functions in 

different tissues. Lipids can influence macrophage activation. CD11c+ macrophages from the 

adipose tissue of obese mice have increased expression of several M1 and M2 genes (Kadl et 

al., 2010). Adipose tissue macrophages (ATMs) from lean mice resemble M2 macrophages 

and ATMs from obese mice express M1 genes contributing to insulin resistance, but ATMs 

from CCR2-/- mice also upregulate M2 marker expression while maintaining their expression 

of M1 markers (Lumeng et al., 2007). Tumour-associated macrophages (TAMs) can differ in 

their phenotype depending on what area of the tumour they are found in, for example MHC-

IIlow expressing macrophages in mice resemble M2 macrophages and are found in hypoxic 

regions whereas MHC-IIhigh expressing macrophages resemble M1 macrophages and are 

found in normoxic regions (Movahedi et al., 2010). While most TAMs are considered to be of 

an M2 phenotype, some also express M1 genes as NFκB in TAMs is defective and their 

IRF3/STAT1 signalling is enhanced, as demonstrated in murine peritoneal macrophages 

(Biswas et al., 2006).  
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Another demonstration of macrophage heterogeneity is the overlap in markers expressed by 

both macrophages and DCs. A complicating factor in the study of macrophage polarisation 

and DC subsets is our limited ability to distinguish between macrophages and DCs, and 

between different subsets of macrophages and DCs. There is a need to identify numerous 

markers on a cell, by the use of multi-colour flow cytometry or confocal microscopy, in order 

to ascertain its phenotype. A recent assessment of gene expression by murine macrophages 

identified a core set of genes common to all macrophages; they include CD64 (FcγR1), 

TLR4, G-CSF receptor, CD14 and MerTK (Gautier et al., 2012). Macrophage-specific genes 

included those involved in innate immunity and efferocytosis. There have been numerous 

microarray studies or human and murine macrophages to try and identify a definitive set of 

genes vital for macrophage differentiation and potential markers of macrophage subsets 

(Fleetwood et al., 2009; Gautier et al., 2012; Mabbott et al., 2010; Martinez et al., 2006) 

which has improved our understanding of macrophage gene signatures and functions.  

But there remains an overlap between these markers and it seems the greater the panel of 

markers used to establish a cell’s phenotype, the greater the confusion. It has been proposed 

that the best way to determine a cell’s phenotype is by observing its function (Geissmann et 

al. 2010) although current methodologies do not allow us to do this in vivo. For example 

macrophages are more suited to homeostatic functions such as phagocytosis while DCs are 

more efficient at migrating to the lymph nodes and presenting antigens, although there is 

some overlap between these functions as well. The degree of plasticity between macrophages 

and DCs may imply that they cannot be considered as separate entities (Geissmann et al. 

2010), and instead their functions depend on what tissue they reside in and the environmental 

stimuli they receive. For example in the lung, macrophages specifically express Dectin-2 (Sun 

et al., 2013), while splenic red pulp macrophages express Spi-C (Kohyama et al., 2009). 

Recently a blood-auditor macrophage was proposed to exist, which samples blood-borne 

antigens, confers regulatory properties to T cells, and expresses CD68, MHC-II and Dextran 

(Barreiro et al., 2013). The myeloid cells found in atherosclerosis could represent a similar 

but separate vascular macrophage or DC whose behaviour is determined by intraplaque 

stimuli and endothelial cell signalling, therefore it is site-specific (Figure 1.3). For that reason 

it may be more useful for future studies on myeloid cells to focus on their activity in the 

specific context of the tissue they are located in and the stimuli they receive from their local 

microenvironment. On the contrary the development of CyTOF technology will improve our 

ability to phenotype macrophages by labelling a larger number of markers on one cell using 

the principle of mass spectrometry rather than fluorophores as is used in flow cytometry 

(Bendall et al., 2011).  
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Figure 1.3. A summary of the markers used to specifically identify macrophages and 

their subtypes. (Top) A core set of genes common to all macrophages has been proposed to 

distinguish macrophages from dendritic cells. (Middle) Macrophages behave differently 

according to which tissue they are found in, and can express a different set of tissue-specific 

genes. (Bottom) Within these tissues, macrophages can adopt a pro-inflammatory or anti-

inflammatory profile depending on which stimuli they receive.  
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1.5.1.3.1. Macrophages in Atherosclerosis 

The formation of foam cells is a hallmark of atherosclerotic lesions (Hegyi et al., 1996). The 

CD36 and SR-A scavenger receptors enable lipid uptake by macrophages which is important 

for clearing oxLDL, but unregulated oxLDL uptake creates lipid-loaded foam cells (Greaves 

and Gordon, 2009). Deleting SR-A in LDLR-/- mice reduces lesion area considerably (Babaev 

et al., 2000). However deleting both SR-A and CD36 in ApoE-/- mice has no effect on lesion 

area or foam cell formation despite a reduction in inflammation, macrophage apoptosis and 

plaque necrosis (Manning-Tobin et al., 2009). The LDL receptor (LDLR) enables 

internalisation of LDL via endocytosis, triggering a cascade eventually causing LDL 

degradation in the lysosomes and downregulation of LDLR expression (Brown and Goldstein, 

1979). Individuals with a mutant LDL receptor suffer from familial hypercholesterolaemia, 

elevated LDL particles in their bloodstream and myocardial infarction at a young age 

(Goldstein and Brown, 2009). The expression of LDLR by macrophages is important for 

foam cell formation (Linton, 1999). OxLDL taken up by macrophages can be converted to 

oxysterols and ligands of LXR, which when activated by bacterial infection or LPS 

stimulation, inhibits NFκB signalling and the induction of pro-inflammatory mediators such 

as iNOS, COX-2 and IL-6 by murine macrophages (Joseph et al., 2003). As macrophages 

cannot limit cholesterol uptake through scavenger receptors, they depend on cholesterol and 

lipid efflux pathways to prevent transforming into foam cells, as demonstrated in LDLR-/- 

mice deficient in sphingomyelin synthase (Liu et al., 2009). In LDLR-/- mice, defective 

ABCA1-mediated cholesterol and lipid efflux causes unlimited lipid accumulation in 

macrophages (Out et al., 2008). IFN-γ affects scavenger receptor expression and hampers 

cholesterol efflux by macrophages from obese C57BL/6 mice, and generally promotes 

hyperglycaemia and fat inflammation (Rocha et al., 2008).  

In rabbits, foam cells downregulate arginase-1, while upregulating MMP-12 and nitric oxide 

production, particularly near the lipid core (Thomas et al., 2007). MMP-14+ foam cells 

express the M1 marker COX-2 while TIMP3 (an MMP inhibitor which inhibits foam cell 

invasion) co-localises with CD206 (Johnson et al., 2008). MMP-14highTIMP3low foam cells – 

induced by pro-inflammatory cytokines - proliferate and invade tissues more easily but can 

also undergo apoptosis following challenge by LPS or starvation (Johnson et al., 2008). 

TIMP3+ foam cells surround clusters of TIMP3- foam cells in the plaque’s shoulder regions 

(Johnson et al., 2008). Therefore MMP upregulation and TIMP downregulation may facilitate 

collagen degradation in the core of advanced plaques.  

Macrophages are an important producer of MMPs in the plaque. NFκB can activate the 

expression of MMP-1, -3 and -9 by human macrophages and rabbit foam cells (Chase et al., 



 56 

2002). Numerous MMPs have been found in macrophage-rich regions of human plaques, also 

co-localising with cleaved collagen, and these MMPs are particularly abundant in inflamed 

lipid-rich plaques in comparison to fibrous plaques (Newby, 2008). Classical macrophage 

activation in vitro selectively upregulates several MMPs, phospho-JNK and NFκB, and 

reduces TIMP3, while alternative macrophage activation upregulates a separate group of 

MMPs and TIMP3 in human macrophages (Huang et al., 2012).    

Numerous cytokines that have pivotal roles in the pathogenesis of atherosclerosis are 

produced by macrophages, many of which have been mentioned in relation to macrophage 

polarisation in this chapter. Examples include, the overexpression of TGF-β (transforming 

growth factor beta) by macrophages by transgenic ApoE-/- mice reducing the severity of 

atherosclerosis (Reifenberg et al., 2012). TNF-α is primarily produced by macrophages in the 

plaque and its deletion reduces atherosclerotic disease in ApoE-/- mice (Brånén et al., 2004). 

Macrophages are also capable of producing IFN-γ, and its deficiency in LDLR-/- mice reduces 

atherosclerosis and lesional macrophage content (Buono et al., 2003). While the effect of 

these cytokines in atherosclerosis are known, macrophage-specific deletions of these 

cytokines are required to establish how macrophage production of these cytokines is affecting 

atherosclerosis.      

Macrophages can contribute to the formation of the necrotic core in atherosclerotic plaques 

due to an increase in their apoptosis at the advanced stages of atherosclerosis (Schrijvers et 

al., 2005). Free cholesterol loading of murine peritoneal macrophages activates Fas ligand 

which subsequently leads to Fas-mediated apoptosis (Yao and Tabas, 2000). Prolonged 

activation of endoplasmic reticulum (ER) stress pathway components such as the C/EBP-

homologous protein (CHOP) can trigger macrophage apoptosis in murine lesions (Thorp et 

al., 2009). Lipoprotein(a), a carrier of oxidised phospholipids which triggers apoptosis of ER-

stressed macrophages via CD36/TLR2, has been shown to increase the size of the necrotic 

core in rabbits (Sun et al., 2002). Deleting type I IFN signalling (Goossens et al., 2010), 

TLR2 and TLR4 signalling (Seimon et al., 2010), or the scavenger receptors SR-A and CD36 

reduces the progression to advanced necrotic lesions. Development of the necrotic core can 

also occur due to defective efferocytosis (clearance of apoptotic cells by macrophages) in 

advanced lesions (Tabas, 2010). Deletion of MerTK, an efferocytosis receptor expressed by 

macrophages, decreases efferocytosis, induces pro-inflammatory immune responses, 

accelerates atherosclerosis and increases plaque necrosis (Ait-Oufella et al., 2008; Thorp et 

al., 2008). Macrophage deficiency in LRP-1 (LDLR-related protein 1) increases cell death 

and impairs efferocytosis worsening necrotic core formation (Yancey et al., 2010). 
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1.5.1.3.2. Macrophage polarisation in atherosclerosis  

Initially M2 macrophages accumulate in murine atherosclerotic lesions, while lesion 

progression correlates with the predominance of M1 macrophages (Khallou-Laschet et al., 

2010), although M1 macrophages in this study are identified by Arginase-2, which is not a 

well-established M1 marker. But deletion of Arginase-2 in ApoE-/- mice reduces lesion size, 

macrophage inflammation and necrotic core formation (Ming et al., 2012). Hypoxia in mice 

enhances the expression of M1 macrophage markers while reducing M2 macrophage markers, 

contributing to necrotic core formation (Theelen et al., 2013). In human atherosclerotic 

plaques, M1 macrophages are more frequently found in rupture-prone shoulder regions of the 

plaque, while M2 macrophages are more common in the adventitia (Stöger et al., 2012). 

Human symptomatic carotid plaques, which have a greater content of lipid and leukocytes, 

have increased expression of M1 macrophage markers while femoral plaques, with more 

fibroconnective tissue, collagen and calcification, have greater M2 marker expression (Shaikh 

et al., 2012). M2 macrophages have also been observed in stable regions of human plaques 

(Chinetti-Gbaguidi et al., 2011). Normalising plasma HDL levels upregulates M2 

macrophage markers and downregulates pro-inflammatory markers (Feig et al., 2011).  

Oxidised phospholipids within murine atherosclerotic plaques have been shown to 

downregulate M1 and M2 gene expression and induce an Mox macrophage phenotype 

associated with Nrf2-mediated expression of redox-regulatory genes, such as heme 

oxygenase-1 (Kadl et al., 2010) (Figure 1.2). A recent in vitro study demonstrated that 

haemoglobin-haptoglobin (Hb:Hp) complexes or Heme – both found in intraplaque 

haemorrhage – stimulate ATF-1-mediated HO-1 expression, subsequently increasing 

expression of the Hb:Hp scavenger receptor CD163 and IL-10 while suppressing MHC-II 

expression by human macrophages; these macrophages are referred to as haemorrhage-

associated or Mhem macrophages (Boyle et al., 2012).  

In addition, the chemokine CXCL4 has been shown to produce a separate M4 human 

macrophage phenotype, which is less efficient at performing phagocytosis, has reduced 

expression levels of CD163 and HO-1 and is not able to transform into other macrophage 

phenotypes once polarised (Gleissner et al., 2010). CXCL4-induced M4 macrophages 

downregulate scavenger receptor expression, and upregulate cholesterol efflux transporters, in 

comparison to M-CSF-induced macrophages (Gleissner et al., 2010). Both Mhem and M4 

macrophages are less able to take up cholesterol and become foam cells.  

It is still not clear whether the polarisation of macrophages is determined once they receive 

inflammatory stimuli in the plaque or whether their fate is predetermined at the monocyte 
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stage. Current evidence suggests that a macrophage’s fate is determined by environmental 

stimuli but they remain very plastic with the ability to switch between different phenotypes 

depending on what tissue they reside in. Further studies are required to determine this. 

 

1.5.1.4. Dendritic cells 

Dendritic cells (DCs) are vital for priming innate and adaptive immune responses and are 

generally split into two categories: conventional (cDCs) or plasmacytoid (pDCs) (Figure 1.4). 

The stages of development from immature to mature DCs are as follows. Immature DCs 

encounter pathogens in peripheral tissues activating TLR signalling, which begins the DC 

maturation process, enhances antigen processing and induces CCR7 expression. DCs then 

become sensitised to CCL21 initiating their migration to lymphoid tissues and their 

expression of adhesion, MHC and co-stimulatory molecules. These mature cDCs are then 

able to prime naïve T cells in T-cell zones.  

DCs can ingest material by macropinocytosis, cDCs are primarily responsible for antigen 

presentation and priming of naïve T lymphocytes in T-cell zones, while pDCs secrete large 

amounts of interferons and are the main players in anti-viral immunity (Steinman, 2012). 

cDCs are normally identified by their expression of the leukocyte integrins CD11c:CD18 or 

complement receptor 4, while pDCs are identified with the C-type lectin BDCA-2 or Siglec-H 

(Satpathy et al., 2012). DNGR-1 was previously considered to be expressed on pDCs and 

some cDC subsets, however a recent study shows that DNGR-1 is expressed by murine bone 

marrow progenitor cells resembling common DC precursors (CDPs), which only differentiate 

into cDCs (Schraml et al., 2013). Moreover cDCs express several members of the TLR family 

while pDCs express TLR7 and TLR9 (Jarrossay et al., 2001). Recent work has shown that 

DCs are also extremely heterogeneous.  

There are two major DC developmental pathways, one driven by the cytokine fms-like 

tyrosine kinase 3 ligand (Flt3L) and another from monocytes independently of Flt3L (Choi et 

al., 2011). cDCs are subdivided into: CD8+ and CD8- lymphoid tissue DCs, and non-lymphoid 

tissue DCs, which are either monocyte-derived, expressing CD11b and dependent on M-CSF, 

Flt3-dependent and expressing CD103 or CD103+CD11b+ DCs dependent on Flt3 and GM-

CSF (Miller et al., 2012). shRNA-mediated gene knockdown studies in vitro showed GM-

CSF and Flt3L stimulate the transcription factors IRF4 and PU.1 to bind to the CD11c 

promoter in murine monocytes and drive their differentiation into mature DCs (Zhu et al., 
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2012). GM-CSF also stimulates such transcriptional activity in lymphoid-derived CD8+ DCs, 

while Flt3L also promotes this response in B220+ pDCs (Zhu et al., 2012). 

Moreover TNF and iNOS-producing DCs (Tip-DCs), generated after Listeria monocytogenes 

infection in mice possess an inflammatory phenotype very similar to M1 macrophages, if not 

identical (Serbina et al., 2003). Transcriptomic analyses of human DCs identified a distinct 

inflammatory DC subset, signified by its expression of BDCA-1, and is primarily monocyte-

derived (Segura et al., 2013). Hence they do share some characteristics with macrophages 

such as their ability to perform chemotaxis, endocytosis and express pattern recognition 

receptors (PRRs) although they are also efficient at antigen processing and presentation. 

Human inflammatory DCs secrete IL-12, IL-23 and are potent inducers of IL-17A production, 

thereupon inducing the expression of the transcription factor RORγT to differentiate Th17 

cells (Segura et al., 2013). The murine equivalent of inflammatory DCs are monocyte–

derived and recruited to inflamed sites and control the induction of protective Th1 cell 

responses (León et al., 2007).  

Distinguishing between DCs and macrophages has proved difficult due to the overlap in 

marker expression. A recent assessment of the DC transcriptional network in mice established 

a core set of 28 genes, which are unique to DCs including CCR7, Zbtb46 and Flt3 (Miller et 

al., 2012). CD8+ DCs upregulate the transcription factor IRF8 while CD8- cDCs are controlled 

by IRF2 and IRF4. There are 28 genes specific to CD8+ and CD103+ cDCs including TLR3 

and XCR1, and both of these DC subsets can cross-present antigens and engulf apoptotic 

cells. CD103+CD11b+ DCs do not express any of the macrophage core set of genes detailed 

earlier. Migratory CD11b+ cDCs are primarily monocyte-derived and are the most closely 

related subset to macrophages upregulating Flt3. DC-specific genes are involved in antigen 

presentation and migration to lymphoid tissues (Miller et al., 2012). However a re-analysis of 

this data concluded that the specified core set of DC genes does not show enrichment for any 

specific biological functions and that DCs should be strictly defined as Flt3-positive (Hume et 

al., 2013). 
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Figure 1.4. The classification of dendritic cell subsets. Dendritic cells (DCs) are broadly 

divided into two types: conventional (cDCs) or plasmacytoid (pDCs). cDCs are further 

subdivided into two resident subsets (CD8+ and CD8- cDCs) and three migratory subsets 

(CD103+, CD103+CD11b+ and CD11b+ cDCs), while pDCs are classed as a separate 

migratory subset dependent on PDCA-1. Resident cDCs are found in peripheral lymphoid 

organs (spleen and lymph nodes) and cross-present antigens to T cells. Migratory cDCs are 

found in non-lymphoid tissues, the majority of which are monocyte-derived – the most 

closely related to macrophages. Both Flt3-dependent and monocyte-derived DCs are classed 

as migratory cDCs. pDCs are derived directly from precursors in the bone marrow and travel 

to lymphoid or non-lymphoid tissues. In blue are other markers that can be used to identify 

each cell type. 
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1.5.1.4.1. Dendritic Cells in Atherosclerosis 

A Langerhans cell-like DC network has been found in the normal arterial intima of healthy 

young humans, and the density of this network increases at atherosclerotic predilection sites 

(Millonig et al., 2001). The vascular DC network is responsible for the uptake and storage of 

lipids, clearance of lipids, apoptotic cells and debris, and the maintenance of Treg (regulatory 

T cell) responses (Alberts-Grill et al., 2013). DCs are found to accumulate just beneath the 

endothelium before plaques develop in C57BL/6 mice (Jongstra-Bilen et al., 2006). CD11c+ 

DCs accumulate at vascular regions predisposed to atherosclerosis correlating with increased 

expression of VCAM-1 (Jongstra-Bilen et al., 2006). The accumulation of CD11c+ DCs in 

mice is dependent on GM-CSF (Shaposhnik et al., 2007). The local proliferation of DCs in 

the aorta and secondary lymphoid organs has also been demonstrated (Kabashima et al., 

2005; Zhu et al., 2009). 

DCs have been observed more frequently in the advanced stages of atherosclerosis, especially 

in vulnerable plaques where they preferentially exhibit a mature phenotype, based on 

immunohistochemical staining of human plaques for HLA-DR, CD83 and DC-LAMP 

(Yilmaz et al., 2004). High expression of HLA-DR and interactions with CD3+ T cells are 

particularly evident, by histology, in rupture-prone regions of the plaque (Yilmaz et al., 

2004). Interestingly, a murine study of the arterial intima, identifies a subset of classical DCs 

being CD103+CD11b-F4/80-, which are dependent on Flt3-Flt3L signalling for their expansion 

and comprise 20-30% of the aortic DC population (Choi et al., 2011). A deficiency in Flt3 

reduces the representation of CD103+ DCs and regulatory T cells, and increases the 

expression of IFN-γ and TNF-α causing the exacerbation of atherosclerosis, suggesting that 

Flt3-dependent CD103+ DCs protect against atherosclerosis (Choi et al., 2011). CCL17+ DCs 

accumulate in the intima and adventitia of atherosclerotic vessels in mice and express CD11c, 

MHC-II, CD11b, CCR7 and the co-stimulatory molecules CD40, CD80 and CD86 (Weber et 

al., 2011). Human pDCs are mainly found in the adventitia and plaque shoulders, and in vitro 

studies showed they are capable of producing large amounts of type I IFNs, particularly IFN-

α (Ito et al., 2006). Co-stimulatory molecules (CD80, CD83 and CD86) signifying DC 

maturation are more highly expressed in human carotid vulnerable plaques, particularly in the 

plaque shoulders where Tregs are decreased (Dietel et al., 2013). 

The formation of artery tertiary lymphoid organs (ATLOs), just outside of the artery adjacent 

to where lesions are present in ApoE-/- mice, are full of follicular DCs (found in the primary 

and secondary B cell-rich follicles of lymphoid organs) and B cells, these structures develop a 
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cellular arrangement highly reminiscent of secondary lymphoid organs with B and T cell 

areas also present (Moos et al., 2005).  

A deficiency in the fractalkine receptor CX3CR1 impairs the accumulation of CD11c+ DCs in 

the intima of the aorta (Liu et al., 2008) suggesting they maybe differentiated from Ly-6Clo 

monocytes which express high levels of CX3CR1. However these CD11c+ DCs co-localise 

with the expression of CD68 (Geissmann et al. 2010) highlighting the difficulty in 

distinguishing between DCs and macrophages with these two commonly used markers. While 

CD11c is expressed by DCs in lymphoid organs, it is found on macrophages in tissues such as 

the lungs of mice (Zaynagetdinov et al., 2013), raising the argument that DCs and 

macrophages should be discriminated based on their functional activities, localisation and 

precursor cells, not on their marker expression profile (Geissmann et al. 2010). 

CD11c+ cells may be important for cholesterol homeostasis as depleting them enhances 

hypercholesterolaemia (Gautier et al., 2009b). The proliferation of resident DCs in situ also 

depends on GM-CSF, which thus take up lipids, become foam cells and express CD68 

(Paulson et al., 2010). Depleting CD11c+ DCs via the diphtheria toxin receptor reduces the 

intralesional lipid area by 55% while the remaining lipid moves to the extracellular space, 

thus reducing foam cell formation and the early progression of atherosclerosis (Paulson et al., 

2010). Hence many foam cells are derived from CD11c+ cells although some could be 

macrophages. Human DCs in vitro express scavenger receptors – namely LOX-1, CD36 and 

CD205 – which mediate their uptake of oxLDL subsequently activating the NFκB pathway 

and therefore maturation into DCs with a pro-inflammatory cytokine profile (Nickel et al., 

2009). OxLDL upregulates human DC expression of HLA-DR and its co-stimulatory 

molecules, CD40 and CD86, in parallel with an increase in T cell proliferation and DC 

clustering (Alderman et al. 2002). In mouse models of severe hypercholesterolaemia, TLR-

induced production of pro-inflammatory cytokines by DCs is inhibited, such as IL-12 and 

TNF-α, by inhibiting the nuclear translocation of NFκB; subsequently Th1 responses are 

diminished while Th2 responses are enhanced (Shamshiev et al., 2007).  

Depletion of PDCA-1+ pDCs, by administration of an anti-PDCA-1 antibody in LDLR-/- mice, 

accelerates the progression of atherosclerosis, increases CD3+ T cell infiltration, expands 

necrotic core size while reducing the fibrous cap’s SMC content, implying pDCs are actually 

protective and could promote a stable plaque phenotype (Daissormont et al., 2011). However 

when PDCA-1+ pDCs are depleted, also with an anti-PDCA-1 antibody, in ApoE-/- mice, 

atherosclerosis is reduced along with the number of macrophages and pro-inflammatory 

cytokines while lesional collagen and SMC numbers increased (Macritchie et al., 2012).  
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1.5.2. Pattern Recognition Receptors (PRRs) 

The innate immune system is triggered by microbial infection and tissue damage, which leads 

to acute inflammation. In addition, innate immunity triggers adaptive responses. Pattern 

recognition receptors (PRRs) are germline-encoded receptors, which recognise highly 

conserved motifs termed pathogen associated molecular patterns (PAMPs) on 

microorganisms (Kawai and Akira, 2007). Recent evidence has also shown that PRRs 

recognise endogenous molecules called damage associated molecular patterns (DAMPs) from 

damaged cells (Bianchi, 2007).  

PRRs can be broadly divided into two groups; the cytosolic receptors which consist of RIG-I-

like receptors (RLRs) and NOD-like receptors (NLRs) and transmembrane receptors which 

consist of C-type lectin receptors (CLRs), scavenger receptors and toll-like receptors (TLRs) 

(Kumar et al., 2011). PRRs are expressed on both immune cells and non-immune cells and 

survey both intracellular and extracellular compartments, with each family controlling 

specific locations. PRR signalling leads to the induction of the inflammatory process which is 

increasingly recognised as a driver of atherosclerosis (Ross, 1999).  

 

1.5.2.1. RIG-I-like receptors 

The RLR family consists of retinoic acid-inducible gene-I (RIG-I), MDA5 and LGP2. Two 

caspase recruitment domains (CARD), interact with other CARD-containing proteins and are 

essential for downstream signalling. however LGP2 lacks this domain. The central portion 

consists of the DExD/H RNA helicase domain with an ATPase binding motif and the C-

terminus consists of the repressor domain, which inhibits downstream signalling. RLRs are 

essential for the recognition of both dsRNA and ssRNA viruses (Kumar et al., 2011). RLRs 

therefore play a role in antiviral innate immune responses, made evident by increased 

expression in response to type 1 IFN stimulation and viral infection. RIG-I has been identified 

in macrophages in human atherosclerotic lesions (Imaizumi et al., 2007), which suggests that 

there is a possibility that various PRRs can act in conjunction within the atherosclerotic 

lesion.  
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1.5.2.2. NOD-like receptors 

NLRs are composed of C-terminal leucine rich repeats, a central nucleotide binding domain 

and an N-terminal protein binding motif (Inohara et al., 2005). Only those NLRs, which have 

CARDs as their N-terminus, such as NOD1 and NOD2 are involved in the transcriptional 

activation of pro-inflammatory mediators via NFκB. TLRs and NODs act synergistically to 

promote pro-inflammatory cytokine production as they both recognise bacterial 

peptidoglycan components (Brodsky and Monack, 2009).  

 

1.5.2.3. C-type lectin receptors 

CLRs are unique in that they have a carbohydrate-binding domain, which enables recognition 

of carbohydrates on pathogens. CLR activation can lead to production of pro-inflammatory 

cytokines, inhibition of TLR medicated immune complexes and the mannose receptor (a C-

type lectin) can act as a phagocytic receptor (Kumar et al., 2011).  

 

1.5.2.4. Scavenger receptors 

Scavenger receptors (for example SR-AI) are a family of phagocytic receptors which aid the 

clearance of self-ligands such as modified forms of LDL, potentially driving foam cell 

formation (Quinn et al., 1987). SR-A receptors have an N-terminal cytoplasmic domain, a 

transmembrane region, a spacer region, an α-helix motif, a collagenous domain and a C-

terminal cysteine-rich motif (Emi et al., 1993). Other scavenger receptors include MARCO, 

CD68, LOX-1 and CD163; all have been reported to bind to modified lipoproteins, except 

CD163 (Greaves and Gordon, 2009). The recognition and binding of ligands to scavenger 

receptors initiates endocytosis of the receptor-ligand complex in clathrin-coated pits, vesicle 

formation, delivery of the ligand to endosomes and transport to lysosomes for degradation, 

while the scavenger receptor is transported back to the cell surface (Kzhyshkowska et al., 

2012).  

Mice deficient in the SR-A1 gene, named MSR, have reduced atherosclerosis, and MSR-/- 

macrophages have an 80% reduction in acLDL uptake in vitro (Suzuki et al., 1997), however 

other recent studies show that deleting both SR-A and another scavenger receptor CD36 

(known to bind Thrombospondin and oxLDL) have conflicting effects on atherosclerosis. One 

study shows peritoneal macrophage lipid uptake is reduced while atherosclerosis increases 
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(Moore et al., 2005), while other studies show reduced complexity of atherosclerotic lesions 

without any effect on foam cell formation (Manning-Tobin et al., 2009), and a protective 

effect by deleting CD36 is protective but no additional benefit in deleting SR-A (Kuchibhotla 

et al., 2008). Scavenger receptors such as SR-BI are also important for HDL-mediated 

cholesterol efflux (Ji et al., 1997). A deficiency in CD36 also reduces cholesterol and 

phospholipid efflux, with the function of CD36 being linked to the ABC transporter system 

(Bujold et al., 2009).    

There is increasing evidence that scavenger receptors are important modulators of 

inflammation as a combined deficiency in CD36 and SR-A reduces inflammation, apoptosis 

and secondary necrosis in relation to atherosclerosis (Manning-Tobin et al., 2009). CD36 can 

induce the heterodimeric assembly of TLR4 and TLR6. The CD36/TLR4/TLR6 complex can 

respond to oxLDL by producing pro-inflammatory cytokines and chemokines (Stewart et al., 

2010). Scavenger receptors also play important roles in the migration of macrophages 

towards chemokines as an absence of CD36 and SR-A reduces the in vitro migration of 

macrophages towards MCP-1, which is further inhibited by oxLDL (Kuchibhotla et al., 

2008). CD36 can induce cell spreading and actin polymerisation by activating focal adhesion 

kinase (FAK) signalling (Silverstein et al., 2010), this activity inhibits their migration 

suggesting CD36 activation may promote their retention in atherosclerotic plaques 

(Kzhyshkowska et al., 2012).     

 

1.5.2.5. Toll-like receptors 

TLRs are the most well studied PRRs. TLRs are type 1 transmembrane proteins with, an 

ectodomain consisting of leucine rich repeats needed to recognise PAMPs; a transmembrane 

domain to determine cellular localisation, and an intracellular toll-interleukin 1 receptor (TIR) 

domain for downstream signalling. At least 13 TLRs have so far been discovered, each with a 

certain specificity for various endogenous and exogenous ligands.  

TLRs can generally be divided into two categories; cell membrane TLRs (TLR1, TLR2, 

TLR4, TLR5, TLR6 and TLR11) and nucleic-acid sensing TLRs (TLR3, TLR7, TLR8, TLR9 

and murine TLR13), which localise to intracellular vesicles including the ER, endosomes and 

lysosomes (Kawai and Akira, 2010). TLR7 and TLR9 are suppressed in the ER but are 

transported to endolysosomes following ligand stimulation, to initiate immune responses 

(Kawai and Akira, 2010) (Figure 1.5). This is regulated by the ER-localising protein, 

UNC93B1 (Kim et al., 2008). PRAT4A is also located in the ER and is involved in the 
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trafficking of TLR4 to the plasma membrane and TLR9 to the endolysosome. In contrast to 

the specificity of PRAT4A, the heat shock protein gp96, located in the ER, acts as a 

chaperone for most TLRs (Yang et al., 2007).  

 

1.5.2.6. TLR signalling pathways 

Following PAMP recognition by TLRs, inflammatory gene transcription is upregulated. Most 

TLRs form homodimers except for TLR2 and TLR4. TLR2 heterodimerises with TLR1 and 

TLR6 (Takeuchi and Akira, 2009); while TLR4 heterodimerises with TLR6, upon binding of 

atherogenic lipids and amyloid-β to the shared co-receptor CD36 (Stewart et al., 2010). TLR 

signalling is assisted by the recruitment of five adaptor proteins to its TIR domain; these 

include MyD88, TRIF, TIRAP, MAL, TRAM and SARM (Akira et al., 2006). The TLR 

signalling pathway depends on whether MyD88 or TRIF are recruited to the TIR domain. The 

MyD88 dependent pathway activates NFκB and MAPKs to mediate production of 

inflammatory cytokines; whereas the TRIF dependent pathway culminates in NFκB and IRF3 

activation, which transcribes inflammatory cytokines and type 1 IFNs, respectively (Figure 

1.5). 

 

1.5.2.6.1. MyD88-dependent signalling pathway 

MyD88 consists of a death domain and a TIR domain. All TLRs depend on MyD88 to initiate 

downstream signalling, except TLR3. TLR2 and TLR4 utilise the TIRAP/MAL interaction as 

a bridge between TLR and MyD88; MAL stabilises the interactions between the components 

of the TLR complex (Yamamoto et al., 2002). Upon PAMP recognition by TLRs, MyD88 

recruits members of the IRAK kinase family, including IRAK-4, IRAK-1, IRAK-2 and 

IRAK-M. IRAK-4 is activated first as it is crucial for further downstream signalling. This 

results in subsequent activation of IRAK-1 and IRAK-2 which are essential for robust 

activation of NFκB and MAPK (Kawagoe et al., 2008). The IRAKs then dissociate from 

MyD88 and associate with TRAF6, an E3 ubiquitin ligase. TRAF6 then interacts with an E2 

ubiquitin-conjugating enzyme complex which consists of Ubc13 and Uev1A to generate a 

lysine 63 (K63)-linked polyubiquitin chain on TRAF6 and an unconjugated free polyubiquitin 

chain (Xia et al., 2009). Unconjugated K63-linked polyubiquitin chains activate a complex 

consisting of TAK1, TAK-1 binding protein (TAB)-1, -2 and -3. This complex translocates to 

the cytosol, and TAK1 phosphorylates IκB. Subsequently, the IKK complex, consisting of 

IKK-α, IKK-β and NFκB essential modulator (NEMO), phosphorylates IκBa, an NFκB 
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inhibitory protein. Phosphorylated IκB is degraded by the ubiquitin proteosome system, 

releasing NFκB for nuclear translocation and transcription of inflammatory genes (Figure 

1.5). TAK1 also phosphorylates MAPK6 to activate MAPKs Erk1, Erk2, p38 and Jnk. MAPK 

pathway activation subsequently generates activated protein (AP)-1, a transcription factor 

complex which controls many cytokine genes (Johnson and Lapadat, 2002). TLR7 and TLR9 

induce the production of type 1 IFNs and NFκB dependent cytokines via MyD88.  

MyD88-/- mice do not elicit any response following peptidoglycan and lipoprotein stimulation 

of TLR2 (Takeuchi et al., 2000), imidazoquinoline stimulation of TLR7 (Hemmi et al., 2002) 

or CpG DNA motif stimulation of TLR9 (Häcker et al., 2000). Similarly, MyD88-/- mice do 

not respond to LPS stimulation by TLR4, as demonstrated by an absence of inflammatory 

mediator production by macrophages, B-cell proliferation or endotoxin shock (Hoshino et al., 

1999).  In addition, there is no IL-6 production from stimulation of TLR5 by bacterial 

flagellin (Hayashi et al., 2001). Thus it is evident that MyD88 is essential for downstream 

inflammatory effects induced by ligand stimulation of various TLRs. In addition, various 

examples of this requirement exist in specific diseases. MyD88-/- mice display delayed 

clearance of Chlamydia muridarum genital infection due to decreased natural killer cell IFN-γ 

production and T-cell recruitment (Nagarajan et al., 2011). In addition, autoimmune skin 

inflammation is mediated by pDC activation by nucleic acids via TLR7 and TLR9 but such 

inflammation is reduced in MyD88-/- mice (Guiducci et al., 2010).  
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1.5.2.6.2. TRIF-dependent signalling pathway 

TLR3 is stimulated by dsRNA and signals via TRIF resulting in IRF3 and NFκB activation 

(Alexopoulou et al., 2001). TRIF interacts with TRAF3 and TRAF6 via its N-terminal TRAF 

binding-motifs. TRAF3 activates 2 non-canonical IKK-related kinases, TBK1 and IKKε 

which catalyse the phosphorylation of IRF3 enabling it to translocate to the nucleus 

(Oganesyan et al., 2006). IRF3 mediates the production of pro-inflammatory cytokines, type 1 

IFNs and increased expression of IFN-induced genes including Adar1, Ifit3 and Irf7 

(Tenoever et al., 2007).  TRIF also interacts with RIP1 and RIP3 via its C-terminal RHIM 

motif. The TNFR-associated death domain protein (TRADD) is involved in TRIF dependent 

signalling (Ermolaeva et al., 2008). A complex is formed consisting of TRADD, FADD and 

RIP1. TRADD triggers RIP1 ubiquitination, which activates NFκB. This requires Pellino-1, a 

member of the Pellino family of RING-like domain containing E3 ubiquitin ligases, made 

evident by a lack of NFκB activation in Pellino-1 deficiency (Chang et al., 2009). Following 

Poly(I:C) (a synthetic dsRNA analogue) stimulation, FADD activates caspase 8 and caspase 

10, and their cleavage activates NFκB (Takahashi et al., 2006). In addition, TRIF associates 

with TRAF6 to activate TAK1. This is thought to be dependent on ubiquitination like the 

MyD88-dependent pathway resulting in phosphorylation of IκBα by IKK-α and IKK-β 

(Alexopoulou et al., 2001). SARM is a known inhibitor of TRIF-mediated signalling in 

humans (Carty et al., 2006) (Figure 1.5). 

TLR4 is unique in that it utilises both MyD88 and TRIF dependent signalling with sequential 

activation of 4 adaptor molecules. It appears that the receptor’s location in the cell determines 

which pathway it utilises. First, upon ligand binding membrane bound TLR4 recruits MyD88 

which binds to MAL and activates NFκB and MAPK (Kagan et al., 2008). Secondly, TLR4 

translocates to the endosome, via dynamin-dependent endocytosis, where it associates with 

TRAM to trigger TRIF-dependent signalling resulting in IRF3 activation and late phase 

activation of NFκB and MAPK (Tanimura et al., 2008). It is unclear why only TLR4 utilises 

both signalling pathways.  

 

 





 71 

1.5.2.7. Toll-like receptor ligands 

TLRs respond to a various exogenous and endogenous ligands (Figure 1.6). Many ligands are 

present in the atherosclerotic lesion that could elicit responses. Cell surface TLRs primarily 

recognise bacterial products; whilst nucleic acid sensing TLRs, including TLR2 and TLR4 

recognise viral and bacterial nucleic acids (Compton et al., 2003). Endosomal TLR ligands 

must be present in the endosome to initiate signalling (Lundberg and Hansson, 2010). TLR2 

activation by viral ligands occurs in Ly-6Chi monocytes causing the production of type 1 IFNs 

(Barbalat et al., 2009). Heterodimerisation of TLR2 with TLR1 or TLR6 enables it to 

discriminate between different ligands (Buwitt-Beckmann et al., 2005). Homo- or 

heterodimerisation of the TLRs along with their co-receptors and accessory molecules confers 

greater specificity ligand detection (Piccinini and Midwood, 2010). Various PAMPs are 

present in atherosclerotic plaques and including bacterial signatures, nucleic acids (Ott et al., 

2006), peptidoglycans (Laman et al., 2002) and exogenous heat shock proteins (Wallin et al., 

2002). Several DAMPs have also been found in atherosclerosis. Endogenous ligands 

produced from tissue injury, remodelling and subsequent sterile inflammation, in the absence 

of infection generate DAMPs (Rifkin et al., 2005). These DAMPs include lipoproteins, 

necrotic cell debris and extracellular matrix proteins.  

HMGB1, another extracellular ligand and a DNA binding protein, leaks from necrotic cells 

and is produced by activated macrophages, endothelial cells and smooth muscle cells in 

human atherosclerotic lesions, aids endogenous IL-1R/TLR signalling (Maroso et al., 2011) 

and binds to DNA or RNA to signal via the RAGE receptor following TLR9 activation (Tian 

et al., 2007). Interestingly, extracellular HMGB1 is only expressed by human atherosclerotic 

plaques, not healthy arteries, where they mediate inflammatory reactions contributing to 

lesion progression and chronic inflammation (Silva et al., 2007).  

Other extracellular ligands contributing to lesion development include heparin sulphate and 

hyaluronic acid which undergo degradation at sites of inflammation induced by tissue injury 

and infection (Johnson and Lapadat, 2002; Taylor et al., 2004). The degradation products of 

both molecules activate dendritic cells in a TLR4 dependent manner (Termeer et al., 2000). 

Fibronectin extradomain A, a spliced exon produced from alternative splicing of fibronectin 

increases with disease progression of atherosclerosis in ApoE-/- mice, providing evidence that 

it contributes to lesion development (Babaev et al., 2000; Tan et al., 2004).  

Lipids also act as extracellular ligands. Saturated fatty acids stimulate TLR4 whilst 

polyunsaturated fatty acids inhibit TLR4 activation (Lee et al., 2003). However another study 

showed that saturated fatty acids cannot stimulate TLRs and such activation is actually due to 
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LPS and lipopeptide contamination (Erridge and Samani, 2009). MmLDL which consists of 

apolipoproteins, cholesterols and phospholipids has a pro-inflammatory and pro-atherogenic 

role (Miller et al., 2003). MmLDL can act in two ways; either involving macrophages and 

endothelial cells via CD14, TLR4 and MD-2 depending on MyD88, or it can induce reactive 

oxygen species production in macrophages via TLR4 independent of MyD88 (Bae et al., 

2009). OxLDL and β-amyloid peptide stimulate a TLR4/6 heterodimer and CD36, a class B 

scavenger receptor, mediating platelet aggregation and adhesion after injury, DC recognition, 

uptake of apoptotic cells and inflammatory gene expression (Stewart et al., 2010). ApoCIII, a 

component of VLDL, acts in a pro-atherogenic manner by stimulating TLR2 to mediate pro-

inflammatory pathways in monocytes (Kawakami et al., 2008). 

 

1.5.2.8. Expression of TLRs in atherosclerosis 

TLRs are expressed by many cells including leukocytes, DCs, T and B lymphocytes. Edfeldt 

et al. demonstrated using PCR and immunohistochemical analysis that TLR1, TLR2 and 

TLR4 are increased in human atherosclerotic plaques and several TLR-expressing cells are 

activated, the majority of which are macrophages (Edfeldt et al., 2002).  

Mast cells are involved in host defence to infection and allergy. They release preformed 

mediators including proteases, histamine and cytokines. Mast cells increase at sites of plaque 

erosion, rupture and haemorrhage suggesting that they are involved in the pathogenesis of 

TCFAs and vulnerable plaque morphology (Kaartinen et al., 1994). It is thought that 

substance P causes adventitial mast cell activation and intraplaque haemorrhage via TLR2 

upregulation, suggesting that TLR2 plays a role in the vulnerable plaque phenotype (Bot et 

al., 2010). It is believed that human and rodent mast cells express TLR1-TLR7 and TLR9 

(Kulka et al., 2004).  

Interestingly, the earliest expression of TLRs is in resident vascular cells. Normal human 

vessels express TLRs but TLR1, TLR2 and TLR4 is upregulated in atherosclerotic vessels 

compared to normal vessels (Edfeldt et al., 2002). In addition, primary endothelial and 

smooth muscle cells in vitro are responsive to more ligands than venous tissue, emphasising 

that arteries are more susceptible to atherosclerotic plaque formation (Erridge et al., 2008). 

TLR2 is constitutively expressed in murine aortic smooth muscle cells; while TLR2 

expression can be induced in human coronary artery smooth muscle cells by Chlamydia 

Pneumonia, TLR3 and TLR4 ligand stimulation (Yang et al., 2005). TLR2 is expressed in 
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arterial regions experiencing disturbed blood flow, such as the inner curvature of the aortic 

arch, in LDLR-/- mice (Mullick et al., 2008). 

 

1.5.2.9. Role of TLRs in atherosclerosis 

TLRs can directly affect atheroma formation as stimulation of macrophages with TLR2, 

TLR4 and TLR9 ligands promote lipid uptake (Funk et al., 1993). Recently, experimental 

evidence using ApoE-/- mice showed that TLR4, and TLR2, albeit to a lesser extent, 

contribute to early stage intimal foam cell accumulation in the aorta at sites susceptible to 

lesion formation (Higashimori et al., 2011). TLR4 can mediate fluid phase uptake 

(macropinocytosis) of lipids in differentiated macrophages (Choi et al., 2009). Increased lipid 

uptake can also be mediated by increased expression of scavenger receptors induced by 

TLR3, TLR4 and TLR9 (Doyle et al., 2004), which in turn stimulates increased expression of 

fatty acid binding proteins such as aP2 and Mal1 (Feingold et al., 2010; Kazemi et al., 2005). 

SR-A facilitates dsRNA entry and delivery to the sensing receptors TLR3, RIG-I and MDA-5 

(DeWitte-Orr et al., 2010). TLRs and their ligands can also disrupt cholesterol efflux 

mechanisms, which can contribute to foam cell formation. LXRs and their target genes, 

ABCA1 and ABCG1 mediate cholesterol efflux. TLR3 and TLR4 can stimulate IRF3 

dependent signalling which can inhibit LXR transcriptional activity resulting in decreased 

expression of LXR target genes and decreased cholesterol efflux (Castrillo et al., 2003). 

Accordingly, macrophages deficient in ABCA1, ABCG1 or both exhibit increased TLR4 

expression and enhanced MyD88/TRIF signalling (Yvan-Charvet et al., 2008).   

In accordance with the above data showing a pro-atherogenic role for TLRs, studies of 

murine models of atherosclerosis, in which various TLRs have been deleted, also add 

evidence for TLRs having pro-atherogenic effects. With regards to TLR4, C3H/HeJ mice 

carry a missense mutation in the third exon of the TLR4 gene (Poltorak et al., 1998), which 

renders them resistant to diet-induced atherosclerosis (Ishida et al., 1991). However, bone 

marrow transfer of cells from C3H/HeJ mice to ApoE-/- mice showed no effect on lesion 

formation (Shi et al., 2000); suggesting that expression of TLRs on resident vascular cells has 

a larger impact on the development of atherosclerosis than expression of TLRs on myeloid 

cells. Similarly, bone marrow transfer from TLR2-/- mice to LDLR-/- mice has no effect on 

lesion formation (Mullick et al., 2005). However, bone marrow transfer prior to Pam3CSK 

(synthetic TLR2 agonist) stimulation causes a decrease in lesion development (Mullick et al., 

2005), suggesting that perhaps exogenous agonists induce pro-atherogenic TLR2 signalling 

via myeloid cells, whereas non-myeloid cells detect endogenous agonists. ApoE-/- mice 
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deficient in TLR4 and TLR2 display a 55% decrease in atherosclerotic lesion development 

(Michelsen et al., 2004; Mullick et al., 2005) and a 65% decrease in macrophage infiltration is 

seen in ApoE-/- mice deficient in TLR4 (137). In the absence of TLR2 and TLR4 decreased 

lesion size is mirrored by a decrease in peripheral CCL2 levels (Bjorkbacka et al., 2004). 

TLR2 expression is increased in endothelial cells at atherosclerosis prone sites such as the 

inner curvature of the aortic arch in LDLR-/- mice (Mullick et al., 2008). A deficiency of 

TLR7 in ApoE-/- mice increases lesion development and plaque vulnerability, while in human 

carotid plaques TLR7 expression associated with M2 macrophage marker and collagen gene 

expression (Salagianni et al., 2012). In addition, experimental evidence shows that a MyD88 

deficiency in ApoE-/- mice significantly prevents the deposition of lipids by 60% and 

macrophage infiltration by 75% (Mullick et al., 2008). The lack-of-function Lps2 mutation in 

the TRIF gene protects LDLR-/- mice, fed an atherogenic diet, from atherosclerosis (Richards 

et al., 2013).  

However, contrary to the initial belief that TLRs are purely pro-atherosclerotic, Cole et al 

reported a protective role for TLR3 in arterial injury (Cole et al., 2011). In murine models the 

dsRNA analogue Poly(I:C) reduces neointima formation in a TLR3-dependent manner. In 

addition, in ApoE-/- mice deficient in TLR3, early atherosclerotic lesion formation is 

accelerated (Cole et al., 2011). However bone marrow transplantation studies into LDLR-/- 

mice demonstrated that TLR3 increases aortic inflammation and atherosclerosis, and the TLR 

adaptor proteins TRAM and TRIF are also pro-atherogenic via TLR4 by increasing aortic 

inflammation, macrophage and T cell influx (Lundberg et al., 2013). Additionally, a 

deficiency in TLR3 in ApoE-/- and LDLR-/- mice increases plaque SMC and collagen content, 

and reduces MMP-2 and -9 levels in atherosclerotic plaques (Ishibashi et al., 2013).  

 

1.5.3. Interferon Regulatory Factors (IRFs) 

One set of transcription factors that is activated by TLR signalling is the interferon regulatory 

factor (IRF) family. They regulate transcription of type I IFNs and IFN-inducible genes such 

as pro-inflammatory cytokines (Tamura et al., 2008). The mammalian IRF family consists of 

nine members: IRF1, IRF2, IRF3, IRF4 (also called LSIRF, PIP or ICSAT), IRF5, IRF6, 

IRF7, IRF8 (also called ICSBP) and IRF9 (also known as ISGF3γ) (Taniguchi et al., 2001). 

Each IRF contains a conserved DNA binding domain (DBD), which is about 120 amino acids 

in length at its N-terminus forming a helix-turn-helix motif, and recognises IFN-stimulated 

response element (ISRE) sequences on the promoters of genes either induced by type I IFNs 

or the promoters of type I IFN genes themselves (Honda and Taniguchi, 2006). The C-
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terminus of IRFs (except for IRF1 and IRF2) has an IRF association domain (IAD), which 

forms homo- and heteromeric interactions with other IRF family members or other 

transcription factors like PU.1 or STAT. The expression and function of the IRF family can 

be seen in table 1. 

IRF Expression and Activity Function 
IRF1 Induced by interferons, DNA damage 

Interacts with MyD88 
Stimulates IFN-inducible genes e.g. iNOS, 
COX-2, enhances TLR-mediated induction of 
IL-12, IFN-β (Negishi et al., 2006) 
Promotes Th1, CD8+ DCs while suppressing 
Th2 differentiation (Kano et al., 2008) 
Needed for DNA damage-induced apoptosis 
(Tamura et al., 1995) 

IRF2 Suppresses type I IFNs by inhibiting 
IRF1 and IRF9 (Elser et al., 2002) 
Can co-operate with IRF1 to activate 
transcription of e.g. IL-12 

Promotes CD4+ DC, basophil, Th1 
differentiation while suppressing Th2 
differentiation 

IRF3 Activated by TRIF-dependent 
signalling, phosphorylated after viral 
infection, DNA damage (Jiang et al., 
2004) 

Stimulates type I IFNs and chemokines 
Promotes macrophage apoptosis after 
bacterial infection 

IRF4 In B cells, macrophages, CD11b+ 
DCs 
Can be induced by antigens in T cells 
or TLR signalling in macrophages 

Inhibits TLR-induced pro-inflammatory gene 
expression by inhibiting IRF5 binding to 
MyD88 (Negishi et al., 2005; Xu et al., 2011) 
Needed for CD4+ DC, Th2 cell differentiation 
Polarises macrophages to M2 phenotype 
(Satoh et al., 2010) 

IRF5 In B cells, DCs, macrophages, 
induced by Type I IFNs, TLR 
signalling, DNA damage (Takaoka et 
al., 2005) 

Induces Type I IFNs, TLR-induced pro-
inflammatory cytokine expression by binding 
to MyD88 (Krausgruber et al., 2010) 
Polarises macrophages to M1 phenotype 
(Krausgruber et al., 2011) 

IRF6 Expressed in skin Needed for keratinocyte differentiation 
(Richardson et al., 2006) 

IRF7 In B cells, pDCs, monocytes, induced 
by type I IFNs, TLR signalling 

Promotes TLR-dependent induction of type I 
IFNs by binding to MyD88 (Dai et al., 2011; 
Honda et al., 2005) 

IRF8 In B cells, macrophages, CD11b- 

DCs, induced by IFN-γ and antigen 
stimulation of T cells (Tailor et al., 
2007) 

Needed for TLR9 signalling, type I IFN 
production, IFN-γ and PAMP-inducible 
genes (Schroder et al., 2007) 
Needed for macrophage, CD8α+ DC, pDC, 
Th1 cell differentiation 

IRF9 Induced by IFN-γ in various cells. Stimulates type I IFN-inducible genes by 
binding to STAT1 and STAT2 (Tsuno et al., 
2009) 

 
Table 1.1. Summary of the Interferon Regulatory Factor (IRF) family. 
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1.5.3.1. IRFs are important for myeloid cell development and function 

As mentioned previously, IRF5 is upregulated during the transition of cMoPs into Ly-6C+ 

monocytes (Hettinger et al., 2013). IRF8 and PU.1 modulate the expression of the 

transcription factor KLF4 by binding to its enhancer, thus controlling the development of 

monocytes, which is reliant on KLF4 (Kurotaki et al., 2013). A deficiency in IRF8 eliminates 

Ly-6C+ monocytes while Ly-6C- monocytes remain but in much lower numbers (Kurotaki et 

al., 2013).  

IRF4 is expressed by macrophages, B and T lymphocytes and its expression is increased 

following TLR and IL-4 stimulation (Krausgruber et al., 2011). IRF4-/- mice have an 

enhanced production of pro-inflammatory cytokines, such as IL-6 and TNF-α, following TLR 

induction while eosinophil recruitment and mannose receptor expression is impaired in these 

mice (Satoh et al., 2010). IRF4-/- mice are more sensitive to shock induced by unmethylated 

DNA – a TLR9 agonist - mediated by MyD88-dependent signalling (Negishi et al., 2005). 

During helminth infection, IRF4 is needed for Th2 cell responses and skews macrophages 

towards the M2 phenotype (Satoh et al., 2010). Hemaglutinin-tagged expression vectors 

showed that IRF4 inhibits IRF5 from translocating to the nucleus and binding to MyD88, thus 

acting as a negative feedback mechanism mitigating inflammatory cytokine production 

(Negishi et al., 2005).  

IRF4 is not the only IRF that demonstrates activity favouring M2 macrophage polarisation. 

Arginase-1 expression is increased by macrophages in regressive plaques of an aortic 

transplant model, and its expression is controlled by PU.1 in concert with IRF8, where LXR-α 

first transcribes IRF8 (Pourcet et al., 2011). A haemopoietic deficiency in IRF8 enhances 

atherosclerosis and enlarges the necrotic core by increasing apoptosis of polymorphonuclear 

cells, and generating macrophages unable to perform efferocytosis (Döring et al., 2012).  

IRFs play important roles in the development of DC subsets. GM-CSF and Flt3L stimulate 

the transcription factors IRF4 and PU.1 to bind to the CD11c promoter in monocytes and 

drive their differentiation into mature DCs (Zhu et al., 2012). CD8+ DCs upregulate the 

transcription factor IRF8 while CD8- cDCs are controlled by IRF2 and IRF4 (Miller et al., 

2012). IRF4 appears to have a pro-survival role in DCs as CD11b+ DCs and CD11b+CD103+ 

DCs found in the lung depend on IRF4 for their survival, while CD11b+CD24+CD64- DCs – a 

subtype of CD11b+ DCs - depend on IRF4 to elicit IL-17 responses (Schlitzer et al., 2013). 

IRF4 controls a specific subset of DCs, which controls Th2 cell differentiation in response to 

a protease allergen (Gao et al., 2013). cDCs mediate the activation of IRF1 which results in 

IFN-β gene expression (Negishi et al., 2006).  
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1.5.3.2. Interferon Regulatory Factor 5 

The human IRF5 gene is encoded on chromosome 7q32. Exon 6 contains two splice sites, 

thus participating in the formation of IRF5 isoforms, but there is only one isoform present in 

mice (Kozyrev et al., 2007). In contrast to other IRFs, IRF5 has two nuclear localisation 

signals (NLS), one in the N-terminus and one in the C-terminus. The 3’ NLS in the DBD 

allows weak nuclear translocation in unstimulated cells while the 5’ NLS becomes exposed 

after phosphorylation allowing strong nuclear translocation (Barnes et al., 2002). IRF5 also 

contains a nuclear export signal controlling its trafficking between the nucleus and cytoplasm 

(Lin et al., 2005). 

 

1.5.3.2.1. IRF5 activity in myeloid cells 

RNA interference in murine macrophages showed that IRF5 is activated by TLR7 or TLR8, 

and along with IRF7 is dependent on MyD88, IRAK1 and TRAF6 for its activation by TLR7 

(Schoenemeyer et al., 2005). In human pDCs in vitro, IRF5 is normally associated with 

MyD88 and TRAF6 at rest. Upon stimulation of TLR9 in vitro, IRF5 associates with the p50 

subunit of NFκB and translocates into the nucleus to transcribe IFN-β and IL-6, while IRF8 

negatively regulates this process (Steinhagen et al., 2013). 

In human and murine macrophages, the NOD2 receptor can activate IRF5 via 

phosphorylation by RIP2 kinase (Chang Foreman et al., 2012). In HEK 293 cells, the IL-12β 

enhancer contains ISREs and TLR-activated IRF5 enables co-operation between the enhancer 

and promoter (Koshiba et al., 2013). However RIG-I-like receptor activated IRF3 binds to the 

ISREs and suppresses IL-12β gene expression by outcompeting IRF5 (Koshiba et al., 2013). 

Candida albicans triggers the production of type I IFNs by DCs – primarily IFN-β – by 

stimulating the Dectin-1 receptor to mediate intracellular signalling dependent on Syk, Card9 

and IRF5, enabling NFκB and c-Jun to form the IFN-β enhanceosome (Del Fresno et al., 

2013).  

IRF5-expressing macrophages can trigger the expansion and activation of Th1 and Th17 

lymphocyte lineages (Krausgruber et al., 2011). IRF5-/- mice have defective pro-inflammatory 

cytokine and type I IFN production following TLR3, TLR4, TLR5 and TLR7 stimulation 

(Tamura et al., 2008), and increased resistance to LPS- and CpG-induced endotoxic shock 

(Takaoka et al., 2005). IRF5 gene expression is higher in M1 macrophages, including those 

that have been converted from M2 macrophages while there is no change in IRF4 or IRF3 

expression (Krausgruber et al., 2011). KAP1 is a transcriptional co-repressor which inhibits 
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the ability of IRF5 to transcribe TNF-α and other M1 macrophage genes (Eames et al., 2012) 

(Figure 1.7.).  

IRF5 is expressed by DCs, is required for DNA damage-induced apoptosis and can inhibit IL-

10 production (Hu and Barnes, 2009). IRF5 is important for the prolonged secretion of TNF-α 

by DCs, which is initiated in co-operation with NFκB (Krausgruber et al., 2010). In murine 

DCs, IRF5 can upregulate the transcription of IFN-α, IFN-β and IL-6 following stimulation of 

TLR7 or TLR9 (Yasuda et al., 2013) (Figure 1.7.).  

A combined deficiency of IRF3, IRF5 and IRF7 in THP-1-derived macrophages decreases the 

expression of IFN-β, IP-10, RANTES (CCL5) and IL-10 (Sweeney, 2011). When IRF3 is 

absent in murine macrophages, IRF5 can induce the transcription of IL-12β (Negishi et al., 

2012). IRF3, IRF5 and IRF7 are important mediators in type I IFN and IFN-stimulated gene 

responses (ISGs) by murine myeloid DCs, and their induction in vitro downstream of RIG-I-

like receptors is dependent on an interaction between IRF5 and the RIG-I-like receptor 

adaptor protein MAVS (Lazear et al., 2013). 

Type I IFNs modulate myeloid cell recruitment to Candida albicans infected sites in mice by 

controlling CXCL1 and CXCL2 production by infiltrating neutrophils, and increase the 

susceptibility of local T cells and macrophages to apoptosis (Del Fresno et al., 2013). In 

patients suffering from SLE (systemic lupus erythematosus), apoptotic and necrotic material 

can activate IRF5 in monocytes to translocate into the nucleus and transcribe TNF-α, IL-6 and 

IFN-α (Stone et al., 2012). IRF5 is required for the trafficking of Ly-6Chi monocytes to the 

peritoneal cavity of mice with pristene-induced lupus (SLE mouse model) as IRF5 regulates 

the expression of the chemokine receptors CXCR4 and CCR2 (Yang et al., 2012).  
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Figure 1.7. The transcriptional activity of IRF5 in macrophages and dendritic cells. Toll-

like receptors are bound by a ligand, triggering an intracellular signalling cascade (as detailed 

in figure 1.5.) eventually leading to the nuclear translocation of IRF5. In macrophages, IRF5 

confers a pro-inflammatory M1 profile as it transcribes pro-inflammatory cytokines and 

inhibits IL-10. IRF5 also modulates the production of TNF-α, IL-6 and IFN-β in dendritic 

cells. IRF5 can be prevented from binding to transcriptional promoters by IRF4 and KAP1. 
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1.6. HYPOTHESIS  

Macrophages are the most abundant cell type in atherosclerotic plaques, particularly those of 

a vulnerable phenotype. Monocytes and macrophages can exist with different phenotypes but 

whether a particular type promotes a specific plaque composition has not been proven. While 

recent studies have attempted to examine macrophage heterogeneity during plaque 

progression, it is not known whether a specific macrophage phenotype facilitates vulnerable 

plaque formation.  

Pro- and anti-inflammatory cytokines have significant effects on atherosclerotic plaque 

development. Both IFN-γ and TLR4 have been implicated in M1 polarisation (Martinez et al., 

2008) and their genetic deletion reduces lesion development (Gupta et al., 1997; Michelsen et 

al., 2004). A myeloid cell-specific deletion of the type I IFN receptor reduces lesion size and 

macrophage content (Goossens et al., 2010). On the contrary, IL-10 deficiency increases 

atherosclerosis (Caligiuri et al., 2003). As IFN-γ can cause M1 macrophage polarisation and 

IL-10 can stimulate regulatory M2c macrophage polarisation or be produced by M2 

macrophages, cytokines may influence plaque progression by determining macrophage 

polarisation. There is also substantial evidence that TLRs affect atherosclerosis as for 

example, deleting TLR4 and TLR2 reduces plaque development (Mullick et al., 2005).  

IRF5 is one of the transcription factors which can be activated following TLR stimulation and 

subsequently modulates the production of pro-inflammatory cytokines and type I IFNs (Stone 

et al., 2012). IRF5 has even been implicated in the polarisation of macrophages towards the 

M1 phenotype (Krausgruber et al., 2011). Thus TLR signalling could modulate macrophage 

polarisation in atherosclerosis via IRF5. However IRF5 is also important for the modulation 

of DC activity, where it also controls the transcription of pro-inflammatory cytokines such as 

TNFα and type I IFNs such as IFN-α and IFN-β, following TLR stimulation (Yasuda et al., 

2013).  

Taking all of this evidence into account, I hypothesise that Toll-like receptor signalling via 

IRF5 may be vital in shaping macrophage polarisation that promotes vulnerable plaque 

development. Moreover IRF5 may exacerbate atherosclerosis and increase the likelihood of 

vulnerable plaque formation, particularly in response to low shear stress, by polarising 

macrophages towards the M1 phenotype and increasing pro-inflammatory cytokine 

production. 
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1.6.1. Aims 

1) To assess the recruitment and polarisation fate of monocyte-macrophages in 

atherosclerosis and whether it is modulated by shear stress. 

2) To investigate whether Toll-like receptor signalling via IRF5 modulates 

atherosclerosis and vulnerable plaque development.   

3) To study whether the activity of IRF5 in atherosclerosis is modulated by shear stress. 

4) If aims 2 and 3 show IRF5 has an effect on atherosclerosis, I will investigate whether 

its effect is mediated by its influence on the phenotypic behaviour of macrophages. 
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MATERIALS AND METHODS 
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2.1. REAGENTS 

2.1.1. List of primary antibodies used 
Cell surface marker Species/Isotype Clone Concentration Use Source 

Arginase-1 Rabbit IgG H-52 2μg/ml All Santa Cruz 
CCR7 Rat IgG2a 4B12 10µg/ml IHC AbD Serotec 
CCR7-AF647 Rat IgG2a 4B12 5μg/ml FC AbD Serotec 
CD103 Rat IgG2a M290 10μg/ml IHC BD Biosciences 
CD115 Rat IgG1 604B5 2E11 5μg/ml IHC AbD Serotec 
CD115-APC Rat IgG2a κ AFS98 4μg/ml FC eBioscience 
CD11b (Mac-1) Rat IgG2b κ M1/70 1.25μg/ml IHC BD Pharmingen 
CD11b-FITC Rat IgG2b κ M1/70 5μg/ml FC BD Pharmingen 
CD11b-APC-Cy7 Rat IgG2b κ M1/70 5μg/ml FC BD Pharmingen 
CD11c Hamster IgG1 λ2 HL3 2.5μg/ml IHC BD Pharmingen 
CD11c-PE Hamster IgG1 λ2 HL3 4μg/ml FC BD Pharmingen 
CD163 Rabbit IgG Polyclonal 5μg/ml IHC Abcam 
CD206 (MRC-I) Rat IgG2a MR5D3 5μg/ml IHC AbD Serotec 
CD206-Biotin Rat IgG2a MR5D3 5μg/ml CF AbD Serotec 
CD206-AF647 Rat IgG2a MR5D3 5μg/ml FC AbD Serotec 
CD31 (PECAM-1) - 
Biotin 

Rat IgG2a MEC 13.3 5μg/ml CF BD Pharmingen 

CD45-APC Rat IgG2b 30-F11 1μg/ml FC Biolegend 
CD45-APC-Cy7 Rat IgG2b 30-F11 1μg/ml FC Biolegend 
CD45-brilliant violet 
421 

Rat IgG2b 30-F11 1μg/ml FC Biolegend 

CD45-PE Rat IgG2b 30-F11 1μg/ml FC Biolegend 
CD68 Rat IgG2a FA-11 5μg/ml IHC AbD Serotec 
CD68-AF647 Rat IgG2a FA-11 2.5μg/ml CF AbD Serotec 
DC-SIGN Rabbit IgG Polyclonal 0.5μg/ml IHC Biorbyt 
F4/80-APC Rat IgG2a κ BM8 2μg/ml FC eBioscience 
Flt3 (CD135) Rat IgG2a 113308 10μg/ml IHC R&D Systems 
Iba-1 Rabbit IgG Polyclonal 10µg/ml IHC Wako 
iNOS (NOS2) Rabbit IgG Polyclonal 1μg/ml IHC, CF Abcam 
iNOS-PE Rabbit IgG N-20 1μg/ml FC Santa Cruz 
HO-1 Rabbit IgG Polyclonal 5μg/ml IHC, CF Abcam 
IRF5 Rabbit IgG Polyclonal 0.5μg/ml IHC, CF Abcam 
IRF4 Rat IgG1 3E4 8μg/ml All Santa Cruz 
IRF4-PE Rat IgG1 3E4 8μg/ml FC Santa Cruz 
Ly-6C-PE-Cy7 Rat IgM κ AL-21 2μg/ml FC BD Pharmingen 
Mac-3 Rat IgG1 κ M3/84 0.15625μg/ml IHC BD Pharmingen 
MerTK Rabbit IgG Monoclonal 10μg/ml IHC Abcam 
MHC-II-brilliant violet 
421 

Rat IgG2b κ M5/114/115.2 0.5μg/ml FC BioLegend 

PECAM-1 (CD31) Rat IgG2a κ MEC 13.3 10μg/ml CF BD Pharmingen 
SMC α-actin Mouse IgG2a 1A4 5μg/ml CF Sigma Aldrich 
Isotype Control Rat IgG2a κ R35-95 5 or 10μg/ml All AbD Serotec 
Isotype Control Rat IgG1 4639 8μg/ml All AbD Serotec 
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Isotype Control Rabbit IgG Polyclonal 0.5-2µg/ml All Dako 
 
Table 2.1. Primary antibodies used in experiments. IHC = Immunohistochemistry, CF = 
Immunofluorescence/Confocal Microscopy, FC = Flow Cytometry, All = All methods listed 

 

2.1.2. List of secondary antibodies/labels used 

Name of Reagent Reagent type Concentration 
used 

Use Source 

Alexa Fluor 568 goat anti - 
hamster IgG 

Secondary antibody As appropriate CF Life Technologies 

Alexa Fluor 488 goat anti - 
rabbit IgG 

Secondary antibody As appropriate CF Life Technologies 

Streptavidin, Alexa Fluor 568 
conjugate 

Streptavidin 2μg/ml CF Life Technologies 

Biotinylated Goat Anti-
Hamster IgG Antibody 

Secondary antibody 3.75μg/ml IHC AbD Serotec 

Biotinylated Rabbit Anti-Rat 
IgG Antibody 

Secondary antibody 3.75μg/ml IHC AbD Serotec 

Rat Anti-mouse CD16/CD32 Mouse Fc block 10μg/ml FC BD Pharmingen 
 
Table 2.2. Secondary antibodies and labels used in experiments. IHC = 
Immunohistochemistry, CF = Immunofluorescence/Confocal Microscopy, FC = Flow 
Cytometry. 

 

2.1.3. List of buffers and solutions 

Name Composition 
Dulbecco’s Modified Eagle 
Medium (DMEM)  

Contains 4 mM L-glutamine, 4500 mg/L glucose, 1 mM 
sodium pyruvate, and 1500 mg/L sodium bicarbonate (as 
specified by manufacturer) 

Roswell Park Memorial 
Institute Medium (RPMI) 
1640  

Contains 2 mM L-glutamine and 71mM sodium chloride (as 
specified by manufacturer) 

10x PBS (pH 7.4) 137 mM NaCl 
2.7 mM KCl 
4.3 mM Na2HPO4 
1.47 mM KH2PO4 in dH20 

50 x TAE 242g Tris-base 
57.1ml Glacial Acetic Acid 
18.6 g EDTA in dH20 

FACS buffer 
 

5% w/v foetal calf serum in 1x PBS 
0.01% w/v sodium azide in MilliQ water 

Flow cytometry staining 
buffer 

1% w/v foetal calf serum from (PAA, UK)  
in 1x PBS 

IC Fixation buffer Aqueous buffered solution containing 4% v/v 
Paraformaldehyde (as specified by manufacturer) 
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MACS buffer 0.5% v/v FCS, 2mM EDTA, 1 x PBS 
Red blood cell lysis buffer 8.3 g/L ammonium chloride in 0.01 M Tris-HCl buffer. 
RLT buffer RLT buffer (Qiagen), 1μl beta mercaptoethanol per ml RLT 

buffer 
Oil Red O solution  
Dextrin solution  
Working solution  

1% w/v Oil red O in 100% isopropanol 
1% w/v dextrin 
3:2 (Oil red O : Dextrin solution) 

10% buffered formalin 100 ml Formaldehyde (37-40%)  
900 ml Distilled water  
4.0 g NaH2PO4  
6.5 g Na2HPO4 (anhydrous)  

Annexin-binding buffer 
(Part of apoptosis kit) 

50 mM HEPES, 700 mM NaCl, 
12.5 mM CaCl2, pH 7.4 

Table 2.3. Buffers and solutions used in experiments. The names and compositions of 
buffers and staining solutions used in all experiments 

 

2.2. IN VIVO EXPERIMENTS 

2.2.1. Maintenance of Animals 

ApoE-/- mice on a C57BL/6 background were purchased from Charles River Laboratories 

(UK) and bred in-house. Four-week-old mice were weaned and maintained on a normal chow 

diet. All animals were housed under specific-pathogen free conditions and studied according 

to UK Home Office regulations. Only males were used for this study unless otherwise 

specified. For mice undergoing surgical intervention, I replaced the normal chow diet at 15-

17 weeks of age with a cholate-free high fat diet as used by (Cheng et al., 2006) and 

manufactured by Special Diets Services (Essex, UK) consisting of (w/w) cocoa butter (15%), 

cholesterol (0.25%), maize starch (10%), casein (20%), sucrose (40.5%), cellulose (5.95%), 

corn oil (1%), 50% choline chloride (2%), methionine (0.2%) and mineral mixture (5.1%).  

IRF5-/- mice on a C57BL/6 background were generated by (Takaoka et al., 2005) using the 

standard homologous recombination protocol as follows. Genomic DNA containing the IRF5 

gene was isolated from a 129J mouse genomic library. The targeting vector was constructed 

by replacing a 2.1-kilobase (kb) fragment including the translational start codon ATG, with a 

neomycin-resistance gene cassette. The IRF5 gene-targeting vector was transfected into 

embryonic stem cells (E14K). Neomycin-resistant colonies were selected and screened by 

PCR and Southern blot analysis (Takaoka et al., 2005). Two homologous recombinants were 

microinjected into C57BL/6 blastocysts. Chimeric mice were mated with C57BL/6 female 

mice, heterozygous F1 progenies were inter-crossed to obtain IRF5-/- mice, and screened by 

PCR (where the band for the wild-type allele measured 6.7kb, and the knockout band 
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measured 4.4kb), Southern blot (where mice were stimulated with poly(I:C) and analysed for 

the expression of IRF5 mRNA, IRF5-/- mice did not express any IRF5 mRNA), and Western 

blot analysis (where splenocyte lysates from mice were examined for the IRF5 peptide, IRF5-

/- mice did not have the 57kDa IRF5 peptide) was performed (Takaoka et al., 2005). The 

IRF5-/- mice developed normally and had no differences in haemopoietic cell populations, but 

are resistant to lethal shock induced by unmethylated DNA or LPS (Takaoka et al., 2005). We 

obtained IRF5-/- mice from Prof. Udalova (Kennedy Institute of Rheumatology, London, UK). 

 

2.2.2. Generation of double knockout ApoE-/-IRF5-/- mice 

The IRF5-/- mice are on a C57BL/6 background, hence they do not spontaneously develop 

atherosclerosis unless they are given a high fat diet for a prolonged period, even so they 

develop small lesions confined to the aortic root that do not progress beyond the fatty streak 

stage (Daugherty, 2002). Therefore IRF5-/- mice require breeding with an atherosclerosis-

prone transgenic mouse model in order to study the progression of atherosclerosis up to the 

advanced stages. ApoE-/- mice have a more severe atherosclerotic phenotype than LDLR-/- 

mice, as feeding these mice a cholesterol-rich diet for 3 months increases serum cholesterol 

levels, aortic lesion area, and the size of macrophage-rich necrotic cores more greatly in 

ApoE-/- mice than in LDLR-/- mice (Roselaar et al., 1996). Use of the perivascular shear stress 

altering cast has also been validated in the ApoE-/- mouse model, therefore ApoE-/- mice were 

bred with IRF5-/- mice (from Prof. Udalova, Kennedy Institute of Rheumatology, London, 

UK) to generate ApoE-/-IRF5-/- mice. As the parents of the first generation (F1) were knockout 

for one gene and wild type for the other, all the offspring were heterozygous for both genes 

(ApoE+/-IRF5+/-). I bred mice from the F1 generation to produce either double knockouts or 

mice that were homozygous knockout for one gene and heterozygous for the other (Figure 

2.1). I then placed mice from the F2 generation, that were already double knockout or 

knockout for ApoE and heterozygous for IRF5, together for breeding to increase the chances 

of producing more double knockout mice, and eventually an entire colony of ApoE-/-IRF5-/- 

mice was produced (Figure 2.1). I kept mice that were knockout for ApoE and wild type for 

IRF5 as littermate controls. These mice were maintained as above (section 2.2.1.). 

 





 88 

2.2.2.1. Genotyping the IRF5 deletion 

The sequences of the primers used to identify IRF5-/- mice are as published by (Takaoka et al., 

2005), see table 2.5 for sequences. To identify the genotype of each mouse, I obtained ear 

samples and extracted DNA using the REDExtract-N-Amp kit (Sigma-Aldrich, USA) 

according to the manufacturer’s instructions. I took ear notch samples from mice, I added 

25μl extraction solution and 5.25μl tissue preparation solutions from the kit to each sample, 

vortexed each tube, and incubated them at room temperature for 10 minutes, then at 95°C for 

3 minutes. Finally I added 25μl of neutralising solution B from the kit, vortexed the tubes and 

either used the tissues immediately or stored them at 4°C. To amplify the desired alleles using 

PCR, I added 5μl of REDExtract-N-Amp PCR Reaction mix to 1μl of each of the wild type, 

mutant (for knockout allele) and common primers for either ApoE or IRF5, and 2μl of the 

tissue extract, mixed the solutions gently and then ran the PCR amplification reaction on a 

DYAD Peltier Thermal Cycler (Bio-Rad, UK). I then ran the samples by standard agarose gel 

electrophoresis (ApoE: 1% gel; IRF5: 1.5% gel). Gels were made by dissolving 1 or 1.5g of 

agarose powder (GE healthcare, UK) in 100ml of 1% TAE buffer in a conical flask, by 

heating the solution for 3 minutes in a microwave (Panasonic, Japan). I left the liquid to cool 

for about 5 minutes before adding 12μl of SYBR safe DNA gel stain (Life Technologies, 

UK). I swirled the flask to evenly distribute the gel stain and poured the gel into a Horizon 

11-14 UVT plastic gel tray (Thistle Scientific, UK) with a 14-well gel comb in place, and left 

it to set for 5-10 minutes at room temperature. I placed the solidified gel into a Horizon 11-14 

gel tank (Thistle Scientific, UK) with the gel immersed in 1x TAE buffer. I pipetted 8μl of a 

2-log DNA ladder (displaying bands from 0.1-10 kilobases long to confirm the band sizes 

representing each allele, from New England Biolabs, USA) into the first well, and 10μl of 

each sample in the other wells. ApoE 1% gels were run for 30 mins at 100V, and IRF5 1.5% 

gels were run for 50 minutes at 100V. A band of 200bp was detected if ApoE was deleted, a 

150bp band if ApoE was expressed, a 650bp band if IRF5 was expressed and a 550bp band if 

IRF5 was deleted. I imaged the gels with a Molecular Imager Gel Doc XR+ machine and 

Image Lab software (Bio-Rad, UK).  

 

2.2.2.2. Genotyping ApoE-/-IRF5-/- mice for a spontaneous Dock2 mutation 

A recent paper by Purtha et al. showed that IRF5-/- mice can develop a spontaneous mutation 

in the Dock2 (Dedicator of cytokinesis 2) gene locus, involving a duplication of exons 28 and 

29, which causes a depletion in pDCs and marginal B cell counts, and alterations in their 

production of type I IFNs (Purtha et al., 2012). Hence it was essential to check whether the 
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Dock2 mutation was present in the ApoE-/-IRF5-/- mice as it could affect the results of this 

study.  

Primers were designed to recognise the intronic sequence between exon 29 of the normal 

gene sequence and exon 28 of the duplicated sequence, therefore a band only appears if the 

mutant sequence is present (Yasuda et al., 2013). The sequences of the primers used to 

identify Dock2 mutant mice are as published by (Yasuda et al., 2013), see table 2.5 for 

sequences. I extracted DNA from ear samples using the REDExtract-N-Amp kit (Sigma-

Aldrich, USA) as above. To amplify the desired alleles using PCR, I added 5μl of the 

REDExtract-N-Amp PCR Reaction mix to 1μl of each of the wild-type, mutant (for knockout 

allele) and common primers for IRF5, the forward and reverse primers for the Dock2 gene, 

and 2μl of the tissue extract, then the PCR amplification reaction was run on a DYAD Peltier 

Thermal Cycler (Bio-Rad, UK). The samples were run by standard agarose gel 

electrophoresis (1.5% gel for 1 hour) along with a 2-log DNA ladder displaying bands from 

0.1-10 kilobases long to confirm the band sizes representing each allele. For the mutated 

Dock2 gene, a 305bp band appears, and no band is present for the presence of a normal 

Dock2 gene. The gels were imaged with a Molecular Imager Gel Doc XR+ machine and 

Image Lab software (Bio-Rad, UK).     

Step  Process ApoE IRF5 and Dock2 
1 Denature 94°C for 3 mins 94°C for 3 mins 
2 Denature 94°C for 30 secs 

60°C for 45 secs   (x30 cycles) 
72°C for 45 secs 

94°C for 30 secs 
63°C for 1 min                (x35 cycles) 
72°C for 1 min 30 secs 

3 Anneal 
4 Polymerise 
5 Polymerise 72°C for 10 mins 72°C for 10 mins 
 
Table 2.4. Parameters for reverse transcription PCR of genotyping assays. Conditions of 
the PCR programs run when genotyping for either a knockout of the ApoE and IRF5 genes, 
or a spontaneous mutation in the Dock2 gene.  
 
 
Gene   Sequence 

ApoE 
Common GCCTAGCCGAGGGAGAGCCG 
Wild-type TGTGACTTGGGAGCTCTGCAGC 
Mutant GCCGCCCCGACTGCATCT 

IRF5 
Common CACGGTCTGCTCCTGTCTAA 
Wild-type CTTGAAGATGGTGTTGTCCC 
Mutant CCTCCCCTACCCGGTAGAAT 

Dock2 Forward GACCTTATGAGGTGGAACCACAACC 
Reverse GATCCAAAGATTCCCTACAGCTCCAC 

 
Table 2.5. Primer sequences used in genotyping assays. Sequences of the common, wild-
type and knockout (mutant) primers for ApoE and IRF5 genes, and the forward and reverse 
primers of the mutated Dock2 gene.  
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I placed male ApoE-/- mice aged 15-17 weeks on a high fat diet 2 weeks before surgical 

intervention (see section 2.2.1). I placed a mouse in a dark induction box to anaesthetise it 

with 4% isoflurane and maintained their anaesthetised state at 2% isoflurane during the 

procedure, where the liquid isoflurane passed through a Fluovac vaporiser and the induction 

box was connected to a gas scavenging system (Harvard Apparatus, UK). I recorded the 

weight of the mouse, shaved the neck region of the mouse, applied iodine to the shaved 

region and made a sagittal anterior neck incision to access the anterior cervical triangles with 

a sterile scalpel (Figure 2.3a). Under a Leica MZ6 dissecting stereo-microscope, with the 

mouse’s abdomen facing upwards and its nose inside a nose cone from the Fluovac 

Anaesthesia system (which was connected to the gas scavenging system), connective tissues 

and salivary glands were moved aside to expose the mediastinum and access the right 

common carotid artery (Figure 2.3b). I passed a ligature under the carotid artery to isolate it 

from the surrounding tissue, and passed two more ligatures under the artery. Tension was 

applied to one ligature to block the blood flow from the heart, and tension on another ligature 

enabled me to hold the carotid artery still. I then placed one half of the cast under the artery, 

and the other half on top, ensuring the tapered groove inside each half were aligned together, 

then tied the perivascular cast in place with ligature (Figure 2.3d,e) and I released the 

ligatures allowing blood to flow through the artery again. I checked that blood was flowing 

through the transparent cast as an indication that the cast was correctly placed and not 

compressing the artery preventing blood flow. I closed the wound with ligature using a 

running stitch down the neck (Figure 2.3f), topical analgesia was applied across the wound, 

and I placed the mouse to recover in a warm chamber (Harvard Apparatus, UK) at 30°C 

where they on average recovered within 15 minutes. The wounds, weight and behaviour of 

the mice were monitored daily for at least 10 days post-surgery as an indication of their 

health. The cast was left in place for 6 or 9 weeks. Out of the 61 mice that were operated for 

my study, only 1 mouse died before it was due to be sacrificed, although this was more likely 

to be due to a tail vein injection of clodronate-loaded liposomes it received the day before it 

died, which may have rendered it susceptible to infection from contamination. I performed 

the surgical procedure following training and with assistance from a senior research 

technician in our laboratory (Mike Goddard, Kennedy Institute of Rheumatology, UK). 
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2.2.4. Tissue Preparation for Histology and quantitative PCR 

I euthanized mice with an intra-peritoneal (i.p.) barbiturate overdose according to Home 

Office Schedule 1 specifications, at the necessary time points, the weights of the mice were 

recorded and blood was collected by cardiac puncture using a 1ml syringe. The vasculature 

was perfused with 8ml sterile saline via a cannula inserted into the left ventricle (outflow via 

an incision in the right atrium). I removed the carotid arteries, hearts, spleens, aortas, para-

aortic, and sub-iliac lymph nodes under a dissecting microscope (Leica, Germany). Both 

carotid arteries (perivascular cast treated and contralateral artery) were snap frozen in OCT 

(optimal cutting temperature) embedding medium (Thermo Fisher Scientific, USA) using 

liquid nitrogen. The hearts were extracted from chow-fed ApoE-/- mice at 12, 20, 28, 35 and 

53 weeks of age, and from chow-fed ApoE-/- and ApoE-/-IRF5-/- mice at 15, 20 and 27 weeks 

of age, cut horizontally through the mid-line of the heart at a 45° angle (approximately 

parallel with the bicuspid and tricuspid valves) leaving the top half of the heart intact, which 

was gradually frozen in cryomolds (Tissue-Tek, Sakura, Japan), containing OCT embedding 

medium, floating on liquid isopropanol. The spleen, aorta, para-aortic and sub-iliac lymph 

nodes were snap frozen in 0.5ml Eppendorf tubes using liquid nitrogen. Blood was spun 

down at 6000rpm for 30 minutes at 4°C in a Heraeus Primo R centrifuge (Thermo Scientific) 

and the serum was separated and collected in 100μl aliquots, and frozen. All tissues and 

serum were stored at -80°C.  

OCT-embedded tissues were cryosectioned in a CM1860 UV cryostat (Leica, Germany) and 

the sections were collected on Superfrost Plus Adhesion microscope slides (Thermo 

Scientific, USA). To cryosection aortic roots, I started from the ventricular end of the tissue 

and moved towards the aortic valve. The tissue was tilted and sectioned at short intervals until 

all 3 cusps of the aortic valve became visible (indicating that all 3 cusps were approximately 

parallel), then 5μm thick sections were collected until the cusps disappeared. When I 

cryosectioned the perivascular cast-treated carotid arteries, 5μm thick sections were collected 

throughout the entire artery. For contralateral arteries, 60 5μm sections were collected at 

300μm intervals. The slides were stored at -20°C if they were to be stained within a few 

weeks, or at -80°C for long-term storage. Slides were retrieved for one stain at a time. 

Histological staining methods will be described in detail in section 2.3. 
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2.2.5. Measuring and calculating murine serum cholesterol 

The standards solutions were made up from calibration serum level 2 (Randox, USA) by 

diluting the neat serum with dH20 water by 1:2 down the columns of a 96-well plate (BD 

Biosciences, USA). Distilled Water was added to three wells to act as the blank samples. I 

diluted the murine serum samples by 1:5 and added them to the first row of the 96-well plate, 

and serial 1:2 dilutions were performed down the columns of the plate four times. I added 

200μl of the Infinity Cholesterol reagent (Thermo Scientific) to each well of the plate and left 

the plate to incubate for 10 minutes at 37°C. The plate was read on a Multiskan plate reader 

(Thermo Scientific) at the 540nm and 640nm wavelengths.  

I calculated the serum cholesterol levels from these readings according to the method 

provided by the manufacturer of the Infinity Cholesterol reagent. For each well the 620nm 

reading was subtracted from the 540nm reading. The resulting values from the blank wells 

were then subtracted from the rest of the values for each well. The values from the standard 

wells were then used to plot the standard curve in the GraphPad Prism software. The values 

for the rest of the plate were then used to perform a linear regression and interpolate the 

unknown concentration values from the standard curve. The interpolated values for the rest of 

the plate were used to calculate the dilution factor of the serum in each well by dividing the 

interpolated value with the dilution.  Finally the dilution factor was divided by 38.7 to obtain 

the concentration of cholesterol in the serum as mg/dL.  

 

2.2.6. Real Time Quantitative PCR  

In order to analyse the expression levels of a number of genes on the small sample size of 

murine tissues (aorta, spleen, para-aortic and sub-iliac lymph modes) Taqman low-density 

array (TLDA) cards from Life Technologies were used to perform quantitative PCR (qPCR), 

as detailed in the manufacturer’s protocol.  

 

2.2.6.1. RNA extraction 

I extracted mRNA from the murine tissues using the RNeasy mini kit (Qiagen, Germany) 

according to the manufacturer’s instructions and samples were kept on ice throughout the 

procedure. Eppendorf tubes with grinding beads (from VWR grinding kit, USA) were spun 

down at full speed (13000rpm) in a Gyrozen mini centrifuge (Alphatech, New Zealand) for 1 
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minute and any water supernatant was removed. Then the tissue sample was added to the tube 

with 300μl of RLT buffer (with β-mercaptoethanol). The sample was ground down using the 

pestles from the grinding kit until the tissue was no longer visible and another 300μl of RLT 

buffer was added and mixed by pipetting. The tube was centrifuged (to pellet down the 

grinding beads) at full speed for 10 minutes and the supernatant containing the ground sample 

was transferred to a Qiashredder tube, which was spun at full speed for 5 minutes to further 

shred the sample. The resulting supernatant was mixed with 600μl of 70% ethanol and the 

resulting mixture was pipetted into a Qiagen spin column 600μl at a time. The tube was spun 

at full speed for 1 minute and the flow through discarded each time, leaving the RNA in the 

filter column. I added 700μl of the RW1 buffer, to wash off any biomolecules such as 

carbohydrates and proteins, spun the tube down and discarded the flow through. Then twice I 

added 500μl of RPE buffer, to wash off any remaining traces of salts from the previously used 

buffers, spun the tube down and discarded the flow through. Then I spun the tube again for 2 

minutes to remove any remaining wash buffers, moved the pink filter containing the RNA 

into a collection tube, I added RNase free water into the pink filter, ensuring I pipetted the 

water directly onto the filter; I added 20μl to aorta and para-aortic lymph node samples, 30μl 

to sub-iliac lymph node samples, and 50μl to spleen samples. I left the tubes to stand on ice 

for 5 minutes, spun the tubes at full speed for 4 minutes ensuring the RNA was collected in 

water at the bottom of the collection tube. I measured the concentration of RNA by pipetting 

1μl onto a Nanodrop ND 1000 spectrophotometer (Thermo Scientific) using RNase free water 

as a control blank sample. All samples had 260/280 and 260/230 ratios of approximately 2.0 

indicating the RNA was very pure. The samples were frozen at -20°C for storage.  

 

2.2.6.2. Reverse transcription of cDNA 

The stored RNA was thawed and diluted to a concentration of 50ng/μl with RNase free water 

(Qiagen, Germany). I prepared a 2x reverse transcription master mix so that each RNA 

sample would receive 1μl of Multiscribe Reverse Transcriptase (RT), 2μl of 10x RT buffer, 

0.8μl of 100mM 25x dNTP mix, 2μl of 10x RT random primers, 1μl of RNase inhibitor and 

3.2μl of nuclease-free water (all components from the High Capacity cDNA Reverse 

Transcription kit, Applied Biosystems, Life Technologies USA). 10μl of the master mix was 

added to 10μl of each RNA sample, mixed by pipetting up and down, the tubes were briefly 

centrifuged and placed on ice. The samples were then placed in a DYAD Peltier Thermal 

Cycler (Bio-Rad, UK) and reverse transcription was performed (10 minutes at 25°C, 120 

minutes at 37°C and finally 5 minutes at 85°C) before the final samples were stored at 4°C.  
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2.2.6.3. Custom primer pre-amplification of cDNA 

The cDNA samples were thawed on ice, mixed and centrifuged. I prepared a pre-

amplification master mix so that each sample would receive 2μl of custom-made Taqman 

primers (containing primers for every gene to be measured on the Taqman array card) and 4μl 

of the Taqman pre-amplification master mix (Applied Biosystems, Life Technologies, USA). 

6μl of the master mix was added to 2μl of each cDNA sample. The tubes were mixed, 

centrifuged briefly and placed in a DYAD Peltier Thermal Cycler (Bio-Rad, UK). The pre-

amplification reaction was then performed (10 minutes at 95°C, 14 cycles of: denaturing (15 

seconds at 95°C then annealing/extending (4 minutes at 60°C) and finally 10 minutes at 

99.9°C) before storage of the samples at 4°C. 

 

2.2.6.4. Running the Taqman low-density array (TLDA) cards 

The 384-well TLDA cards (with primers for 24 genes including the 18S rRNA housekeeping 

gene pre-loaded into the wells, see table 2.6. for details) were removed from refrigeration and 

left to warm up to room temperature for 15 minutes. 52μl of nuclease-free water and 55μl of 

the 2x Taqman Gene Expression Master Mix (Applied Biosystems, Life Technologies, USA) 

was added to 3μl of the pre-amplified cDNA. The tubes were mixed and centrifuged briefly. 8 

samples were then loaded onto each card by pipetting 100μl of each sample’s reaction mix 

into each of the 8 ports on the side of the card. The cards were spun, in Sorvall/Heraeus 

custom buckets, twice at 1200rpm for 1 minute at room temperature, in a Sorvall Primo 

Benchtop Centrifuge (Thermo Scientific, USA), to evenly distribute the samples to all of the 

wells in the card (2 wells per gene, 24 genes per sample including the housekeeping gene, 

therefore 48 wells per sample). Then the cards were sealed and the fill ports were trimmed 

off. The qRT-PCR reaction was then run on an ABI 7900HT real-time PCR machine 

(Applied Biosystems) with the cycling conditions as follows: Hold at 95°C for 10 minutes, 

then 45 cycles of 95°C for 15 seconds and 60°C for 1 minute. The data was then analysed 

using SDS 2.4 software (Applied Biosystems).  

Gene bank  Symbol Description Gene Name 
Mm03047340_m1 CD68 CD68 molecule – Microsialin, Scavenger 

receptor 
Cd68 

Mm00438874_m1 CD64 Fc Fragment Of IgG, High Affinity Ia, 
Receptor 

Fcgr1  

Mm00479862_g1 Iba-1 Allograft Inflammatory Factor 1 Aif1 
Mm00440502_m1 iNOS Inducible Nitric Oxide Synthase 2 Nos2  
Mm00496477_m1 IRF5 Interferon Regulatory Factor 5 Irf5 
Mm00485148_m1 CD206 Mannose Receptor, C type 1 Mrc1 
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Mm00475988_m1 Arg-1 Liver Type I Arginase Arg1 
Mm00516431_m1 IRF4 Interferon Regulatory Factor 4 Irf4 
Mm00657889_mH Ym1 Chitinase-3-like protein 3, eosinophil 

chemokine 
Chi3l3 

Mm00516005_m1 HO-1 Heme oxygenase 1 Hmox1 
Mm00474091_m1 CD163 CD163 molecule, scavenger receptor 

cysteine-rich type 1 protein M130 
Cd163 

Mm00488795_m1 DCIR Dendritic cell immunoreceptor , C-type lectin 
domain family 4, member a2 

Clec4a2 

Mm00498698_m1 CD11c Integrin alpha X, CD11 antigen-like family 
member C 

Itgax 

Mm00434443_m1 CD103 Integrin alpha E, epithelial-associated,  Itgae 
Mm00439016_m1 Flt-3 FMS-like tyrosine kinase 3 Flt3 
Mm01301785_m1 CCR7 Chemokine (C-C motif) receptor 7 Ccr7 
Mm00460067_m1 DC-

SIGN 
CD209a antigen, dendritic cell-specific 
ICAM-3-grabbing non-integrin 

Cd209a 

Mm00443260_g1 TNF-α Tumour necrosis factor α Tnf 
Mm00434174_m1 IL-

12p40 
Interleukin 12 subunit β Il12b 

Mm00434165_m1 IL-
12p35 

Interleukin 12 subunit α Il12a 

Mm01168134_m1 IFN-γ Interferon gamma Ifng 
Mm00439614_m1 IL-10 Interleukin 10 Il10 
Mm00445259_m1 IL-4 Interleukin 4 Il4 
Mm00434204_m1 IL-13 Interleukin 13 Il13 
 
Table 2.6. Taqman PCR probes used in this study. A list of the Taqman PCR probes used 
in the Taqman low density array cards. Gene bank refers to the accession number on the 
NCBI website. 
 

2.2.7. Flow cytometry of murine tissues 

Mice were culled and perfused as detailed in section 2.2.4, and the spleen, para-aortic and 

sub-iliac lymph nodes were isolated under a dissecting microscope (Leica, Germany) from 

16-20 week old ApoE-/- and ApoE-/-IRF5-/- mice immediately after culling, and mashed 

through a sterile Falcon 40μm cell strainer (BD Biosciences, USA) using a 1ml syringe 

plunger and the strainer was rinsed with 10ml of flow cytometry staining buffer (see table 

2.3) into a 50ml centrifuge tube (Corning, USA). The samples were kept on ice throughout 

the procedure. The red cells were lysed using 1ml of Sigma red cell lysing buffer and mixed 

for 2 minutes by pipetting up and down, 20ml of flow cytometry staining buffer was added to 

dilute the lysis buffer and the tubes were spun at 1200rpm for 7 minutes at 4°C in a Sorvall 

Primo Benchtop Centrifuge (Thermo Scientific, USA). The cells were counted on a 

haemocytometer with trypan blue to stain dead cells, then the cells were spun at 1300rpm for 

4 minutes and resuspended with FACS buffer (see table 2.3) at a concentration of 107 cells per 

ml. The cells were incubated on ice with Fc block (BD Biosciences, USA) at a dilution of 
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1:100 (5μg/ml) for 15 minutes, spun at 1300rpm for 4 minutes and resuspended in FACS 

buffer at a concentration of 107 cells/ml and 100μl of the cell suspension was pipetted into 

separate wells of a V-bottomed 96-well plate (Thermo Scientific). Fluorescently conjugated 

antibodies for cell surface staining (CD11c, MHC-II, F4/80 and CD11b, see table 2.1) were 

added to each well and left to incubate in the dark on ice for 30 minutes. I washed the cells by 

adding 200μl of FACS buffer to each well, then the plate was spun at 1600rpm for 5 minutes 

and the supernatant was discarded, this step was repeated twice before resuspending the cells 

in 100μl of FACS buffer. The cells were fixed by adding 100μl of IC fixation buffer 

(eBioscience, USA) to each well and the plate was incubated in the dark at room temperature 

for 20 minutes. The cells were washed with 200μl of 1x PBS and the plate was spun at 

1600rpm for 5 minutes, this step was repeated twice. Finally the plate was stored on ice 

before analysis, when the samples from each well were transferred into 5ml Falcon round-

bottomed test tubes (BD Biosciences, USA). To ensure proper compensation of the 4 

fluorophores, splenocytes were stained with fluorescent antibodies against CD45 (see table 

2.1) conjugated to the same fluorophores being used for the markers being analysed. First an 

unstained cell sample was run, then the CD45-stained samples for compensation, and finally 

the test samples for each tissue on a BD FACSCanto II flow cytometer (BD Biosciences). The 

forward scatter-side scatter was adjusted using the unstained sample for each tissue. The 

results were analysed manually using FlowJo V10 OSX software (TreeStar Inc., USA).  

 

2.3. HISTOLOGY 

2.3.1. Oil Red-O staining 

Oil Red-O staining of aortic root and carotid artery sections was performed to observe the 

presence of lipids, specifically triglycerides or esterified cholesterol, within lesions and aid 

the quantification of lesion size in the aortic root. Lipids were stained red and cell nuclei were 

purple. All steps were done at room temperature unless otherwise specified. To make the Oil 

Red-O working solution, firstly 2g of Oil Red O powder (Sigma Aldrich, USA) was dissolved 

in 200ml of isopropanol (VWR, USA) in a fume hood to make the Oil Red-O solution, while 

1.2g of Dextrin powder (Sigma Aldrich) was dissolved in 120ml of dH20. Both solutions were 

swirled in their 500ml Schott glass bottles and left overnight to dissolve at room temperature. 

The Oil Red-O solution was filtered to remove residual powder, and then combined with the 

Dextrin solution to make the Oil Red-O working solution. The slides to be stained were taken 

from frozen storage and air dried for 30 minutes. For all histology stains, solutions were in 

glass staining jars and the slides were placed into stainless steel slide racks (Thermo 
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Scientific). I fixed the slides in 4% paraformaldehyde for 10 minutes, washed the slides in 

distilled water for 5 minutes, then 60% isopropanol for 1 minute and immersed the slides in 

Oil Red-O working solution for 15 minutes. Excess Oil Red-O solution was washed off in 

distilled water with agitation, then the slides were counterstained with haematoxylin for 30 

seconds, and washed in running tap water until the water ran clear. Finally the slides were 

immediately mounted with the aqueous Kaiser’s Glycergel mounting medium (which was 

melted at 50°C in a water bath, from Merck Millipore, Germany) and 22x50mm cover glasses 

(VWR) and left overnight for the media to harden.  

 

2.3.2. Elastin-Van Gieson Staining 

Staining of the elastic lamina on the carotid artery sections was performed – to aid 

quantification of lesion size - using the Accustain kit (Sigma-Aldrich Inc., St. Louis, USA) 

according to the manufacturer’s instructions. The elastic lamina were stained black and 

collagen pink. The manufacturer does not specify the concentrations of the solutions. 

Working Elastin Stain solution was made by combining 72ml of Haematoxylin solution, 11ml 

of Ferric Chloride solution, 29ml of Iodine solution and 18ml of distilled water. Working 

Ferric Chloride solution was made by adding 10ml of Ferric Chloride solution to 120ml of 

deionised water. The slides were air dried for 30 minutes, then fixed with 4% 

paraformaldehyde for 8 minutes, rinsed in distilled water and stained in working elastic stain 

solution for 10 minutes. The slides were washed in distilled water with some agitation. The 

slides were differentiated in ferric chloride solution for a maximum of 3 minutes; I checked 

the slides under a light microscope (Leica, Germany) and if the three elastic lamina were 

clearly visible and separate from one another, the slides were rinsed briefly in tap water and 

then 95% ethanol. Collagen was stained using Van Gieson solution for 20 seconds, the slides 

were washed in 95% ethanol for 5 minutes. The slides were dehydrated in 100% ethanol for 5 

minutes and cleared in xylene for 10 minutes. Finally the slides were left to dry and mounted 

with Histomount mounting medium (National Diagnostics, USA) and cover glasses (VWR), 

and left overnight for the media to harden.  

 

2.3.3. Haematoxylin and Eosin staining 

Haematoxylin and Eosin (H&E) staining was used to help identify necrotic areas in aortic 

root and carotid lesions. Collagen, muscle and the cell cytoplasm were stained pink while cell 
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nuclei were stained purple. The staining procedure was done using the Tissue Tek 

Prisma/Film automated slide stainer and the coverslipping was performed by the Tissue Tek 

Glas g2 coverslipper (both from Sakura, Japan). The slides were air dried for 30 minutes, 

fixed in 10% buffered formalin (Sigma Aldrich, USA) for 10 minutes, and rinsed in distilled 

water for 5 minutes. The slides were stained with Harris haematoxylin for 8 minutes, washed 

in running tap water for 5 minutes, and differentiated with 0.3% acid alcohol for 2 minutes 

and rinsed in distilled water. The slides were counterstained with eosin for 2 minutes, rinsed 

in distilled water, then dehydrated in three increasing changes of 100% ethanol for 1 minute 

each, cleared in two changes of xylene for 1 minute each, and finally mounted in Histomount 

(National Diagnostics) and cover glasses (VWR), and left overnight for the media to harden.  

 

2.3.4. Masson Trichrome staining 

Staining for collagen in aortic root and carotid artery sections was performed using the 

Masson Trichrome stain kit from TCS biosciences (UK) according to the manufacturer’s 

instructions. Collagen was stained green, cell nuclei were purple and, muscle was red.  The 

slides were air dried for 30 minutes, fixed in 10% buffered formalin for 10 minutes and 

hydrated in distilled water for 5 minutes. The slides were stained with Harris haematoxylin 

for 8 minutes, washed in running tap water for 5 minutes before being placed 

Ponceau2R/Acid Fuschin stain (as supplied by the manufacturer) for 5 minutes to give the red 

colour. The slides were washed in distilled water before being differentiated with 

phosphotungstic acid (made from 1 part phosphotungstic acid, 1 part phosphomolybdic acid 

and 2 parts distilled water) for 30 seconds for aortic root sections. When optimising this 

staining protocol I found carotid artery sections needed to be differentiated for 1 minute 

otherwise the red stain was too strong. Following a wash in distilled water, the slides were 

counterstained in Light Green stain (as supplied by the manufacturer) for 5 minutes, rinsed 

again in distilled water. When optimising this stain I found that aortic root sections needed to 

be differentiated in 1% acetic acid for 1 minute and 30 seconds and carotid artery sections for 

1 minute. Finally the slides were dehydrated in three changes of 100% ethanol for 1 minute 

each, cleared in two changes of xylene for 1 minute each and finally mounted with 

Histomount (National Diagnostics) and cover glasses (VWR), and left overnight for the 

media to harden.  
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2.3.5. Picrosirius Red staining 

Staining for total collagen (red) and collagen types I and III (orange and green respectively 

under polarised light) in aortic root and carotid artery sections, from the ApoE-/-IRF5-/- 

experiments, was performed using the Picrosirius Red stain kit from Polysciences Inc. (USA) 

according to the manufacturer’s instructions. The slides were air dried for 30 minutes, fixed in 

10% buffered formalin for 10 minutes and hydrated in distilled water. The slides were stained 

with Harris haematoxylin for 8 minutes, washed in running tap water for 5 minutes before 

being placed in solution A (0.2% Phosphomolybdic acid hydrate) for 2 minutes and rinsed in 

distilled water with gentle agitation. The slides were then stained in solution B (2,4,6-

Trinitrophenol and Direct Red 80 cardiac muscle stain diluted in water) for 60 minutes and 

then differentiated in solution C (0.4% hydrogen chloride). When optimising this stain, I 

found that aortic root sections needed to be differentiated in solution C for 3 minutes and 

carotid artery sections for 5 minutes. The slides were then dehydrated in three changes of 

100% ethanol, cleared in two changes of xylene and mounted with Histomount (National 

Diagnostics) and VWR cover glasses, and left overnight for the media to harden.  

 

2.3.6. Immunohistochemistry 

Immunohistochemical staining was performed, to observe the localisation and expression 

levels of specific membrane-bound or intracellular proteins in aortic root and carotid artery 

sections, using standard ABC protocols. All steps were done at room temperature in a moist 

chamber unless otherwise stated. The slides were air dried for 30 minutes and the ImmEdge 

hydrophobic barrier pen (Vector Laboratories Inc., USA) was used to draw a hydrophobic 

barrier around the sections (which was left to dry for 20 minutes) so that antibody solutions 

could be pipetted onto the sections without pouring off the edge of the slide. The slides were 

fixed in acetone (VWR, USA) on ice for 5 minutes, the slides were air dried again for 30 

seconds, then washed in 1x PBS for 5 minutes. The sections were blocked with 10% normal 

serum (species of serum was the same as the host species of the secondary antibody, from 

AbD Serotec) for 1 hour at room temperature and washed in 1x PBS for 5 minutes. 

Endogenous avidin and biotin were blocked using undiluted Avidin and Biotin solutions 

(blocking kit from Vector Laboratories Inc., California, USA) by first dropping the undiluted 

Avidin blocking solution onto the sections, incubating for 15 minutes, and washing the slides 

in 1x PBS for 5 minutes. Then the undiluted Biotin solution was dropped onto the sections 

and incubated for 15 minutes before washing in 1x PBS for 5 minutes. The slides were 

incubated with an unconjugated primary antibody (see Table 2.1) diluted in 1x PBS for 45 
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minutes. The slides were washed in 1x PBS for 5 minutes, incubated with a biotinylated 

secondary antibody (Vector labs) diluted by 1:400 in 1x PBS for 40 minutes. During this 

stage the Avidin-Biotin peroxidase complexes (ABC) were prepared using the ABC-Elite-

Standard Kit for Peroxidase (Vector Laboratories Inc.) by adding 1μl of solution A (Avidin) 

and 1μl of solution B (Biotin) to every 100μl of 1x PBS, and left to stand at room temperature 

for at least 30 minutes. After washing the slides for 5 minutes in 1x PBS, endogenous 

peroxidase activity in the sections was inactivated by immersing the slides in 0.3% hydrogen 

peroxide (made from 30% hydrogen peroxide from Sigma-Aldrich Inc. diluted by 1:100 with 

1x PBS) for 15 minutes. The slides were washed in 1x PBS for 5 minutes, and incubated with 

the prepared ABC complexes for 40 minutes. The slides were washed again for 5 minutes in 

1x PBS, during which time the DAB solution (3,3’-diaminobenzidine, pH 7.5, hydrogen 

peroxide, kit from Vector Laboratories Inc.) was prepared. From the DAB kit, 2 drops of pH 

7.5 buffer, 4 drops of the DAB reagent and 2 drops of hydrogen peroxide were added to 5ml 

of distilled water. Once the washing step was complete, the sections were incubated with the 

DAB solution for 3 minutes exactly. During this time positive staining where bound 

peroxidase was present in the tissue was detected by a brown colour. The slides were washed 

in 1x PBS for 5 minutes, then immersed in haematoxylin solution for 30 seconds and washed 

under running tap water until the water became clear. The slides were dehydrated in 70% 

ethanol for 1 minute and 100% ethanol for 1 minute and left to dry. Finally the slides were 

mounted using Histomount (National Diagnostics) and VWR cover glasses and left overnight 

for the media to harden. 

 

2.3.6.1. Optimising immunohistochemical staining for macrophage and dendritic 

cell markers in atherosclerosis 

There is much debate on how to distinguish macrophages from dendritic cells (DCs) 

(Geissmann et al. 2010). Positive staining of cellular markers by immunohistochemistry or 

flow cytometry is the preferred means to identify a given cell type, yet there is a sizeable 

overlap in the array of markers found to be expressed by macrophages and DCs. CD68, 

CD11b, F4/80 and Mac-3 are commonly considered markers of macrophages, yet many 

studies show these markers co-localising with CD11c – a widely used marker for DCs 

(Gautier et al., 2012; Miller et al., 2012; Paulson et al., 2010). Two recent large-scale 

microarray studies have identified CD64 and MerTK as macrophage-specific markers 

(Gautier et al., 2012) and Zbtb46 and Flt3 as DC-specific markers (Miller et al., 2012). On the 

other hand, antibodies have either not been developed against these markers, or produce too 

much background staining in atherosclerotic plaques.   
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I set out to establish which is the best antibody to identify macrophages in aortic root 

atherosclerotic lesions by immunohistochemistry. Aortic root sections from ApoE-/- mice were 

used to optimise the staining of macrophage markers in lesions. The sections were stained 

using antibodies against the generally considered macrophage markers CD68, CD11b and 

Mac-3 as well as CD11c to identify DCs (see table 2.1. for antibody details). I also previously 

tried staining aortic root lesions for CD115 and Iba-1 as alternative macrophage markers 

(Figure 2.4), however CD115 was only expressed in the adventitia, indicating that it may only 

be expressed by monocytes and not tissue macrophages, and the antibody against Iba-1 

produced a lot of background staining, so neither of these markers were used in this panel. I 

tested antibodies against the dendritic cell markers CD103, Flt3, DC-SIGN and macrophage 

marker MerTK (Figure 2.5.) to distinguish between macrophages and dendritic cells in the 

plaques but these antibodies either did not produce any positive staining or produced too 

much unspecific staining and were therefore not included in my study. I first tested the anti-

CD11b, -Mac-3, and –CD11c antibodies at several concentrations to establish the optimal 

concentration for each antibody. The anti-CD68 antibody was already found to be optimal at 

5μg/ml by a postdoctoral fellow in our laboratory (Dr. Jennifer Cole). I found that the 

antibodies against CD11b, Mac-3 and CD11c displayed cellular staining in the aortic root 

lesions at 1.25μg/ml, 0.15625μg/ml and 2.5μg/ml respectively (Figure 2.6). The 

corresponding isotype controls for these antibodies were all negative. However I was not able 

to test the true specificity of these antibodies with corresponding knockout tissues.  

Interestingly, these myeloid markers display a characteristic distribution within lesions. CD68 

stains the majority of lesional cells, and is particularly strong in cells close to the lumen; 

CD11b is expressed throughout the plaque, but particularly near the media while Mac-3 stains 

positively throughout the plaque and the media (Fig. 2.7a). Aortic root sections stained for 

CD11c were then co-stained for CD68, CD11b or Mac-3 to look for co-localisation between 

the macrophage and dendritic cell markers using confocal microscopy (Fig. 2.7b). Mac-3 

appears to co-localise with CD11c throughout the plaque. CD11b also co-localises with 

CD11c except for those CD11c+ cells near the lumen. CD68 appears to be the most specific 

marker for macrophages as it co-localises the least with CD11c although there are a few 

CD68+ cells weakly expressing CD11c. This result highlights the need to improve the 

methodology to distinguish between macrophages and DCs in atherosclerotic lesions by 

allowing the simultaneous detection of multiple markers using multi-colour flow cytometry, 

confocal microscopy and spectral unmixing.  
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2.3.6.2. Optimising immunohistochemical staining for macrophage polarisation 

markers in atherosclerosis 

To identify polarised macrophages in atherosclerotic plaques, I needed to identify antibodies 

that stain specifically for macrophage polarisation markers, and particularly in atherosclerotic 

plaques where there is a potential for increased background staining, due to lipids and 

necrotic tissue for example.   

I tested CCR7, iNOS and IRF5 antibodies as options to identify M1 macrophages. I found 

that CCR7 staining is unsuitable as there is a lot of background staining, and it is strongest in 

cell nuclei even though CCR7 is a membrane protein (Figure 2.4). With several dilutions of 

the anti-iNOS antibody, I found this antibody to be specific in the lesions staining the cell 

cytoplasm, although there is some staining of SMCs in the media and the myocardium 

surrounding the aortic root. The anti-iNOS antibody gave very specific cellular staining at a 

concentration of 1μg/ml in the aortic root lesions (Figure 2.8). In contrast there is no positive 

staining with the Rabbit IgG isotype control antibody, confirming the specificity of the anti-

iNOS antibody. As the IRF5 antibody had not been used in our laboratory before I first used 

murine spleen sections to optimise staining. While the anti-IRF5 antibody shows positive 

staining in spleen sections from WT mice, there is no positive staining using the Rabbit IgG 

isotype control antibody or when using the anti-IRF5 antibody to stain spleen sections from 

IRF5-/- mice (Fig. 2.9a). Therefore the anti-IRF5 antibody being used in this study is specific 

for IRF5. The antibody is specific for cells at 5µg/ml and 10µg/ml, while at 20µg/ml there are 

brown areas appearing where there are no cells present indicating non-specific staining. The 

anti-IRF5 antibody was then tested on aortic root sections to observe staining of 

atherosclerotic lesions. There is no unspecific staining with the Rabbit IgG isotype control 

antibody and 5µg/ml appears to be the optimal concentration to use the anti-IRF5 antibody, as 

most of the staining is cellular and discrete (Fig. 2.9b). At 2.5µg/ml there is virtually no 

staining while at 10µg/ml there are areas of positive staining which are not associated with 

any cell nuclei. Hence a concentration of 5µg/ml was used for further staining. 

I then tested antibodies against Arginase-1, CD206 and IRF4 to identify M2 macrophages. 

Staining for Arginase-1 does not display any immunopositivity (Figure 2.4), suggesting either 

that the antibody is not suitable to detect Arginase-1 or that Arginase-1 is not expressed in 

these lesions. I could not detect Arginase-1 by confocal microscopy either. One study using 

the same antibody detected Arginase-1 immunopositivity only in regressive plaques (where 

the aortas of ApoE-/- mice on a Western diet for 16 weeks were transplanted into wild type 

mice) and not progressive plaques (Pourcet et al., 2011). As the aortic root lesions in my 

study were progressive lesions, this could explain why I am not able to detect Arginase-1. 
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Another study detected Arginase-1 by immunofluorescence in aortic root lesions but the 

antibody used was not specified (Kadl et al., 2010). I optimised use of the anti-CD206 

antibody in aortic root lesions (Figure 2.8). A concentration of 5μg/ml produces specific 

cellular staining in the lesions, although not many cells seemed to express CD206, while clear 

cellular staining is very strong in the adventitia. The isotype control does not produce any 

positive staining. Testing of the anti-IRF4 antibody produces some specific cellular staining 

in the adventitia of the aortic root but positivity in the lesions is barely visible (Figure 2.4). 

Therefore I decided that the anti-CD206 antibody is the most suitable to identify M2 

macrophages in the plaques. 

Finally I tested antibodies against HO-1 and CD163 to identify Mox and Mhem macrophages 

respectively in the plaques. Staining for CD163 is not cell specific and seems to stain cell 

nuclei strongly even though it is a membrane protein (Figure 2.4). Therefore I did not use the 

anti-CD163 antibody to identify Mhem macrophages in my study. Higher concentrations of 

the anti-HO-1 antibody produces some non-cell specific staining in large areas while the 

1:800 dilution seems too low as some cells that are positively stained at the 1:400 dilution are 

not being detected at 1:800 (Figure 2.8). Therefore I decided to use the 1:400 dilution 

(5μg/ml) to detect HO-1 in the plaques as a representative for Mox and Mhem macrophages. 

Further experiments are required to optimise suitable antibodies in order to differentiate 

between Mox and Mhem macrophages.  

Apart from the anti-IRF5 antibody, I acknowledge that I cannot be certain of true specificity 

of these antibodies, as I did not have access to knockout tissues corresponding to each of the 

antibodies tested. Further validation of the specificity of these antibodies can be performed 

using Western blots.  

 

2.3.7. Imaging analysis 

The Olympus BX51 microscope and Olympus DP71 camera were used to image stained 

arterial sections and differentiated macrophages (detailed in section 2.4.3). Images were 

captured using the Olympus DP Controller software at x10 or x20 magnification to capture 

entire sections for quantitative analysis. Slides were imaged under identical lighting, 

microscope and camera conditions. The ImageJ software was used to quantify the 

intima:media ratio of elastin-stained sections (by measuring the external and internal elastic 

lamina, and lumen areas) and the necrotic areas (the area of H&E-free regions absent of the 

pink eosin stain and cell nuclei stained by haematoxylin was measured) of H&E-stained 
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2.3.8. Immunofluorescence staining and Confocal Microscopy 

Confocal microscopy was used to observe the co-localisation of cellular proteins in the 

lesions. Frozen tissue sections were air dried for 30 minutes, and a hydrophobic barrier was 

drawn around the sections using the ImmEdge hydrophobic barrier pen (Vector Laboratories, 

USA). The slides were fixed in acetone on ice for 5 minutes and air dried again for no more 

than 1 minute. The slides were washed in 1x PBS for 5 minutes, blocked with 20% goat 

serum (AbD Serotec, UK), as all of the secondary antibodies used were raised in goat, and 

incubated at room temperature in a moist chamber for 1 hour. The slides were washed with 1x 

PBS for 5 minutes, and if biotinylated antibodies were being used, endogenous avidin and 

biotin were blocked using undiluted Avidin and Biotin solutions (blocking kit from Vector 

Laboratories Inc., USA) by first dropping the undiluted Avidin blocking solution onto the 

sections and incubating for 15 minutes, and washing the slides in 1x PBS for 5 minutes. The 

undiluted Biotin solution was dropped onto the sections and incubated for 15 minutes before 

washing in 1x PBS for 5 minutes. The sections were incubated with the necessary primary 

antibody (among those listed in Table 2.1) some of which were directly conjugated to a 

fluorophore or biotin, for 45 minutes. Following a wash in 1x PBS for 5 minutes, the sections 

were then incubated with an Alexa Fluor conjugated anti-IgG secondary antibody or Alexa 

Fluor conjugated Streptavidin as necessary, along with DAPI diluted by 1:500 (10μg/ml) for 

1 hour. The slides were washed in 1x PBS for 10 minutes and distilled water for 5 minutes. 

The slides were mounted with Prolong Gold Antifade mounting medium (Invitrogen, USA) 

and the edge of the VWR cover glass was sealed using clear nail varnish. The slides were left 

overnight in the dark to harden. Images of stained sections were taken using the Leica SP5 

Inverted Confocal microscope and the Leica LAS AF software (in the FILM facility, Imperial 

College London) and analysed either using Volocity (PerkinElmer, USA) or OMERO 

software (University of Dundee and Open Microscopy Environment, UK).  

 

2.3.9. Spectral Unmixing of overlapping fluorophores 

The fairly new and improved computational technique, Spectral or Linear Unmixing, was 

used when cross-sections were stained with 5 fluorophores in order to separate fluorophores 

with overlapping emission spectra (referred to as crosstalk or bleed-through), therefore 

allowing us to look for the co-localisation of several markers in one section (Ecker et al., 

2004). Existing confocal techniques are only able to separate 4 fluorophores without 

significant crosstalk. Reference spectra were generated by performing a lambda scan – taking 

images of the sample across the length of the entire emission spectra at 5nm intervals - of a 
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sample stained with just one of the desired fluorophores. The brightest spot in the series of 

images was chosen as a reference of the peak emission for each fluorophore (Fig. 2.10a). A 

lambda scan was then performed through a region of the spectrum that covers the emission 

spectra of the fluorophores to be separated. Successful unmixing was tested with samples 

with all but one fluorophore missing. For example to unmix Cy3 and Alexa Fluor 568, 

samples with DAPI, AFs 488 and 647, then either AF568 or Cy3 (not both together) were 

used. When unmixing was performed in the sample without Cy3 for example, two images 

were generated, one for Cy3 and another for AF568. The image for Cy3 was blank while the 

AF568 image showed staining (Fig. 2.10b). The reverse occurred for the sample without 

AF568. I was trained to use the confocal microscope and perform spectral unmixing by Dr. 

Martin Spitaler (FILM facility, Imperial College London).  
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2.4. IN VITRO CELL CULTURE 

2.4.1. In vitro differentiation and stimulation of bone marrow-derived 

macrophages and dendritic cells 

Wild-type, IRF5-/-, ApoE-/- and ApoE-/-IRF5-/- bone marrow-derived monocytes were polarised 

into M1 or M2 macrophages and dendritic cells according to established protocols (Fleetwood 

et al., 2007). Femurs and tibias were removed from 16-20 week old mice. The surrounding 

muscle tissue was removed, and the bones were placed in 70% ethanol for 1 minute, then 

moved to serum-free RPMI media (PAA, USA). Each end of the bones were carefully cut 

using dissecting scissors, and the bone marrow was flushed out by an autoclavable 26G steel 

needle, attached to a 10ml syringe full of serum free RPMI media, and the cells suspended in 

media were collected in a 50ml Falcon tube. The tube was spun at 1500rpm for 5 minutes at 

4°C in a Sorvall Primo Benchtop Centrifuge (Thermo Scientific, USA), the supernatant was 

discarded and the cell pellet was resuspended in 1ml red cell lysis buffer (Sigma Aldrich, 

USA) and left to stand for 5 minutes at room temperature. 4ml of RPMI media was added to 

the tube and spun for 5 minutes at 1500rpm and the supernatant was discarded before 

repeating this step to wash off any excess lysis buffer. The cells were uniformly suspended in 

1ml of RPMI 16-40, 10% FBS (fetal bovine serum), 1% Penicillin/Streptomycin (stock 

solution is 10,000U/ml), 50uM 2-Mercaptoethanol and L-glutamine 2mM. The serum used in 

these experiments was heat inactivated prior to use, in a water bath at 56°C for 30 minutes, 

then cooled immediately in an ice bath. All of these components are from PAA, USA. The 

cells were counted using the trypan blue stain on a haemocytometer and cultured at a cell 

density of 1.09 x 105 cells/cm2 with 6 x 106 cells in each 100mm tissue culture dish (BD 

Biosciences, USA), in a Heraeus HERAcell 150 incubator (Thermo Scientific, USA) at 37°C 

and 5% CO2 levels following addition of 20ng/ml of GM-CSF (M1 differentiation) or 

100ng/ml of M-CSF (M2 differentiation). At days 3 and 6, the media was replaced with 

further addition of 20ng/ml GM-CSF or 100ng/ml M-CSF. Cells to be analysed by functional 

assays were left in the 100mm tissue culture dishes until day 7 when magnetic separation of 

CD11c+ cells was performed. This procedure is described in section 2.4.2. The incubator and 

tissue culture hoods are thoroughly cleaned every 3 months to avoid possible contamination 

of experimental materials and samples by bacterial LPS and endotoxins, which can induce 

inflammatory signalling. A sample of medium from these experiments was tested for LPS 

contamination by the Limulus assay and the result was below the detection limit.   

For the murine wild type and IRF5-/- cells analysed by immunohistochemistry, on day 8 the 

immature non-adherent dendritic cells from the GM-CSF-stimulated conditions were 
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removed and added to the 0.8cm2-sized wells of Lab-Tek II Chamber slides (Thermo 

Scientific) to allow extra time to mature and adhere to the slides. On day 9, 1ml of 1X versene 

solution (Lonza, USA) was added to the plates to remove the adherent macrophages, which 

were then added to a Falcon tube, washed with 1x PBS, spun at 1300rpm for 4 minutes, 

counted and resuspended in 1ml of RPMI media. To each well of a chamber slide, 2x105 cells 

per well were dispensed into each well and left overnight at 37°C and 5% CO2 levels in the 

HERAcell incubator to allow them to adhere to the slide. The slides have an RS wash coating 

to ensure an even growth surface. These steps were performed by a postdoctoral research 

fellow (Scott Thomson, Prof. Udalova’s lab, Kennedy Institute).  

For cells analysed by flow cytometry on day 7, 4 x 105 cells per well were plated in a 12-well 

plate (3.8cm2 area of well, plates from BD Biosciences, USA), and stimulated with either M-

CSF (100ng/ml) alone, M-CSF + IL-4 (20ng/ml) or IFN-γ (50ng/ml), GM-CSF (20ng/ml) 

alone, GM-CSF + IL-4, IFN-γ or LPS (10ng/ml), or left unstimulated for 24 hours. The cells 

were washed three times with 1x PBS, then removed from each well with a 1.8cm blade 

length cell scraper (Corning, USA), diluted in 200μl FACS buffer. The cells were then 

analysed as described in section 2.4.4. 

 

2.4.2. Microbead separation of CD11c+ cells  

Of the cells differentiated by GM-CSF, CD11c+ cells were separated using CD11c 

MicroBeads from Miltenyi Biotec (Germany) according to the manufacturer’s instructions. 

Samples were kept on ice where possible throughout the procedure. All MACS products were 

from Miltenyi Biotec. MACS buffer was made up by diluting MACS BSA stock solution by 

1:20 with autoMACS rinsing solution and kept on ice. 15ml of MACS buffer was made up 

for each batch of cultured cells from 1 mouse. The cells were removed from the tissue culture 

dishes using a 1.8cm blade length cell scraper (Corning, USA), spun down in a 50ml Falcon 

tube at 200xg for 10 minutes, the supernatant was completely removed by pipetting, and the 

cells were resuspended in 400μl of MACS buffer. 40μl of FcR blocking reagent (Miltenyi 

Biotec) was added, the suspension was mixed by pipetting and incubated on ice for 10 

minutes. 100μl of CD11c MicroBeads (anti-CD11c antibodies with a magnetic microbead 

attached to the Fc portion of the antibody, from Miltenyi Biotec) was added, the suspension 

was mixed by pipetting, and incubated on ice for 15 minutes. The cells were washed with 1ml 

of MACS buffer, the tube was spun at 200xg for 10 minutes and the supernatant was 

completely removed. The cells were resuspended in 500μl of MACS buffer. An MS sized 

MACS column (containing magnetic spheres which amplify the surrounding magnetic field in 
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order to retain magnetically labelled cells) was placed in a MACS separator (which has a very 

strong magnet). The cell suspension was pipetted into the MACS column, and the flow-

through of unlabelled cells was collected under the column into a 20ml centrifuge tube 

(Corning, USA). Once all of the suspension had passed through the column, the column was 

washed with another 500μl of MACS buffer three times. The column was removed from the 

separator and placed on a 20ml collection tube. 1ml of MACS buffer was added to the 

column and the magnetically labelled CD11c+ cells were flushed out by firmly pushing a 

plunger into the column. CD11c+ cells and non-labelled cells were plated separately in 6-well 

plates (well area = 9.5cm2) and stimulated either with GM-CSF alone (100ng/ml) or GM-CSF 

+ LPS (10ng/ml) for 24 hours. 

 

2.4.3. Immunohistochemistry of bone marrow-derived macrophages 

The cell culture media from the cells in chamber slides (as described in section 2.4.1.) was 

removed with a pipette and the cells were fixed with 4% paraformaldehyde for no more than 

10 minutes at room temperature. The cells were washed twice with 1x PBS for 5 minutes, 

then permeabilised with 0.25% Triton X-100 in 1x PBS for a maximum of 5 minutes. The 

cells were washed twice with 1x PBS for 5 minutes, and then the cells were 

immunohistochemically stained using the standard avidin:biotinylated enzyme complex 

(ABC) protocol (previously detailed under section 2.3.6.) to observe the localisation and 

expression levels of specific membrane-bound or intracellular macrophage markers. 

 

2.4.4. Flow cytometry of stimulated bone marrow-derived 

macrophages and dendritic cells  

Stimulated bone marrow-derived macrophages and dendritic cells (as described at the end of 

section 2.4.1.) were removed from 12-well plates by scraping the cells of the well surface 

with a pipette tip, and pipetted into 1.5ml Eppendorf tubes (Appleton Woods, UK). The cells 

were kept on ice where possible throughout the procedure. The cells were spun at 4°C in a 

Gyrozen mini centrifuge (Alphatech) at 12000rpm for 5 minutes, the supernatant was 

removed and the cells were resuspended in 1ml of FACS buffer. I then proceeded with the 

method described in section 2.2.7 from the point where the cells were counted on a 

haemocytometer.  
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2.4.5. Apoptosis assay 

An apoptosis assay was performed on CD11c+ and CD11c- cells as previously described by 

(Yao and Tabas, 2000). Apoptosis was induced in CD11c+ and unlabelled cells in the 6-well 

plates by irradiating the cells with 254nm UV light for 5 minutes, using an EL series UV 

lamp (Ultra-violet Products Ltd, USA) and incubated at 37°C until the cells were visibly 

blebbing. Once blebbing was observed in the majority of cells under a normal microscope (on 

average within an hour), the cells were retrieved from the plates using a 1.8cm blade length 

cell scraper (Corning, USA), put into a 15ml centrifuge tube (Corning), spun at 1500rpm for 5 

minutes at 4°C, the supernatant was removed and I proceeded with the protocol to assess 

apoptosis using the FITC Annexin V + PI (propidium iodide) dead cell apoptosis kit 

(Invitrogen, USA).  

The cells were resuspended in 5ml Falcon round-bottomed test tubes (BD Biosciences, USA) 

in 100μl of 1x annexin-binding buffer (made of 1ml of 5x annexin-binding buffer or 

component C from the apoptosis kit, and 4ml of distilled water), ensuring the cells were at a 

concentration of 106 per ml. 5μl of FITC-Annexin V solution (component A of the apoptosis 

kit) and 1μl of the 100μg/ml PI working solution (made by diluting 5μl of the 1mg/ml PI 

stock solution or component B of the apoptosis kit, in 45μl of 1x annexin-binding buffer) was 

added to the suspension, mixed gently and left to incubate for 15 minutes at room 

temperature. The cell suspension was further diluted with 400μl of 1x annexin-binding buffer, 

mixed gently and kept on ice until analysis on a FACSLSR II flow cytometer (BD 

Biosciences). Live cells showed low levels of fluorescence, apoptotic cells showed green 

fluorescence (positively stained for Annexin V) and dead cells showed green and red 

fluorescence (positive stained with PI and for Annexin V).  

 

2.4.6. Efferocytosis assay 

An efferocytosis assay was performed on cultured bone marrow-derived cells as previously 

described by (Seimon et al., 2009). The first step was to prepare apoptotic Jurkat cells. Jurkat 

cells were obtained from Alan Kennedy (Prof. Brennan, Kennedy Institute) in a cell culture 

flask (who obtained them from PAA, USA). The cells were transferred from the flask to a 

50ml Falcon tube, spun down at 1700rpm for 5 minutes at 4°C and resuspended in 1ml of 

fresh Jurkat cell (Jt) media (RPMI 16-40, 10% FBS (fetal bovine serum), 1% 

Penicillin/Streptomycin (stock solution is 10,000U/ml) and L-glutamine 2mM). The cells 

were counted on a haemocytometer with trypan blue, spun again at 1700rpm for 5 minutes at 
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4°C and resuspended in at a cell density of 2x107 cells/ml of Jt media in a 15ml Falcon tube. 

10μl of Calcein AM (Molecular Probes, Life Technologies, USA) was added to the cells 

(which labels live cells with green fluorescence), mixed by pipetting and incubated in the 

dark at 37°C until the cell pellet at the bottom of the Falcon tube appeared green (on average 

after 1.5 hours). 5ml of Jt media was added to the Jurkat cells and the tube was spun at 

1700rpm for 5 minutes at 4°C and the supernatant was removed. The cells were washed three 

times with 5ml of 1x PBS to remove excess dye, removing as much supernatant as possible 

each time. The cell pellet was resuspended in 10ml of Jt media and plated onto a 100mm 

tissue culture dish (BD Biosciences, USA). The Jurkat cells were irradiated with 254nm UV 

light using an EL series UV lamp (Ultra-violet Products Ltd, USA) for 5 minutes, by 

removing the plate lid and placing the plate approximately 5 inches away from the UV source 

and swirling the plate every 90 seconds. The cells were incubated at 37°C until 50% of the 

cells were visibly blebbing under the microscope, on average within an hour. Once blebbing 

was observed, the cells were transferred to a 15ml Falcon tube, spun at 1700rpm for 5 

minutes at 4°C and resuspended in 40ml of macrophage culture medium (1x DMEM with 

4.5g/L glucose from PAA, 10% FBS, 1% Penicillin/Streptomycin and L-glutamine 2mM.  

The culture medium was removed from bone-marrow derived cells/macrophages in the 6-well 

plates (as described in section 2.4.1.) and 500μl of the apoptotic Jurkat cell suspension was 

added to each well ensuring even coverage so that the macrophages and Jurkat cells were at a 

1:1 ratio. The cell suspension was incubated at 37°C for 45 minutes to allow engulfment of 

the apoptotic Jurkat cells by the macrophages. The culture media was then removed and the 

wells were rinsed twice with cold 1x PBS and a gentle agitation to wash away any remaining 

Jurkat cells taking care not to wash away the macrophages. The wells were checked under the 

microscope to ensure that any Jurkat cells were no longer adhering to the plates or the outer 

surface of the macrophages. If any Jurkat cells were still adhered, washing with agitation was 

repeated until all of the Jurkat cells were visibly floating in suspension. Finally the cells were 

fixed with 300μl of IC fixation buffer for 9 minutes, rinsed three times with 1x PBS and then 

500μl of 1x PBS was added to each well. The cells were removed from the well surface with 

a 1.8cm blade length cell scraper (Corning), added to 5ml Falcon round-bottomed test tubes 

(BD Biosciences, USA) and analysed on a FACSLSR II flow cytometer (BD Biosciences), 

where cells with a higher forward scatter and green fluorescence were macrophages that had 

taken up fluorescent apoptotic Jurkat cells. 
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2.4.7. Foam cell assay 

A foam cell assay was performed on cultured bone marrow-derived cells as previously 

described by (Rousselle et al., 2013). The culture medium in the 6-well plates was replaced 

with fresh culture media made up with lipoprotein-deficient serum (RPMI 1640, 10% 

lipoprotein-deficient serum from Sigma Aldrich, 1% Penicillin/Streptomycin and L-glutamine 

2mM). DiO-Ac-LDL (acetylated LDL labelled with the green fluorescent probe 3,3'-

Dioctadecyloxacarbocyanine Perchlorate, from Biomedical Technologies Inc., USA) was 

added to the culture media in each well at a concentration of 10μg/ml (volume of 50μl), the 

plates were swirled and incubated at 37°C for 4 hours in the dark. The media was removed 

from each well and the cells were washed three times with 2ml of 1x PBS. The cells were 

removed from the wells with a 1.8cm blade length cell scraper (Corning), added to 5ml 

Falcon round-bottomed test tubes (BD Biosciences, USA), spun at 1700rpm for 5 minutes at 

4°C, the supernatant was removed and the cells were resuspended in 200μl of FACS buffer 

before being analysed on a FACSLSR II flow cytometer (BD Biosciences, USA). 

 

2.4.8. Phagocytosis assay 

A phagocytosis assay was performed on cultured bone marrow-derived cells as previously 

described by (Oda and Maeda, 1986). Green Fluoresbrite latex microspheres (Polysciences 

Inc., USA) were opsonised with 50% FCS in 1x PBS at a concentration of 108 

microspheres/ml (by adding 3.64μl of microspheres to 1ml of 50% FCS), by mixing and 

incubating the suspension at 37°C for 30 minutes. The cells in 6-well plates were isolated 

using a 1.8cm blade length cell scraper (Corning), transferred to 15ml centrifuge tubes and 

spun down before being resuspended in serum-free DMEM culture medium at a concentration 

of 107 cells/ml. 5 x 107 opsonised microspheres in a volume of 10μl of 50% FCS was added 

to 106 monocytes in a 100μl volume of DMEM media and incubated with gentle shaking at 

37°C for 30 minutes. Phagocytosis was halted by adding 2ml of cold 1x PBS. The cells were 

washed twice with 1ml of cold 1x PBS, spun at 1700rpm for 5 minutes at 4°C, the 

supernatant was removed and the cells were resuspended in 500μl FACS buffer and stored on 

ice before being analysed on a FACSCanto II flow cytometer (BD Biosciences, USA).  
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2.5. STATISTICAL ANALYSIS 

Statistical analysis was performed using a Student’s t-test, Mann-Whitney test or one-way 

analysis of variance (ANOVA) test with Bonferroni’s multiple comparison tests, as 

appropriate using the GraphPad Prism 6 software. All datasets displayed a normal distribution 

as shown by D’Agostino-Pearson omnibus normality tests. Results were considered 

statistically significant where p-values were below 0.05. 
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CHAPTER 3 

MACROPHAGE POLARISATION IN 

ATHEROSCLEROSIS IS MODULATED BY SHEAR 

STRESS 
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3.1. Introduction 

Macrophages are essential for the development of atherosclerosis. Increased macrophage 

accumulation, failure to clear phagocytosed intimal lipids and a high level of apoptosis 

creates a thrombogenic necrotic core – a hallmark of atherosclerotic plaques prone to acute 

complications (Virmani et al., 2000). Recent studies demonstrate that macrophages possess a 

high level of plasticity with the capability of modifying their behaviour upon 

microenvironmental cues. After exposure to IFN-γ and/or LPS in vitro, macrophages undergo 

classical “M1” activation, mirroring Th1 lymphocyte polarisation, and produce IL-12, TNF-α, 

and iNOS (Biswas and Mantovani, 2010). Alternatively activated “M2” macrophages - 

polarised by the Th2 cytokines IL-4 and/or IL-13 (Gordon and Martinez, 2010) - produce IL-

10 and may express Arginase-1 and the mannose receptor CD206 (Figure 1.2). Evidence 

suggests the M1/M2 dichotomy is oversimplified and that macrophage plasticity generates a 

spectrum of macrophage “programming” (Biswas and Mantovani, 2010). 

The interpretation of the available data on macrophage polarisation status in murine and 

human atherosclerotic plaques is complicated by the heterogeneous use of macrophage 

markers. In murine atherosclerosis of the aortic root, M2 macrophages (identified by 

Arginase-1 expression) have been reported to predominate at the early stages before 

converting into M1 macrophages (distinguished by Arginase-2 immunopositivity) in 

advanced lesions (Khallou-Laschet et al., 2010). Despite the use of iNOS and Arginase-1 to 

identify M1 and M2 macrophages respectively by immunohistochemistry in another study of 

the aortic root, CD86 and CD206 is used to identify M1 and M2 macrophages respectively as 

well as HO-1 for Mox macrophages in the aorta by flow cytometry, where 40% of 

macrophages were M1, 20% M2 and 35% Mox (Kadl et al., 2010). In addition, the 

chemokine CXCL4 has been shown to produce a separate M4 human macrophage phenotype, 

which is less efficient at performing phagocytosis (Gleissner et al., 2010).  

In humans, CD206+ M2 macrophages appear in stable cell-rich areas of the plaque that are 

distant from the lipid core (Bouhlel et al., 2007). Ym-1 and Fizz1 are often used to identify 

M2 macrophages in mice, but the human homologs of these markers are not involved in 

macrophage polarisation (Martinez et al., 2006). Conversely chemokine receptors are the 

most highly expressed group of molecules on human M1 macrophages (Martinez et al., 

2006), but these receptors are also expressed by other cell types, such as T cells. My 

assessment of several microarray and in vitro polarisation studies led me to conclude that 

iNOS and CD206 are the most reliably upregulated markers upon M1 and M2 macrophage 

polarisation respectively (Kadl et al., 2010; Krausgruber et al., 2011; Melillo et al., 1994).  
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Macrophage programming is also affected by the atheroma microenvironment. Oxidized 

phospholipids induce heme oxygenase-1 (HO-1) expression in murine plaque macrophages 

referred to as “Mox” macrophages (Kadl et al., 2010). Intraplaque haemorrhage-derived heme 

induces CD163 and HO-1, whose expression has been deemed to characterise “Mhem” 

macrophages (Boyle et al., 2012; Finn et al., 2012) (Figure 1.2).  

Nonetheless, an association between vulnerable plaque morphology and a specific 

macrophage subtype has yet to be elucidated. Also the effect of shear stress on the vasculature 

and intralesional macrophage polarisation has not been explored. My aim in this chapter is to 

characterise macrophage polarisation in low and oscillatory shear stress modulated regions of 

the vasculature, and to establish whether macrophage polarisation is associated with the 

development of a specific plaque phenotype.  

In this Chapter, I assess macrophage polarisation in atherosclerosis by utilising two different 

murine models – the hypercholesterolaemic ApoE-/- mouse, and a perivascular shear stress 

altering cast placed around the common carotid artery of high fat-fed ApoE-/- mice. Despite 

the absence of typical atherosclerosis in the human aortic root (except in cases of familial 

hypercholesterolaemia (Rallidis et al., 1998)), examination of the murine aortic root is a 

classically used model of atherosclerosis as it provides a standard reference point to compare 

results with studies from other laboratories, and it enables the observation of macrophage 

polarisation over the progression of atherosclerotic disease. In order to study macrophage 

polarisation in shear stress modulated atherosclerosis and to look for any potential association 

with plaque vulnerability, I used a perivascular shear stress altering cast to mimic human pro-

atherogenic hemodynamic patterns as previously described (Section 2.2.3). Although this 

model does not reproduce all features of human plaque vulnerability, the haemodynamic 

patterns are well characterised (van Bochove et al., 2010; Cheng et al., 2006).  

 

3.2. Atherosclerotic lesion size and lipids progress with age, while 

macrophages dominate early in the ApoE-/- aortic root 

I first studied the progression of atherosclerosis in the murine aortic root. Aortic roots from 

chow-fed 12, 20, 28, 35 and 53 week old ApoE-/- mice were sectioned and stained with Oil-

Red-O to identify lipids in the plaque and aid quantification of lesion size. Lesion size 

increases with age when measured both as an absolute area (Fig. 3.1b) and as a percentage of 

the cross-sectional area of the aortic root (Fig. 3.1c).  
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3.3. The majority of macrophages in the aortic root of ApoE-/- mice 

express HO-1 

Aortic root sections from all time points were stained for the M1 macrophage marker iNOS, 

the M2 marker CD206 and the Mox/Mhem marker HO-1. Both iNOS and CD206 are 

expressed by few cells in the lesions – iNOS being marginally higher - with no significant 

differences between the time points. By contrast, HO-1 is highly expressed (Fig. 3.3). HO-1 

shows a stepwise increase in expression with age at the early stages peaking at 28 weeks 

(36.3 ± 1.2%) followed by a large decrease in expression at 35 weeks (8.6 ± 0.8%). In 

intermediate to advanced lesions, iNOS is observed nearer the media while CD206 is poorly 

represented within the lesion but is highly expressed in the adventitia, especially in the 

adventitial areas adjacent to the lesion (Fig. 3.4). At 28 weeks, HO-1 expression is present 

throughout the lesion but is strongest closer to the lumen, while at 35 weeks HO-1 is present 

in small cellular clusters.   

Using confocal microscopy, HO-1 is observed to co-localise with CD68 confirming that 

macrophages are responsible for HO-1 expression in the aortic root. Neither marker co-

localises with CD206 (Fig. 3.5a). Only CD68 expressed nearest the media co-localises with 

iNOS while those macrophages near the lumen do not express iNOS (Fig. 3.5b). iNOS 

appears to be expressed by other cells as well as macrophages in the intima of the aortic root, 

possibly SMCs but this requires further investigation. 
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3.4. IRF5 is expressed by myeloid cells in atherosclerosis 

IRF5 expression was then examined in aortic root lesions of ApoE-/- mice at the previously 

detailed time points. The IRF5 protein is almost absent at 12 weeks, then reaches a peak of 

6.3 ± 2.5% at 20 weeks before decreasing gradually over time and being virtually absent 

again at 35 weeks. IRF5 expression then marginally increases again to 4.4 ± 1.7% at 53 

weeks (Fig. 3.6a). However these differences are not statistically significant. At 20 weeks, 

IRF5 staining is widespread in the lesion but is confined to the cell nuclei. However at the 28- 

and 53-week time points, it stains positively in the area surrounding the cell nuclei suggesting 

IRF5 is expressed in the cytoplasm at these time points (Fig. 3.6b). At 53 weeks, IRF5 

staining is particularly strong on the luminal edge of the lesion, perhaps being expressed by 

endothelial cells at this time point.  

Confocal microscopy with spectral unmixing was used to establish which cell types are 

expressing IRF5 in the atherosclerotic plaque of the aortic root. First aortic root sections from 

all time points were co-stained for IRF5, SMC α-actin and the endothelial cell marker 

PECAM-1 (or CD31). Spectral unmixing was needed in order to separate the emission spectra 

of the anti-SMC and anti-PECAM-1 antibodies, which have a large overlap. Representative 

images from a 28-week-old ApoE-/- mouse are shown in Fig. 3.7a. At this time point, IRF5 is 

mostly expressed in the portion of the intima nearest the media, and some IRF5 is 

interspersed between SMCs but does not co-localise with SMC α-actin. IRF5 does not co-

localise with PECAM-1 either, therefore endothelial cells in the aortic root do not express 

IRF5. Aortic root sections from all time points were then co-stained for IRF5, CD68 and 

CD11c (Fig. 3.7b). The majority of IRF5 co-localises with CD68, however there are some 

spots of IRF5 expression, which co-localise with CD11c alone or with both CD68 and CD11c 

(Fig. 3.7c). Hence macrophages are responsible for the majority of IRF5 expression in 

atherosclerotic plaques, but some of the few DCs in the plaque also express IRF5. It is not 

clear whether the cells expressing both CD68 and CD11c are macrophages or DCs. There 

appears to be three macrophage-DC subpopulations in the lesion responsible for IRF5 

expression: CD68+CD11c+ double positive cells, CD68+CD11c- cells and CD68-CD11c+ cells.  
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Figure 3.7. Confocal images of aortic root sections from ApoE-/- mice to establish which 

cells are expressing IRF5 in the atherosclerotic plaque. A) Images of an aortic root cross-

section from a 28 week old ApoE-/- mouse stained for the endothelial cell marker PECAM-1 

(CD31), IRF5 and Smooth muscle cell (SMC) α-actin. Cell nuclei were stained with DAPI. 

Bright field image (bottom left) shows the location of the lesion and elastic lamina in the 

media. Spectral unmixing was used to remove the overlap between the emission spectra of the 

Cy3 and Alexa Fluor 568 fluorophores (labelling SMCs and CD31 respectively). Images 

taken at x63 magnification, * denotes the location of the lumen, scale bar = 50µm. B) Images 

of an aortic root cross-section from a 28 week old ApoE-/- mouse stained for the macrophage 

pan-marker CD68, dendritic cell marker CD11c and IRF5. Cell nuclei were stained with 

DAPI. Bright field image (bottom right) shows the location of the lesion and elastic lamina 

from the media. Images taken at x63 magnification, * denotes the location of the lumen, scale 

bar = 50µm. Boxes numbered 1, 2 and 3 in the overlay image without DAPI are insets shown 

at higher magnification in c). C) Higher magnification images of inset in b) where IRF5 co-

localises with: 1. CD11c and CD68, 2. only CD11c, and 3. only CD68.  
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3.5. Size and morphology of shear stress-modulated lesions in the 

carotid artery of ApoE-/- mice 

To investigate how shear stress affects lesion development, a perivascular shear stress altering 

cast was tied around one common carotid artery in female ApoE-/- mice on a high fat diet for 

either 6 or 9 weeks. The whole length of the carotid artery was cryosectioned and stained with 

Elastin-Van Gieson stain. At 6 weeks, eccentric lesions develop in the low shear stress (LSS; 

heart-bound) and oscillatory shear stress (OSS; head-bound) modulated regions of the carotid 

artery while no lesion is observed in the high shear stress (HSS; within the cast) modulated 

region or the contralateral sham-operated carotid artery (Fig. 3.8a). At 9 weeks the lesions in 

the LSS- and OSS-modulated regions are more concentric while there is still no lesion 

observed in the HSS region or contralateral artery (Fig. 3.9a). The intima:media ratios (IMRs) 

are plotted against distance along the carotid artery for each mouse, starting from the end 

nearest the heart moving towards the head (Fig. 3.8b and 3.9b). The two large peaks represent 

lesions in LSS and OSS regions. The intervening lesion-free 1mm is compatible with the HSS 

region within the cast. There are no significant differences in lesion size (Fig. 3.8c and 3.9c).  
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3.6. Low shear stress facilitates M1 macrophage polarisation in the 

carotid artery of ApoE-/- mice 

In order to assess whether shear stress affects macrophage polarisation, sections from 6 or 9 

week cast-treated carotid arteries were stained for CD68, the M1 macrophage markers iNOS 

and IRF5, the M2 marker CD206, and the Mox/Mhem marker HO-1. At 6 weeks, CD68 

expression is significantly higher in LSS than OSS-modulated lesions (LSS: 34.7 ± 4.7%, 

OSS: 17.5 ± 4.7%; where p=0.02). iNOS expression is also significantly higher in the LSS 

region (LSS: 23.7 ± 5.1%, OSS: 5.4 ± 2.7%, p=0.006) as is IRF5 (LSS: 12.5 ± 4.1%, OSS: 

3.4 ± 1.3%, p=0.03). There is no significant difference in the expression levels of CD206 and 

HO-1 between each shear region (Figure 3.14a).  

The markers display a characteristic distribution within the lesions. CD68 and iNOS are both 

strongly expressed throughout the intima of the LSS lesions (Figure 3.14b). IRF5 is mostly 

expressed near the lumen of the LSS lesions although there are isolated cells, which seem to 

surround the acellular necrotic core (Figure 3.14b). In stark contrast, IRF5 is virtually absent 

in OSS-modulated lesions (Figure 3.14b). CD206 is sparingly expressed nearer to the lumen 

in both the LSS region and OSS regions, but it is expressed quite strongly in the adventitia 

(Figure 3.14b). HO-1 expression in the LSS lesion is localised closer to the lumen while 

being weakly expressed in the OSS lesion (Figure 3.14b).  
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Surprisingly, at 9 weeks these differences between the LSS and OSS lesions are attenuated 

and there are no statistically significant differences (Figure 3.15a). CD68 is found throughout 

the intima (Figure 3.15b). iNOS expression is scattered throughout the plaque and is also 

evident in the media. IRF5 expression is in some specimens apparent in clusters of cells 

surrounding the necrotic core. CD206 is expressed sparingly near the lumen and is once again 

particularly strong in the adventitia while HO-1 is strongly expressed throughout the plaque 

(Figure 3.15b).  

When comparing the LSS-modulated lesions at 6 and 9 weeks, the expression of both iNOS 

(p=0.03) and IRF5 (p=0.04) are significantly higher at 6 weeks (iNOS: 23.7 ± 5.1% p=0.03, 

IRF5: 12.5 ± 4.1% p=0.04) than 9 weeks (iNOS: 9.2 ± 1.8%, IRF5: 2.5 ± 0.6%). CD68 

(p=0.086) and CD206 (p=0.068) are almost significantly higher at 6 weeks than 9 weeks 

(Figure 3.16). Only HO-1 is slightly higher at 9 weeks than 6 weeks although this difference 

is not statistically significant. When analysing OSS-modulated lesions, HO-1 is significantly 

higher at 9 weeks (13.6 ±1.4%) than 6 weeks (6.1 ± 2.6%, p=0.04). There are no significant 

differences between these two time points for the other markers in OSS lesions.  
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3.7. Genetic expression of macrophage polarisation markers and 

cytokines differs between LSS and OSS regions in the carotid artery 

of ApoE-/- mice 

The gene expression levels of cytokines, macrophage and DC markers in the carotid arteries 

with the cast placed for 6 weeks were assessed by quantitative real-time PCR. In agreement 

with the immunohistochemistry data, the gene expression levels of CD68 (Fold change LSS: 

2.0 ± 0.4, OSS: 0.9 ± 0.2, p=0.02) iNOS (LSS: 1.8 ± 0.1, OSS: 0.8 ± 0.2, p=0.02) and IRF5 

(LSS: 1.3±0.1, OSS: 0.5±0.1, p=0.006) are all significantly higher in the LSS-modulated 

plaques than OSS plaques, and there is no difference in the gene expression of CD206 (Figure 

3.18a). But in contrast to CD206 expression, there is a significant upregulation of Arginase-1 

(LSS: 1.6±0.9, OSS: 6.0±0.8, p=0.004), HO-1 (LSS: 0.4±0.2, OSS: 0.9±0.1, p=0.04) and 

CD163 (LSS: 0.5±0.2, OSS: 2.3±0.7, p=0.04) in OSS-modulated lesions (Figure 3.18a).  

To assess if DCs play a role in the shear stress-modulated development of vulnerable and 

stable plaques, the gene expression levels of the DC markers CD11c, DCIR (DC 

immunoreceptor), DC-SIGN (or CD109), CD103, Flt3 and CCR7 (also considered a cell 

emigration marker) were also measured. However there are no differences in the expression 

of these markers between the two regions of the carotid artery (Figure 3.18b).  

The expression of pro-inflammatory and anti-inflammatory cytokines was also measured to 

identify possible stimuli for the observed differences in macrophage marker expression. There 

is a trend towards an increase in pro-inflammatory cytokines in the LSS-modulated plaques 

with TNF-α, IL-12p35 and IL-12p40 showing a non-significant upregulation, and IFN-γ gene 

expression (LSS: 1.9±0.3, OSS: 1.0±0.2, p=0.02) is significantly higher in LSS-modulated 

lesions (Figure 3.18c). The Th2/M2 macrophage polarising cytokines IL-4 and IL-13 do not 

display statistically significant differences. Instead, there is significantly increased expression 

of IL-10 in the OSS-modulated stable plaques when compared to LSS-modulated vulnerable 

plaques (LSS: 0.6±0.2, OSS: 1.1±0.1, p=0.03, Figure 3.18c).   
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3.8. Discussion 

Macrophages are important for early atherogenesis and the development of vulnerable and 

stable plaque characteristics, as depleting CD11b+ cells reduces the amount of lipids, 

macrophages, necrotic core formation as well as SMC and collagen content (Stoneman et al., 

2007). Macrophages form a significant component of TCFAs and can localise to disrupted 

sites of the fibrous cap (Virmani et al., 2000). Several studies demonstrate macrophage 

heterogeneity in murine and human atherosclerosis (Bouhlel et al., 2007; Boyle et al., 2012; 

Finn et al., 2012; Kadl et al., 2010; Khallou-Laschet et al., 2010) but few have focused on 

TCFAs and the influence of shear stress. Previous studies have shown that LSS facilitates 

monocyte recruitment to lesions via the upregulation of chemokines (Cheng et al., 2007b) and 

adhesion molecules (Cheng et al., 2006) in segments of the vessel wall exposed to LSS, but 

macrophage polarisation was not examined in these studies.  

I have demonstrated in the aortic root of the ApoE-/- mouse, the majority of CD68+ 

macrophages within the lesion express HO-1, but macrophages in the adventitia are mostly 

responsible for expression of the M2 marker CD206 (Figures 3.2-3.4). Therefore oxidised 

phospholipids (Kadl et al., 2010) could be a major determinant of macrophage phenotype in 

aortic root lesions. I found higher proportions of HO-1+ macrophages in the aortic root 

compared to Kadl et al. This could be due to differences in the mouse models used as Kadl et 

al fed a Western diet to LDLR-/- mice for 30 weeks, and the vascular site examined as Kadl et 

al. examined the aorta by flow cytometry and found 30% of macrophages are HO-1+ Mox 

(Kadl et al., 2010). 

iNOS and IRF5 are surprisingly low in early to intermediate aortic root lesions, mostly 

expressed by macrophages as they co-localise with CD68, although some CD68+CD11c+ and 

CD11c+ cells also express IRF5 (Figures 3.3-3.7). The CD11c+ cells are most likely to be 

DCs, but it is not clear whether the CD68+CD11c+ cells are macrophages or DCs. They could 

represent an intermediate cell type between macrophages and DCs, but further investigation is 

required for clarification. The lack of classical M1 macrophage polarisation suggests that 

classic polarising inflammatory mediators may not be the prevalent driving force of 

macrophage phenotype in the aortic root. Chapter 4 is dedicated to the study of the effect of 

IRF5 deficiency in aortic root atherosclerosis.  

I utilised a perivascular cast model to induce low and oscillatory shear stress in the murine 

carotid artery, thus generating plaques which resemble TCFAs or vulnerable and stable 

plaques (Cheng et al., 2006). I demonstrate that M1 macrophages predominate in LSS 

conditions at the early stages of TCFA formation (6 weeks after surgical placement of the 
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cast) as made evident by the enhanced expression of iNOS and IRF5 in this region (Figure 

3.14). The appearance of these M1 macrophages precedes the development of the full TCFA 

phenotype (Figures 3.10-3.13), which appears 9 weeks after surgery, suggesting they are a 

potential trigger of plaque vulnerability.  

LSS facilitates monocyte recruitment to lesions via the upregulation of chemokines and 

adhesion molecules (Cheng et al., 2006) in segments of the vessel wall exposed to LSS, but 

macrophage polarisation was not examined in these studies. iNOS is an established M1 

marker (Biswas and Mantovani, 2010) whose expression is dependent on IFN-γ (Melillo et 

al., 1994), a pro-atherogenic cytokine (Gupta et al., 1997) and an M1 stimulus. My results 

demonstrate that iNOS immunopositivity constitutes over 60% of the macrophage-rich areas 

in LSS regions and that their enrichment precedes changes in lipid and collagen content 

compatible with the TCFA phenotype. One might argue that iNOS may be expressed by other 

cells in the lesions, for instance SMCs (Wilcox et al., 1997). However upon close 

examination, iNOS appears to be expressed in different areas of the same cells, which express 

CD68 (Figure 3.17a) while not appearing in the same areas as SMCs. This result is supported 

by gene expression levels of CD68, iNOS, IRF5 and IFN-γ being upregulated in LSS regions 

prior to TCFA development (Figure 3.18) and by a previous study using the cast where the 

IFN-γ-dependent chemokine IP-10 (CXCL10), is more highly expressed in early LSS than 

OSS regions during lesion development while no differences are observed at 9 weeks (Cheng 

et al., 2007b). Collectively my findings suggest that low shear stress facilitates M1 

macrophage polarisation.  

My data also show that macrophage polarisation within the plaque is a dynamic phenomenon 

rather than a stable feature. At 6 weeks post cast placement, M1 polarisation predominates in 

the LSS region, while at 9 weeks the intralesional macrophage content and in particular M1 

macrophage content decreases in LSS lesions reaching similar numbers to the OSS region. 

The decrease in macrophages is associated with a modest increase in HO-1+ macrophages, a 

significant increase in lipid content and a decrease in collagen deposition in the LSS region. 

No change in CD206+ macrophages is detected. These findings suggest that early detection 

and intervention is essential to identify and modulate macrophage activation during TCFA 

development.  

In contrast, the development of OSS lesions is characterised by an increase in HO-1+ 

macrophage representation over time. Similarly, an increase in HO-1 expression is observed 

over time in aortic root lesions up until 28 weeks of age, after which its expression is reduced. 

These observations are in keeping with previous studies showing that HO-1 expression leads 

to suppression of pro-inflammatory cytokines such as IL-6 and TNF-α, increased IL-10, 
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increased fibrous cap thickness and SMC content, and a reduction in the size of the necrotic 

core (Cheng et al., 2009b). As HO-1+ macrophages are more prevalent in OSS lesions of the 

carotid artery and the aortic root (which is also proposed to be a stable lesion (Jackson et al., 

2007)), the atheroprotective functions of these macrophages could be upregulated and 

decisive in stable plaque development.  

While there is no evidence of macrophage polarisation in the OSS regions at the protein level 

until 9 weeks, gene expression studies demonstrate an increase in Arginase-1, HO-1, CD163 

and IL-10 expression, 6 weeks after surgery (Figure 3.18). There is also a trend towards 

increased expression of the M2 macrophage markers IRF4 and Ym1. The upregulation of 

Arginase-1 and IL-10, and not CD206 could indicate a level of heterogeneity among M2 

macrophages in atherosclerosis. IL-10 can be expressed by all M2 macrophages, but 

Mantovani et al. proposed that CD206 is expressed by M2a and M2c macrophages while 

Arginase-1 is expressed by M2a macrophages only (Mantovani et al., 2004). But this 

paradigm does not explain my results as Arginase-1 and CD206 should then be equally 

expressed. Therefore M2 macrophages may possess a further level of heterogeneity that has 

yet to be ascertained.  

In summary, the exposure of the vessel wall to low shear stress facilitates pro-inflammatory 

macrophage programming; hence M1 macrophages emerge as the dominant cell type at the 

early stages of thin-cap fibroatheroma development. In contrast, oscillatory shear stress 

promotes alternative macrophage programming and HO-1+ macrophages become particularly 

prevalent as the stable plaque phenotype develops. My data are the first to demonstrate a link 

between types of shear stress and changes in macrophage polarisation. This data instigates 

further work on the signalling pathways responsible for this association. In Chapter 5, I will 

describe my investigation on the potential role of IRF5 in shear stress-induced 

atherosclerosis. 
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CHAPTER 4 

IRF5 MEDIATES LESION SIZE AND NECROTIC CORE 

FORMATION IN ATHEROSCLEROSIS 
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4.1. Introduction 

Interferon regulatory factors (IRFs) are a family of transcription factors whose expression is 

constitutive or induced by type I and type II interferons (IFNs) (Taniguchi et al., 2001). The 

signalling cascades of pattern recognition receptors (PRRs) and cytokine receptors such as the 

IFN-γ receptor, activate IRFs, and they mediate the transcription of IFNs, IFN-inducible 

genes and pro-inflammatory cytokines (Krausgruber et al., 2011; Takaoka et al., 2005). IRFs 

have ample roles in immunity, including immune cell function and development. For 

example, IRF5 is upregulated during the transition of cMoPs (common monocyte progenitors) 

into Ly-6C+ monocytes (Hettinger et al., 2013), and IRF8 in conjunction with the 

transcription factor PU.1 controls the development of monocytes (Kurotaki et al., 2013). IRF4 

promotes the survival of monocyte-derived CD11b+ DCs and migratory CD11b+CD103+ DCs 

(Schlitzer et al., 2013).  

IRF4 and IRF5 have also been implicated in macrophage polarisation. M1 macrophages 

express higher levels of IRF5, which activates the transcription of IL-12 and IL-23 while 

inhibiting IL-10 transcription evoking a robust Th1/Th17 response in T cells (Krausgruber et 

al., 2011). The conversion of M2 to M1 macrophages increases the protein expression of 

IRF5 (Krausgruber et al., 2011). IRF4 is also an important factor for M2 macrophage 

polarisation, and is dependent on the histone H3K27 demethylase Jmjd3 for the activation of 

its transcription and subsequent activation of M2-polarising genes (Satoh et al., 2010). IRF4 

has also been shown to inhibit IRF5 from translocating to the nucleus and binding to MyD88, 

thus impairing inflammatory cytokine production (Negishi et al., 2005). 

IRF5 is also important for determining the activation of DCs. IRF5 is responsible for the 

prolonged secretion of TNF-α by DCs, which is initiated in cooperation with NFκB, aiding 

DC maturation, antigen presentation, and generation of Th1 cell responses (Krausgruber et 

al., 2010). DCs derived from murine IRF5-/- bone marrow, display reduced transcription of 

IFN-α, IFN-β and IL-6 following stimulation of TLR7 or TLR9 (Yasuda et al., 2013). 

Candida albicans triggers the production of type I IFNs by DCs – primarily IFN-β – by 

stimulating the Dectin-1 receptor to mediate intracellular signalling via Syk, Card9 and IRF5, 

which subsequently allows NFκB and c-Jun to form the IFN-β enhanceosome (Del Fresno et 

al., 2013). In patients suffering from SLE (systemic lupus erythematosus), apoptotic and 

necrotic material can activate IRF5 in monocytes to translocate into the nucleus and 

transcribe TNF-α, IL-6 and IFN-α (Stone et al., 2012). IRF5 could determine the lifespan of 

macrophages and DCs as IRF5 is already known to be a mediator of death receptor-induced 

apoptosis (Hu and Barnes, 2009). 
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The role of IFN signalling in atherosclerosis has only begun to be understood. IFN-β 

administration into ApoE-/- and LDLR-/- mice increases lesion formation and macrophage 

content, while a myeloid cell-specific deletion of the IFN receptor reduces lesion size, 

macrophage and neutrophil content (Goossens et al., 2010). In human atherosclerotic lesions, 

type I IFN signalling pathway components such as the IFN receptor, STAT1 and IRF9, are 

significantly upregulated in ruptured compared to stable lesions (Goossens et al., 2010). 

LXRα activates the transcription of IRF8, which dimerises with the PU.1 transcription factor 

and mediates Arginase-1 transcription, which is upregulated by macrophages in regressive 

plaques and expressed by non-foam cell macrophages near the lumen of human plaques 

(Pourcet et al., 2011). Very little is known about the role of individual IRFs in atherosclerosis.  

IRF5 is a potent modulator of the production of pro-inflammatory cytokines and IFNs that are 

very relevant to the pathogenesis of atherosclerosis. It is also a master regulator of 

macrophage and DC behaviour that plays a key role in atherosclerosis. IRF5 activation is 

linked to the TLR pathway, which has a proven role in modulating vascular disease. The 

effect of IRF5 in atherosclerosis is unexplored so far. My aim in this chapter is to assess 

whether IRF5 is detrimental in atherosclerosis. To this end, I investigated the effect of IRF5 

on atherosclerosis by crossing IRF5-/- mice with ApoE-/- mice.  

 

4.2. M1 macrophage polarisation of bone marrow-derived cells is 

dependent on IRF5 

IRF5 is highly expressed in human M1 macrophages and induces M1 genes such as IL-12, 

TNF-α and IL-23, while inhibiting IL-10 (Krausgruber et al., 2011). To examine whether the 

polarisation of murine macrophages is affected by a deficiency in IRF5, bone marrow cells 

from C57BL/6 (wild-type or WT) and IRF5-/- mice were differentiated with GM-CSF (to 

produce M1 macrophages and DCs) or M-CSF (to produce M2 macrophages), according to 

standard protocols (Fleetwood et al., 2007).  The cells were then stained for the scavenger 

receptor CD68, the M1 markers iNOS and IRF5, and the M2 marker CD206.  
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CD68 is expressed by all cell types and is not affected by an IRF5 deficiency. In confirmation 

of the IRF5-/- knockout phenotype, none of the IRF5-/- cells stain positively for IRF5. This 

result also confirms that the anti-IRF5 antibody being used is specific for the IRF5 protein 

(Fig. 4.1). DCs from both WT and IRF5-/- mice strongly express CD206 while weakly 

expressing iNOS. Wild-type DCs also express IRF5 in accordance with human studies 

(Krausgruber et al., 2011) (Fig. 4.1a). Bone marrow-derived macrophages (BMDMs) from 

WT mice differentiated with GM-CSF, predominantly express iNOS and IRF5 while only a 

few cells express CD206. This protein expression profile confirms these are BMDMs 

polarised to an M1 macrophage phenotype. Giant cells are clearly visible among these 

populations, especially those images depicting CD68 and CD206 expression. In contrast, 

GM-CSF differentiated BMDMs from IRF5-/- mice strongly express CD206 while very few 

cells express iNOS (Fig. 4.1b), confirming that IRF5 is necessary for the polarisation of 

macrophages towards the M1 phenotype in mice too. M-CSF differentiated WT and IRF5-/- 

BMDMs strongly express CD206 while not expressing iNOS and IRF5 (Fig. 4.1c), 

confirming they have polarised towards the M2 macrophage phenotype and that IRF5 does 

not affect M2 polarisation. There are also no giant cells visible in the M-CSF-differentiated 

and IRF5-/- BMDM populations.  

 

4.3. Generation of an ApoE-/-IRF5-/- colony that does not carry a 

mutation in the Dock2 gene 

IRF5-/- mice on a C57BL/6 background were obtained from Prof. Udalova (Kennedy Institute) 

and backcrossed with ApoE-/- mice on a C57BL/6 background purchased from Charles River 

(UK). The mice were genotyped as described in section 2.2.2.1. All the offspring from the F1 

generation were heterozygous for both genes (ApoE+/-IRF5+/-). Mice from the F1 generation 

were bred, allowing the emergence of one pair of double knockout mice in the F2 generation 

for further breeding. Moreover, two pairs among the F2 generation were homozygous 

knockout for ApoE and heterozygous for IRF5, and placed together for breeding. 

Approximately 50% of the F3 generation were double knockout and were used to maintain 

the double knockout colony. Other mice which were homozygous knockout for ApoE and 

heterozygous for IRF5 were used to generate ApoE-/- littermates to compare results with 

ApoE-/-IRF5-/- mice, which were used for comparisons.  

A recent paper by Purtha et al. showed that IRF5-/- mice can develop a spontaneous mutation 

in the Dock2 gene locus, which causes a depletion in pDCs and marginal B cell counts, and 

alterations in their production of type I IFNs, which would not normally happen if the mice 
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4.4. A deficiency in IRF5 reduces atherosclerosis in the aortic root 

The aortic roots of ApoE-/- and ApoE-/-IRF5-/- mice fed a chow diet up to 15, 20 or 27 weeks 

of age, were harvested and cryosectioned to assess atherosclerotic disease at this site. Upon 

quantitative analysis of lesion size in the aortic root, ApoE-/-IRF5-/- mice have significantly 

smaller lesions at 15 (ApoE-/-: 7.0 ± 0.4%, ApoE-/-IRF5-/-: 4.8 ± 0.7%, p=0.01) and 

particularly at 20 weeks (ApoE-/-: 13.9 ± 1.3%, ApoE-/-IRF5-/-: 9.6 ± 0.8%, p=0.009), 

compared to ApoE-/- mice, when measured as a percentage of the cross-sectional area of the 

aortic root (Figure 4.3b). At 27-weeks, the difference is smaller and not statistically 

significant. The differences in lesion area are noticeable in the representative images of the 

aortic root from 15 and 20 week old mice (Figure 4.3a). In 20 and 27 week old ApoE-/- mice, 

the lesions extend throughout the area of the cusp while in the ApoE-/-IRF5-/- aortic root, only 

parts of the cusp surface are affected by atherosclerosis.  
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4.5. Evaluation of the effect of IRF5 deletion on lesional macrophage 

infiltration and polarisation markers in atherosclerosis 

To investigate whether the change in lesion size could be ascribed to changes in inflammatory 

infiltrate, the aortic root sections were stained for the pan-macrophage marker CD68. At the 

15-week time point, ApoE-/-IRF5-/- lesions display a greater percentage of macrophages than 

ApoE-/- lesions (ApoE-/-: 25.7 ± 2.4%, ApoE-/-IRF5-/-: 33.7 ± 1.7%, p=0.01, Figure 4.4b). 

However, this difference is not reflected by significant changes in the CD68 positive area 

(Figure 4.4c). There is no difference in the macrophage content of ApoE-/- and ApoE-/-IRF5-/- 

lesions at 20 and 27 weeks of age (Figure 4.4b-c). The distribution of lesional macrophages is 

quite similar between both genotypes as CD68 is found in all areas of the plaque at 15 and 20 

weeks of age, while CD68 only stains near the lumen at 27 weeks, suggesting only newly 

recruited macrophages are expressing CD68 at this time point (Figure 4.4c).  
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4.6. Deletion of IRF5 depletes the content of CD11c+ cells in 

atherosclerosis 

To investigate the possibility that IRF5 affects the number of DCs in the plaque, aortic root 

sections were stained for CD11c – which is highly expressed by DCs. While there is no 

difference in CD11c expression at the 15-week time point, its expression is significantly 

downregulated in ApoE-/-IRF5-/- mice compared to ApoE-/- mice as a percentage of the lesion 

area at 20 weeks (ApoE-/-: 9.2 ± 1.5%, ApoE-/-IRF5-/-: 4.3 ± 0.8%, p=0.01) and even more at 

27 weeks (ApoE-/-: 10.0 ± 1.6%, ApoE-/-IRF5-/-: 2.2 ± 0.4%, p=0.0003, Figure 4.8b). This 

difference is also present when considering the CD11c positive areas of the lesions at 20 

weeks (ApoE-/-: 10618 ± 2801μm2, ApoE-/-IRF5-/-: 4062 ± 998.7μm2, p=0.04) and 27 weeks 

(ApoE-/-: 16340 ± 2662μm2, ApoE-/-IRF5-/-: 3715 ± 1120μm2, p=0.0006, Figure 4.8c). The 

representative images confirm depletion of CD11c in ApoE-/-IRF5-/- lesions (Figure 4.8a).  
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Aortic root sections were also stained with H&E (haematoxylin and eosin) stain to quantify 

the necrotic core size, as previously shown by (Seimon et al., 2009). At 15 weeks of age, 

ApoE-/-IRF5-/- mice show a trend towards slightly larger necrotic cores in the aortic root than 

ApoE-/- mice, although this difference is not statistically significant. Plaque necrosis is instead 

clearly decreased in ApoE-/-IRF5-/- mice at the later time points of 20 and 27 weeks. In 

comparison to ApoE-/- mice, necrotic core size is 50% smaller in ApoE-/-IRF5-/- mice at 20 

weeks (ApoE-/-: 20.3 ± 2.8%, ApoE-/-IRF5-/-: 10.1 ± 1.6%, p=0.01), and 37% smaller at 27 

weeks (ApoE-/-: 30.3 ± 2.4%, ApoE-/-IRF5-/-: 19.1 ± 2.2%, p=0.004) when expressed as a 

percentage of lesion area (Figure 4.10b). When considering the total necrotic core area, the 

size of the necrotic core is also significantly smaller in ApoE-/-IRF5-/- mice at 20 (ApoE-/-: 

24647 ± 3770μm2, ApoE-/-IRF5-/-: 11548 ± 2482μm2, p=0.01) and 27 weeks (ApoE-/-: 55637 ± 

6664μm2, ApoE-/-IRF5-/-: 34183 ± 5234μm2, p=0.03, Figure 4.10c). As can be seen in Figure 

4.10a, the necrotic areas, outlined by the dotted lines, in the lesions of the ApoE-/- aortic root 

are larger and more frequent than in the ApoE-/-IRF5-/- aortic root. 
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Finally, aortic root sections were stained to identify collagen with the Picrosirius Red stain, 

which stains total collagen red, and under polarised light, type I collagen appears orange and 

type III collagen appears green. There are no significant differences in the total collagen 

content of ApoE-/- and ApoE-/-IRF5-/- aortic root lesions at any time point, when expressed as a 

percentage of lesion area (Figure 4.12b). When considering the area of total collagen in the 

plaques, the collagen content of the ApoE-/-IRF5-/- aortic root is reduced at the 20-week time 

point in comparison to ApoE-/- mice (ApoE-/-: 36274 ± 5225μm2, ApoE-/-IRF5-/-: 21571 ± 

3560μm2, p=0.03, Figure 4.12c). Type I collagen as a percentage of lesion area, shows no 

significant differences at any of the time points (Figure 4.13b). When type I collagen is 

expressed as an area, ApoE-/-IRF5-/- mice have significantly less type I collagen in the aortic 

root than ApoE-/- mice at the 20 week time point (ApoE-/-: 16668 ± 1510μm2, ApoE-/-IRF5-/-: 

8542 ± 1261μm2, p=0.001, Figure 4.13c). Negligible amounts of type III collagen are visible 

in the aortic root, with an almost identical pattern to type I collagen. There are no significant 

differences in the type III collagen content when expressed as a percentage of lesion area 

(Figure 4.13d), but the type III collagen area of ApoE-/-IRF5-/- lesions is significantly lower 

than in ApoE-/- lesions (ApoE-/-: 118.4 ± 26.9μm2, ApoE-/-IRF5-/-: 45.3 ± 10.4μm2, p=0.02, 

Figure 4.13e). At 27 weeks, type I collagen seems to form a significant part of the fibrous cap 

in ApoE-/- lesions (Figure 4.13a, top row), while being mostly present on the medial side of 

ApoE-/-IRF5-/- lesions with just a few spots present closer to the lumen (Figure 4.13a).  
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4.8. Gene expression of dendritic cell markers is downregulated in 

the arteries but increased in sub-iliac lymph nodes of ApoE-/-IRF5-/- 

mice 

To assess whether the patterns of macrophage and DC marker expression in the aortic root 

and carotid artery are reflected in the aorta, I quantified the gene expression levels of 

cytokines, macrophage and DC markers in the aortic arch, thoracic aorta and abdominal aorta 

of 20-week-old ApoE-/-IRF5-/- mice, normalized to the gene expression levels in ApoE-/- mice. 

No significant changes are observed in the thoracic aorta and the abdominal aorta (Figures 

4.14-4.15) possibly due to the lack of lesions at this time point. In the aortic arch, where the 

inner curvature is exposed to LSS (Feintuch et al., 2007), CD68 is reduced in the ApoE-/-

IRF5-/- mice (p=0.04, Figure 4.16a) despite no changes being seen at the protein level in the 

aortic root. In agreement with the aortic root and carotid artery (detailed in chapter 5), the DC 

markers CD11c (p=0.017) and CD103 (p=0.02, Figure 4.16b) are significantly downregulated 

in the aortic arch (Figure 4.16b). No changes are observed in macrophage polarisation 

markers or cytokine levels in the aorta, in keeping with the immunohistochemistry data.  
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The depletion of CD11c+ DCs in the plaques could be explained by an increase in their 

trafficking to peripheral lymphoid organs, a phenomenon that was first described in 

atherosclerosis regression models (Trogan et al., 2006). Hence I measured the expression of 

macrophage and DC markers in the para-aortic lymph nodes and the spleen but I found no 

significant differences, except that Iba-1 (p=0.01) is downregulated in the ApoE-/-IRF5-/- 

spleen (Figure 4.17-4.18). In contrast to atherosclerotic arteries and the PALNs, gene 

expression analysis of the sub-iliac lymph nodes (SILNs) shows the M1 macrophage marker 

iNOS (p=0.02), the M2 macrophage marker IRF4 (p=0.02), the Mox/Mhem macrophage 

marker HO-1 (p=0.04) and the Mhem macrophage marker CD163 (p=0.001) are all increased 

in ApoE-/-IRF5-/- SILN cells (Figure 4.19a). There is a 2-3-fold upregulation in the DC 

markers CD103 (p=0.02) and Flt3 (p=0.018) and the cell emigration marker CCR7 

(p=0.0028) by ApoE-/-IRF5-/- SILN cells in comparison to ApoE-/- SILN cells (Figure 4.19b). I 

observed the upregulation of the pro-inflammatory cytokines TNF-α (p=0.009), IFN-γ 

(p=0.04) and IL-12p35 (p=0.01). Surprisingly the Th2 cell-polarising cytokine IL-13 is also 

elevated by 5-fold (p=0.009) in the ApoE-/-IRF5-/- SILN compared to ApoE-/- SILN (Figure 

4.19c). In summary, dendritic cell, M1 and M2 macrophage associated genes are enriched in 

the SILN of ApoE-/-IRF5-/- mice compared to ApoE-/- mice together with the cell emigration 

marker CCR7, suggesting increased trafficking to the peripheral lymphoid organs in the 

absence of IRF5. 
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4.9. Dendritic cell markers are downregulated while macrophage 

markers are upregulated in the para-aortic lymph nodes of ApoE-/-

IRF5-/- mice 

Upon FACS analysis of the spleen, F4/80 expression is evidently elevated, particularly by the 

CD11b- cell population in the spleen of ApoE-/-IRF5-/- mice compared to ApoE-/- mice (p=0.02, 

Table 4.1. and Figure 4.21). Concomitantly the expression of CD11c, as quantified by the 

median fluorescence intensity, is reduced in the F4/80+CD11b- cell population, in splenic 

cells derived from ApoE-/-IRF5-/- mice (p=0.046, Figure 4.21). Similarly, the F4/80+CD11b- 

cell population in the ApoE-/-IRF5-/- SILNs, also downregulates their CD11c expression 

(p=0.002, Figure 4.22). There is no significant difference in the expression of F4/80 or CD11c 

in the PALNs. In the ApoE-/-IRF5-/- PALNs (p=0.047, Figure 4.23a) and ApoE-/-IRF5-/- SILNs 

(Table 6.1, p=0.004, Figure 4.22) in comparison to their ApoE-/- counterparts, there is an 

increase in the proportion of CD11c- cells expressing MHC-II. No such change is evident in 

the spleen. 

To explore whether a deficiency in IRF5 could modulate the phenotype of myeloid cells, I 

differentiated ApoE-/- and ApoE-/-IRF5-/- bone marrow-derived cells with M-CSF (to produce 

M2-like macrophages) or GM-CSF (to produce M1-like macrophages or DCs), then left the 

cells unstimulated or stimulated them with IL-4, IFN-γ or LPS for 24 hours. I assessed their 

expression of the DC markers CD11c and MHC-II, and macrophage markers F4/80 and 

CD11b by flow cytometry. Altough there is a small increase in the CD11c- population 

expressing F4/80 following differentiation by GM-CSF but these differences are not 

statistically significant (Figure 4.25).  
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Table 4.1. Percentages of cells expressing CD11c, F4/80, CD11b and/or MHC-II in the para-aortic lymph node (PALN), sub-iliac lymph node (SILN) 
and spleen of ApoE-/- and ApoE-/-IRF5-/- mice. Data represented as mean ± SEM, n=4, p-values below 0.05 considered as significant.  
 

 

 

 

 
 

 
 
 
 
 
 
 
 
 

Table 4.2. Percentages of cells expressing CD11c, F4/80, CD11b and/or MHC-II from bone marrow-derived cells of ApoE-/- and ApoE-/-IRF5-/- mice, 
either left unstimulated, differentiated with M-CSF or GM-CSF, then stimulated with IL-4, IFN-γ or LPS. Data represented as mean ± SEM, n=4, none 
of the results displayed showed statistically significant differences.  

 PALN SILN Spleen 
ApoE-/- ApoE-/-IRF5-/- p-value ApoE-/- ApoE-/-IRF5-/- p-value ApoE-/- ApoE-/-IRF5-/- p-value 

CD11c+ 7.9 ± 0.2 9.8 ± 2.2 0.481 3.8 ± 0.03 3.0 ± 0.1 0.280 17.4 ± 1.3 16.1 ± 1.4 0.514 
CD11c- 61.7 ± 0.1 60.9 ± 0.9 0.447 64.1 ± 0.9 61.0 ± 0.8 0.112 47.6 ± 3.2 47.6 ± 3.3 0.991 

CD11c+MHC-II+ 5.8 ± 0.1 8.2 ± 2.1 0.386 2.4 ± 0.2 2.3 ± 0.03 0.648 14.9 ± 1.3 14.7 ± 1.4 0.910 
CD11c-MHC-II+ 27.3 ± 0.7 37.0 ± 2.6 0.047 23.6 ± 0.9 31.1 ± 1.3 0.004 31.1 ± 1.8 33.4 ± 1.9 0.409 
F4/80+CD11b+ 1.5 ± 0.2 1.8 ± 0.2 0.444 1.0 ± 0.3 1.1 ± 0.1 0.797 4.6 ± 0.1 3.3 ± 0.3 0.280 
F4/80+CD11b- 2.1 ± 0.2 2.5 ± 0.2 0.262 0.8 ± 0.1 1.3 ± 0.4 0.348 13.5 ± 1.5 19.7 ± 1.4 0.022 

 Unstimulated M-CSF M-CSF + IL-4 M-CSF +  IFN-γ 
ApoE-/- ApoE-/-IRF5-/- ApoE-/- ApoE-/-IRF5-/- ApoE-/- ApoE-/-IRF5-/- ApoE-/- ApoE-/-IRF5-/- 

CD11c+ 25.7 ± 11.4 22.2 ± 7.8  21.7 ± 8.9 27.3 ± 10.4 23.1 ± 5.1  23.8 ± 7.8 35.2 ± 10.0 24.7 ± 5.7 
CD11c- 58.7 ± 6.7 61.0 ± 4.1 57.6 ± 4.6  54.7 ± 10.0 60.0 ± 3.1 60.0 ± 4.9 48.2 ± 4.6 60.0 ± 3.9 

CD11c+MHC-II+ 3.4 ± 2.0 4.6 ± 2.1 4.0 ± 1.7 5.0 ± 2.1 7.0 ± 3.4 5.7 ± 2.7 12.3 ± 2.8 12.4 ± 6.2 
CD11c-MHC-II+ 9.0 ± 6.0 18.4 ± 10.7 13.8 ± 8.1 20.1 ± 11.0 20.4 ± 11.1 16.6 ± 10.0 18.3 ± 9.6 24.8 ± 12.6 
F4/80+CD11b+ 12.5 ± 8.7 27.4 ± 16.7 23.5 ± 13.6 31.3 ± 16.7 33.5 ± 18.2 24.6 ± 13.7 22.3 ± 11.8 22.7 ± 12.9 
F4/80+CD11b- 40.6 ± 3.0 38.6 ± 3.2 34.9 ± 2.8 35.3 ± 2.1 24.9 ± 0.7  31.0 ± 2.9 42.9 ± 2.8 22.9 ± 2.8 

 GM-CSF GM-CSF + LPS GM-CSF + IL-4 GM-CSF +  IFN-γ 
ApoE-/- ApoE-/-IRF5-/- ApoE-/- ApoE-/-IRF5-/- ApoE-/- ApoE-/-IRF5-/- ApoE-/- ApoE-/-IRF5-/- 

CD11c+ 22.7 ± 6.8 19.1 ± 5.0 27.8 ± 4.6 31.0 ± 9.8 22.8 ± 5.3 19.8 ± 6.1 28.7 ± 5.4 27.7 ± 7.7 
CD11c- 60.2 ± 3.3 63.2 ± 2.7 56.1 ± 2.5 49.9 ± 11.1 61.0 ± 3.0 61.6 ± 3.8 55.3 ± 2.9 58.1 ± 5.2 

CD11c+MHC-II+ 8.3 ± 1.6 9.1 ± 2.6 13.3 ± 3.8 9.9 ± 3.2 9.2 ± 2.3 9.6 ± 3.2 14.6 ± 4.2 19.1 ± 8.0 
CD11c-MHC-II+ 11.3 ± 4.6 19.5 ± 7.2 23.8 ± 10.3 18.7 ± 7.3 14.0 ± 6.2  15.7 ± 4.8 16.8 ± 5.9 21.3 ± 6.2 
F4/80+CD11b+ 16.2 ± 8.0 24.7 ± 12.8 29.7 ± 14.6 21.3 ± 13.5 13.8 ± 7.1 17.4 ± 9.3 19.1 ± 9.1 16.5 ± 10.1 
F4/80+CD11b- 3.4 ± 0.4 3.4 ± 0.5 5.4 ± 0.3 4.1 ± 0.3 1.5 ± 0.3 1.4 ± 0.03 3.2 ± 0.5 3.5 ± 1.6 
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4.10. Deficiency of IRF5 influences the efferocytic capacity of CD11c- 

in hypercholesterolaemic animals 

In order to explain the striking differences in necrotic core size between ApoE-/- and ApoE-/-

IRF5-/- mice, I performed in vitro experiments to establish the functional behaviour of bone 

marrow-derived CD11c+ and CD11c- cells from ApoE-/- and ApoE-/-IRF5-/- mice following 

differentiation with either GM-CSF or M-CSF. First I exposed the bone marrow-derived cells 

to UV light to induce apoptosis and I measured the levels of apoptosis and necrosis following 

staining for Annexin-V and with propidium iodide. There is no significant difference in the 

levels of apoptosis or necrosis between the CD11c+ and CD11c- cell populations from ApoE-/- 

or ApoE-/-IRF5-/- mice, regardless of whether they were differentiated with M-CSF or GM-

CSF and stimulated with LPS (Figure 4.26).  
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4.11. ApoE-/-IRF5-/- mice are heavier than ApoE-/- mice at early 

adulthood 

Time point ApoE-/- ApoE-/-IRF5-/- p-value 
15 weeks old 30.2 ± 0.8 32.5 ± 0.5 0.019 
20 weeks old 32.1 ± 0.5 32.1 ± 0.5 0.991 
27 weeks old 32.9 ± 0.6 33.6 ± 0.6 0.417 

 

Table 4.3. Weights of ApoE-/- and ApoE-/-IRF5-/- on chow diet. Weights measured in 
grams, values represented as mean ± SEM, p-values under 0.05 considered significant. 

 

ApoE-/- and ApoE-/-IRF5-/- mice were fed a chow diet up to 15, 20 or 27 weeks of age. At the 

time of culling all of the ApoE-/- and ApoE-/-IRF5-/- mice on a chow diet, used to assess 

atherosclerosis of the aortic root, were weighed as a potential gain in weight, usually due to 

an increase in fat, could have a significant influence on atherosclerotic disease. ApoE-/-IRF5-/- 

mice aged 15 weeks are significantly heavier than ApoE-/- mice of the same age (Table 4.3.). 

However there are no differences between the two groups of mice at 20 and 27 weeks of age. 

Upon dissection of these mice, ApoE-/-IRF5-/- mice have visibly more abdominal fat in 

comparison to ApoE-/- mice. This phenotype is currently under investigation in the Udalova 

lab (Kennedy Institute). 

 

4.12. Deletion of IRF5 does not affect serum cholesterol levels 

Time point  ApoE-/- ApoE-/-IRF5-/- p-value 
15 weeks 7.4 ± 0.8 7.8 ± 0.4 0.620 
20 weeks 9.9 ± 1.5 13.2 ± 2.1 0.213 
27 weeks 12.2 ± 2.3 12.1 ± 1.8 0.954 

 

Table 4.4. Serum cholesterol levels of ApoE-/- and ApoE-/-IRF5-/- on high fat diet after 
surgery. Serum cholesterol levels measured in mg/dL, values represented as mean ± SEM.  
 

As deleting IRF5 affects the weight of ApoE-/- mice, there is a possibility that it could also 

affect the circulating cholesterol levels of these mice. An elevation in circulating cholesterol 

levels could lead to a worsening of atherosclerosis. Cholesterol levels in the sera of the ApoE-

/- and ApoE-/-IRF5-/- mice on a chow diet were measured, and there are no differences between 

the two groups of mice at any time point. Therefore the differences seen in the progression of 

atherosclerosis in these mice are not due to circulating cholesterol.  
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4.13. Discussion 

Macrophages and dendritic cells (DCs) are very important promoters of atherosclerosis and 

necrotic core formation. Mice lacking M-CSF expression – of which macrophages depend on 

for their development – have reduced atherogenesis (Qiao et al., 1997). Depletion of CD11b+ 

macrophages reduces plaque development and necrotic core formation (Stoneman et al., 

2007). The necrotic core can expand as intraplaque macrophages apoptose (Schrijvers et al., 

2005). Depletion of CD11c+ cells reduces early atherogenesis (Paulson et al., 2010). I found 

that deleting IRF5 reduces atherogenesis along with a reduction in necrotic core formation, 

expression of CD11c and an increased presence of M2 and Mox macrophages in the lesions. I 

also found that F4/80+ cells from peripheral lymphoid organs downregulate CD11c, and 

CD11c- cells have a greater efferocytic capacity.   

Krausgruber et al. shows human M1 macrophages express higher levels of the IRF5 

transcript, which activates the transcription of IL-12 and IL-23 while inhibiting IL-10 

transcription (Krausgruber et al., 2011). Furthermore murine bone marrow-derived 

macrophages from IRF5-/- mice produce less IL-12, IL-23 and IFN-γ whilst producing more 

IL-10 (Krausgruber et al., 2011). While IRF5 deficiency does not perturb the effect of M-CSF 

induced responses, I observe differences in GM-CSF-derived macrophages and DC 

populations. I have demonstrated in vitro that IRF5 is essential for the polarisation of murine 

macrophages towards the GM-CSF-induced M1 phenotype as a deficiency of IRF5 in bone 

marrow-derived macrophages inhibits iNOS expression while boosting CD206 expression. 

GM-CSF is a powerful stimulus for the increase in IRF5 expression (Krausgruber et al., 2011) 

and also a pro-atherogenic molecule (Ditiatkovski et al., 2006; Zhu et al., 2009).  

I demonstrated that deleting IRF5 reduces atherosclerotic lesion size (Figure 4.3) without any 

effect on cholesterol levels, suggesting a detrimental role for IRF5 in atherosclerosis. Since 

IRF5 can be activated as a result of TLR signalling via TLR4 and MyD88 (Takaoka et al., 

2005), and both signalling molecules have demonstrated a pro-atherogenic role (Michelsen et 

al., 2004), my finding is not entirely unexpected. The potential mechanisms for lesion size 

reduction by IRF5 deletion are explored below. 

A first potential mechanism may be the modulation of macrophage polarisation. IRF5 has 

recently been shown to be a decisive factor in M1 macrophage polarisation (Krausgruber et 

al., 2011). I expected to observe a significant reduction in M1 macrophages in atherosclerosis, 

however this is not the case. When examining iNOS expression as a marker of M1 

macrophages, there are no changes in expression at any time point (Figure 4.5), even if I 

observed an absence in iNOS expression in IRF5-/- bone marrow-derived macrophages 
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(BMDMs) in comparison to wild-type cells (Figure 4.1). My results could indicate that the 

sole study of iNOS expression in atherosclerosis is not sufficient to account for changes in 

M1 macrophage polarisation brought about by the IRF5 deficiency. Other markers need to be 

studied to encompass the extreme complexity of macrophage programming in atherosclerosis. 

On the other hand, I found no changes in IFN-γ expression, iNOS is dependent on IFN-γ for 

its expression (Chan and Riches, 2001) providing an explanation for this result.  

Even though there is no visible change in iNOS expression, the Mox/Mhem macrophage 

marker HO-1 is instead significantly upregulated at the 15-week time point (Figure 4.7) and 

the M2 marker CD206 is significantly increased at 27 weeks (Figure 4.6) indicating that 

alternative macrophage polarisation is a dynamic process in the absence of IRF5. In support 

of this result, IRF5 is known to downregulate CD206 (or MRC1) expression (Krausgruber et 

al., 2011). Evidence suggests that M2, Mox and Mhem macrophages are protective in 

atherosclerosis. M2 macrophages have been located in stable plaque regions (Chinetti-

Gbaguidi et al., 2011). Mhem macrophages can safely dispose of heme and ferritin (Otterbein 

et al., 2003), and export cholesterol (Boyle et al., 2012). HO-1 reduces atherosclerotic lesion 

formation (Ishikawa et al., 2001a; Yet et al., 2003), necrotic core size and increases fibrous 

cap thickness in the carotid artery under shear stress conditions (Cheng et al., 2009b). 

Therefore a deficiency in IRF5 may promote a more protective macrophage phenotype in 

atherosclerotic lesions, first modulating lesion size and subsequently the appearance of the 

necrotic core.  

A striking observation emerging from my study is the significant reduction in CD11c 

immunopositivity in ApoE-/-IRF5-/- lesions when compared to ApoE-/- lesions (Figure 4.8). 

Gene expression analysis of the aorta confirmed the immunohistochemistry results from the 

aortic root, where DC markers, primarily CD11c, were downregulated (Figure 4.16). CD11c 

depletion via the diphtheria toxin receptor has been shown to reduce lesion size, in particular 

early atherosclerosis (Paulson et al., 2010), and a deficiency in GM-CSF reduces lesion size 

and the intimal content of CD11c+ DCs (Shaposhnik et al., 2007), supporting the deletion of 

CD11c as a potential mechanism for lesion size reduction in ApoE-/-IRF5-/- mice. There are 

several potential explanations for the decrease in CD11c in aortic lesions. Firstly monocyte or 

DC recruitment to the intima could be hampered either due to a reduction in CD11c on 

circulating leukocytes or impaired expression of chemokines or their receptors on the 

endothelium. CD11c is vital for monocyte arrest and recruitment to the vessel wall (Wu et al., 

2009), and its downregulation could be mediated by TLRs in a MyD88-dependent manner 

(Singh-Jasuja et al., 2013). Alternatively the Ly-6Clo monocyte subset requires CCR5 for its 

recruitment and is highly prone to becoming CD11c+ DCs (Tacke et al., 2007), and 
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interestingly the CCR5 ligand RANTES (or CCL5) is upregulated by IRF5 (Krausgruber et 

al., 2011). Secondly, deleting IRF5 might induce CD11c+ cell emigration from the lesions to 

the lymph nodes, as CCR7 - a marker of cell emigration (Trogan et al., 2006) is increased in 

the SILNs (Figure 4.19), however IRF5 induces CCR7 (Krausgruber et al., 2011), so deleting 

IRF5 should reduce CCR7 expression and prevent cell emigration. Thirdly, the apoptosis of 

intraplaque CD11c+ cells could be elevated, however my in vitro studies show that IRF5 does 

not affect apoptosis of CD11c+ cells (Figure 4.26). And finally, IRF5 deficiency may favour a 

switch from a DC to a macrophage phenotype, as IRF5 is strongly induced by GM-CSF 

(Krausgruber et al., 2011) and GM-CSF is vital for the presence of CD11c+ DCs in 

atherosclerotic lesions (Shaposhnik et al., 2007). In support of this scenario, I found in the 

ApoE-/-IRF5-/- spleen that F4/80 is upregulated and CD11c is decreased (Figure 4.21). 

I also showed that IRF5 deficiency in the context of hyperlipidaemia considerably alters 

plaque morphology by controlling the size of the plaque necrotic core, particularly at the very 

advanced stages of atherosclerosis (Figure 4.10). The pathogenesis of necrotic core formation 

in atherosclerosis is least understood amongst other hallmarks of vulnerable plaques. It is 

generally believed that macrophages phagocytose lipids, convert into foam cells and apoptose 

to generate a lipid core (Hegyi et al., 1996). Prolonged activation of endoplasmic reticulum 

(ER) stress pathway components such as the C/EBP-homologous protein (CHOP) can trigger 

macrophage apoptosis (Tabas and Ron, 2011). However deletion of the scavenger receptors 

SR-A and CD36 in ApoE-/- mice has no effect on the progression of atherosclerosis or foam 

cell formation in vivo, while macrophage apoptosis and plaque necrosis decrease (Manning-

Tobin et al., 2009) suggesting foam cell apoptosis is not necessary for necrotic core 

formation.  

As there is no change in lipid content but a large decrease in necrotic core size of ApoE-/-

IRF5-/- mice, my data suggests that the development of the necrotic core is independent of 

changes in plaque lipid content. Moreover, foam cell assays did not uncover any differences 

between ApoE-/- and ApoE-/-IRF5-/- mice, further indicating that it is not the ability of myeloid 

cells to transform into foam cells that is influencing the formation of the necrotic core in the 

plaques of IRF5-deficient mice.  

It is possible that IRF5 could promote macrophage apoptosis thus contributing to necrotic 

core formation, as in vitro studies show that TRAIL induces a signalling cascade resulting in 

the nuclear translocation of IRF5, the subsequent activation of death receptor signalling 

components and caspase 8, and ultimately apoptosis (Hu and Barnes, 2009). However, the 

number of macrophages in the lesions is unaffected by a deficiency in IRF5. In fact, 

macrophages are increased at 15 weeks, with a deletion of IRF5 (Figure 4.4). In support of 
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this interpretation of the data, in vitro experiments show there are no differences in the levels 

of apoptosis and necrosis between ApoE-/- and ApoE-/-IRF5-/- bone marrow cells (Figure 4.26). 

Therefore apoptosis and necrosis of macrophages or DCs can be ruled out as the mechanism 

behind reduced necrosis and CD11c expression in the plaques of ApoE-/-IRF5-/- mice.  

Another mechanism that is gaining support in explaining the formation of the necrotic core in 

atherosclerotic plaques is defective efferocytosis of necrotic macrophages (Tabas, 2010). 

Defective efferocytosis in advanced lesions is normally evident by the visible presence of free 

apoptotic cells in the lesions, and for example deletion of MerTK, an efferocytosis receptor 

expressed by macrophages, decreases the phagocytosis efficiency of apoptotic cells, induces 

pro-inflammatory immune responses, accelerates atherosclerosis and increases plaque 

necrosis (Ait-Oufella et al., 2008; Thorp et al., 2008). The excess inflammation present in 

advanced lesions, due to defective resolution of inflammation, is thought to play a role in 

disabling efferocytosis (Tabas, 2010). For instance deleting type I IFN signalling (Goossens 

et al., 2010), TLR2 and TLR4 signalling simultaneously (Seimon et al., 2010), or the 

scavenger receptors SR-A and CD36 reduces the progression to advanced necrotic lesions. 

Also interfering with the resolution phase of inflammation might have a role, as in vivo 

studies have shown that suppressing NFκB can be detrimental (Kanters et al., 2003).  

In order to investigate whether IRF5 reduces necrotic core formation by modulating 

efferocytosis, I performed functional assays on bone marrow-derived cells differentiated in 

the presence of M-CSF and GM-CSF. I analysed the behaviour of CD11c+ and CD11c- cells 

separately. My experiments show the efficiency of efferocytosis by GM-CSF differentiated 

CD11c- cells from ApoE-/-IRF5-/- mice is higher than the same cell population from ApoE-/- 

mice (Figure 4.29). No changes are observed in M-CSF-differentiated cells, supporting the 

existing literature that GM-CSF is able to upregulate IRF5 (Krausgruber et al., 2011). While 

there is no evidence in the literature directly linking IRF5 to efferocytosis, the expression of 

the efferocytosis receptor CD36 is downregulated by IRF5 (Krausgruber et al., 2011). M2 

macrophages have an enhanced capability to clear cell debris and apoptotic cells, particularly 

the M2c macrophage subset, which expresses the efferocytosis receptor MerTK (Zizzo et al., 

2012). In murine peritoneal infection, macrophages expressing F4/80 also express high levels 

of efferocytic genes such as MerTK, CD36 and Lrp1 (Gautier et al., 2013). Albeit further 

studies on the regulation of efferocytosis mediators by IRF5 are warranted to support these 

results, the increased efferocytic ability of cells from ApoE-/-IRF5-/- mice is in keeping with 

the increase in M2 macrophage markers in the aortic root and the increase in F4/80+ cells in 

the spleen of the same mice as described before (Figure 4.21, Table 4.1.).  
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For the first time I have demonstrated that IRF5 has a detrimental effect on atherosclerotic 

lesion size, which is independent of lipids. This effect could be assigned to a reduced 

presence of protective macrophages, namely M2, Mox and/or Mhem macrophages. IRF5 also 

promotes necrotic core formation seemingly by impairing efferocytosis, thus providing a 

novel link between inflammation, efferocytosis and necrotic core formation. IRF5 also aids 

the presence of CD11c+ DCs in the plaque, possibly by responding to GM-CSF and 

stimulating DC differentiation. Further studies are necessary to establish whether the effect of 

IRF5 on the presence of CD11c+ DCs is dependent on monocyte or DC recruitment, or 

emigration from the lesions.    
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CHAPTER 5 

EVALUATION OF THE ROLE OF IRF5 IN SHEAR 

STRESS MODULATED ATHEROSCLEROSIS  
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5.1. Introduction 

Atherosclerosis is localised to specific areas of the vasculature due to alterations in blood 

flow patterns (Caro et al., 1971). Histological evidence from animal and human studies 

suggests inflammatory responses in the artery wall can be initiated by complex blood flow, as 

vascular regions associated with low and/or oscillatory shear stress develop lesions with a 

high content of inflammatory cells and for example upregulation of signalling pathways 

leading to NFκB activation (Cuhlmann et al., 2011; Dirksen et al., 1998; Iiyama et al., 1999; 

Jongstra-Bilen et al., 2006). Mechanotransducers on the surface of endothelial cells sense 

changes in the magnitude and direction of blood flow converting biomechanical forces into 

biochemical and inflammatory responses. PECAM-1, VE-cadherin and VEGFR2 form a 

mechanosensory complex on the surface of endothelial cells, which respond to flow and 

activate NFκB (Tzima et al., 2005).  

Endothelial cells change their conformation when exposed to complex flow patterns and 

adopt an activated or pro-inflammatory phenotype, sustained inflammation causes the failure 

of endothelial cells to align in the direction of flow (Nagel et al., 1999). Low shear stress 

(LSS), resulting from slow blood flow, can upregulate cytokines, oxidative stress and 

adhesion molecules such as VCAM-1 and ICAM-1 promoting monocyte recruitment (Iiyama 

et al., 1999). Oscillatory shear stress (OSS) also allows monocyte arrest on the endothelial 

cell surface, by upregulating P-selectin, ICAM-1, and subsequently the expression of MCP-1 

and monocyte recruitment (Hsiai et al., 2003; Matlung et al., 2012). Therefore both LSS and 

OSS are pro-atherogenic.  

Previous studies using a perivascular shear stress altering cast showed that plaques 

developing in the LSS-modulated region of the carotid artery are larger with a high content of 

lipids, macrophages, larger necrotic cores, greater MMP activity and increased expression of 

adhesion molecules and inflammatory mediators (Cheng et al., 2006). Greater vascular 

remodelling and intraplaque haemorrhage is also evident in the LSS region. In contrast, 

plaques developing in the OSS-modulated region of the carotid artery have a much higher 

content of SMCs and collagen and lower expression of inflammatory mediators (Cheng et al., 

2006). Persistent exposure of the porcine coronary artery wall to LSS generates eccentric 

TCFA-like plaques possessing a greater content of leukocytes, MCP-1, MMPs and PDGF, 

and lower levels of SMCs and collagen (Koskinas et al., 2013). Macrophage-specific deletion 

of MMP13 in ApoE-/- mice, which is normally specific to M1 macrophages (Kadl et al., 

2010), increases plaque collagen content (Deguchi et al., 2005), supporting a role for M1 

macrophages in ECM degradation and hence fibrous cap thinning.  
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Very few studies have investigated the possible link between shear stress and macrophage 

polarisation. As has already been described in Chapter 3, I have observed an upregulation of 

M1 macrophage markers in the LSS-modulated region and M2 macrophage markers in the 

OSS-modulated region before the full appearance of the vulnerable and stable plaque 

phenotypes, demonstrating for the first time that shear stress has a strong effect on 

macrophage polarisation. 

IRF5 is upregulated in the LSS-modulated lesions. Since LSS promotes the conditions for M1 

macrophage polarisation and vulnerable plaque development, I hypothesize that IRF5 may 

affect the response of the vessel wall to shear stress. My aim in this chapter is to establish 

whether the activity of IRF5 is modulated by specific shear stress patterns, and thus whether 

shear stress influences the development of atherosclerotic plaque phenotypes by signalling 

through IRF5. I used the perivascular shear stress altering cast in ApoE-/- and ApoE-/-IRF5-/- 

mice to investigate whether IRF5 deficiency alter lesion size, myeloid cell composition and 

morphology of shear stress-modulated lesions. 

 

5.2. A deficiency in IRF5 does not affect the size of low shear stress-

modulated lesions but increases the length and volume of oscillatory 

shear stress-modulated lesions 

Cast-treated carotid arteries of ApoE-/- and ApoE-/-IRF5-/- mice were harvested 6 and 9 weeks 

after surgery and sectioned to assess atherosclerotic disease. Similar to Chapter 3, at the 6 

week time point there are no differences in lesion size between LSS and OSS regions when 

assessed as the average intima:media ratio (Figure 5.1b), as a percentage of the carotid cross-

sectional area (Figure 5.1c) or as the absolute intima area (Figure 5.1d). No effect on 

remodelling of the carotid artery is evident as the cross-sectional area of the vessel is not 

different between the two genotypes in LSS or OSS regions, (Figure 5.1e), and there is no 

difference in the longitudinal extension of the lesions along the carotid artery (Figure 5.1f), or 

the volume of lesions in the carotid artery (Figure 5.1g). 
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Finally the presence of DCs in these plaques was examined by immunohistochemical staining 

for the DC marker CD11c. At the 6-week time point, CD11c expression is much more visible 

in both regions of the ApoE-/- carotid artery in comparison to the ApoE-/-IRF5-/- carotid, and 

seems more confined to the cell membrane or cytoplasm (Figure 5.21a). Upon examination of 

CD11c expression both as a percentage of lesion area and the CD11c positive areas of the 

plaques, CD11c appears to be downregulated in both regions of the ApoE-/-IRF5-/- carotid 

artery, in comparison to the ApoE-/- carotid artery, although these differences are not 

statistically significant (Figure 5.21b-c). At 9 weeks, CD11c expression is still visible in both 

regions of the ApoE-/- carotid artery, and seems quite prevalent near the plaque shoulders but 

is almost non-existent in the ApoE-/-IRF5-/- carotid artery (Figure 5.22a). This observation is 

reflected in the quantification of CD11c expression where a deficiency in IRF5 almost 

completely abolishes the expression of CD11c in LSS-modulated lesions (Percentages - 

ApoE-/-: 5.4 ± 1.0%, ApoE-/-IRF5-/-: 0.4 ± 0.4%, p=0.02. Areas - ApoE-/-: 2600 ± 845.7 μm2, 

ApoE-/-IRF5-/-: 134.9 ± 97 μm2, p=0.02), and OSS-modulated lesions (Percentages - ApoE-/-: 

5.2 ± 1.5%, ApoE-/-IRF5-/-: 0.09 ± 0.02%, p=0.004. Areas - ApoE-/-: 2738 ± 1082 μm2, ApoE-/-

IRF5-/-: 52.8 ± 12 μm2, p=0.004, Figure 5.22b-c).  
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5.5. ApoE-/-IRF5-/- mice are significantly heavier than ApoE-/- mice on 

a high fat diet 

Time point ApoE-/- ApoE-/-IRF5-/- p-value 
At operation (15-17 weeks old) 31.0 ± 0.4 34.1 ± 0.5 <0.0001 
3 weeks after surgery (18-20 weeks old) 31.6 ± 0.8 36.6 ± 1.0 0.0016 
6 weeks after surgery (21-23 weeks old) 31.8 ± 0.6 36.0 ± 1.3 0.0101 
9 weeks after surgery (24-26 weeks old) 32.7 ± 0.7 40.4 ± 1.7 0.0008 
 

Table 5.1. Weights of ApoE-/- and ApoE-/-IRF5-/- on high fat diet before and after 
surgery. Weights measured in grams, values represented as mean ± SEM. Significant p-
values in bold. 
 
 
ApoE-/- and ApoE-/-IRF5-/- mice were placed on a high fat diet at 15-17 weeks of age, then 

surgery was performed to place a perivascular shear stress altering cast around the carotid 

artery. The cast was left in place for either 3, 6 or 9 weeks before culling. The mice were 

weighed at the time of operation and culling. The carotid arteries from these mice were used 

to assess what influence a deficiency in IRF5 may have on the development of vulnerable and 

stable atherosclerotic plaques. At the time of operation, and when culling the mice 3, 6 and 9 

weeks after surgery, the ApoE-/-IRF5-/- mice were much heavier than ApoE-/- mice (Table 

5.1.). When the average weight of ApoE-/- mice seem to level off at 31-32 grams, the weights 

of ApoE-/-IRF5-/- mice continue to rise with age reaching over 40 grams 9 weeks after surgery. 

The heaviest ApoE-/- mouse at the 9 week time point weighed 35.6 grams, but the heaviest 

ApoE-/-IRF5-/- mouse at this time point weighed 46.6 grams. Upon culling the ApoE-/-IRF5-/- 

mice had significantly more internal abdominal fat than ApoE-/- mice, and even more so than 

the ApoE-/-IRF5-/- mice that were fed a chow diet.  

I also performed an experiment where ApoE-/- and ApoE-/-IRF5-/- mice were placed on a high 

fat diet at the time of weaning (approximately 4 weeks of age) up until the point of culling at 

20 weeks of age. These mice were weighed every week. While there were no differences in 

weight up to 13 weeks of age, ApoE-/-IRF5-/- mice became significantly heavier than ApoE-/- at 

14 weeks of age (ApoE-/-: 29.5 ± 0.4g, ApoE-/-IRF5-/-: 30.9 ± 0.4g, p=0.02). Unlike the mice 

on chow diet, the differences in weight continued to get larger and ApoE-/-IRF5-/- mice 

remained significantly heavier than ApoE-/- mice aged 20 weeks (ApoE-/-: 30.8 ± 0.6g, ApoE-/-

IRF5-/-: 33.4 ± 0.9g, p=0.04, Figure 5.23). 
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5.7. Discussion 

Disturbed blood flow at curvatures and branch points in the vasculature is detected by 

endothelial mechanoreceptors predisposing these areas to the development of atherosclerosis 

(Caro et al., 1971; Tzima et al., 2005). The subsequent upregulation of endothelial adhesion 

molecules facilitates monocyte recruitment initiating a cascade of inflammatory events, which 

can eventually lead to the development of advanced atherosclerosis and the presence of 

mature fibroatheromas (Dirksen et al., 1998; Iiyama et al., 1999).  

In Chapter 3, I demonstrate that IRF5 is selectively expressed in the LSS region and very 

limited expression is present in the OSS region. In Chapter 4, I observe a reduction in the 

aortic root lesion size in ApoE-/-IRF5-/- mice in comparison to ApoE-/- mice. However in this 

Chapter, the IRF5 deficiency does not modulate the size of LSS-modulated lesions. This 

finding suggests that IRF5 signalling is redundant when the main driver of lesion size is LSS, 

and underscores the intrinsic differences between the two models of disease that I employed 

to test my hypothesis. Other signalling pathways might be involved, for instance in chapter 3 

I show IFN-γ is upregulated in the LSS region (Figure 3.18). IFN-γ upregulates IRF5 

(Krausgruber et al., 2011), and iNOS (Chan and Riches, 2001), whose expression is increased 

in the LSS region (Figure 3.14). In the absence of IRF5, IFN-γ may be able to contribute to 

the increase in lesion size. Further studies exploring the efficacy of IFN-γ blockade in the 

context of LSS will clarify these outstanding questions.    

Next I investigated whether the IRF5 deficiency could modulate the expression of 

macrophage and DC markers in shear stress-modulated atherosclerosis. No significant change 

is observed in CD68 (Figure 5.13-5.14), nor do I observe any changes in macrophage 

polarisation as assessed by the expression of the M1 marker iNOS, the M2 marker CD206 

and the Mox/Mhem marker HO-1 (Figures 5.15-5.20). This is in contrast to my results in the 

aortic root where I saw an upregulation of HO-1 at 15 weeks and CD206 at 27 weeks. It is 

likely that the panel of markers I used is not sufficient to detect changes in macrophage 

polarisation due to their remarkable heterogeneity. Therefore it may be necessary to stain for 

a larger array of markers to be certain that macrophage polarisation in shear stress-modulated 

lesions is not affected by a deficiency in IRF5.  

As in the aortic root in Chapter 4, there is a significant downregulation of CD11c in both 

regions of the carotid artery of ApoE-/-IRF5-/- mice in comparison to ApoE-/- mice (Figure 

5.21-5.22). Similar to the aortic root, CD68 expression is unaffected therefore it seems the 

reduction in CD11c expression represents a depletion of a specific myeloid cell subset 

resembling or equivalent to DCs from ApoE-/-IRF5-/- plaques. So far there is no evidence in 
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the literature or my study that shear stress influences the phenotype of DCs. The mechanisms 

by which IRF5 may affect CD11c expression are discussed in chapter 4.  

IRF5 deletion has a selective effect on necrosis without affecting any of the other 

morphological features of the plaque, again confirming the selective role of IRF5 in 

regulating the size of the necrotic core and lesion size. This result supports what is observed 

in the aortic root. In particular, IRF5 almost completely eliminates the necrotic core in the 

LSS-modulated regions at 6 and 9 weeks post-surgery (Figure 5.5-5.6). I also observe a 

reduction in the necrotic core size in the OSS region, but these differences are non-existent at 

9 weeks, suggesting that the mechanism for necrosis is different to some extent in LSS versus 

OSS conditions. LSS can increase apoptosis of endothelial cells by increasing Fas/Fas-ligand 

signalling mechanisms (James et al., 2011). However there is no evidence that the shear stress 

signals received by endothelial mechanoreceptors directly influences apoptosis of 

macrophages in the intima. There is also no evidence that OSS promotes or inhibits cell 

apoptosis. Moreover, I found no evidence in functional studies that IRF5 deficiency in the 

context of hypercholesterolaemia modulates apoptosis (Chapter 4, Figure 4.26). As already 

discussed in Chapter 4, an important factor in the development of the necrotic core in 

advanced atherosclerosis is defective efferocytosis of apoptotic and necrotic cells by 

macrophages (Tabas, 2010; Thorp et al., 2008).  

An unexpected finding in my study is that IRF5 deficiency in fat-fed mice is associated with 

an increase in body weight and cholesterol (Table 5.1-5.2.) as well as an increase in lipid 

content (Figure 5.4), average length (Figure 5.2f), and average volume (Figure 5.2g) of OSS-

modulated lesions 9 weeks post-surgery. While IRF5 signalling is redundant in LSS 

conditions, it might instead be beneficial under OSS conditions by limiting lipid 

accumulation. Further studies will be necessary to fully explain the obesity and lipid 

accumulation phenotype in IRF5-deficient mice.  

In conclusion of this chapter, my results from shear stress-modulated atherosclerosis confirms 

my previous findings in Chapter 4 from the aortic root in conditions of 

hypercholesterolaemia, where necrotic core formation and the representation of CD11c are 

both reduced. There is no significant effect on either lesion size or macrophage polarisation in 

the carotid artery showing that IRF5 maybe redundant when shear stress is the main driver of 

atherosclerosis. The mechanism for changes in macrophage polarisation according to shear 

stress may be related to different signalling pathways and is yet to be elucidated. The 

paradoxical effect of the IRF5 deficiency on obesity and hypercholesterolaemia also requires 

further exploration.  
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6. Introduction 

Macrophages are the most abundant cell type in atherosclerotic plaques, particularly in 

plaques of a vulnerable phenotype (Cheng et al., 2006; Virmani et al., 2006). Monocytes and 

macrophages exist in different phenotypes but whether a particular type promotes a specific 

plaque outcome has not been specifically proven. M2 macrophages secrete anti-inflammatory 

cytokines such as IL-10 thus reducing the recruitment of inflammatory cells and enabling the 

regression of atherosclerosis (Potteaux et al., 2004). HO-1 is utilised by Mhem CD163+ 

macrophages to catalyse pro-oxidant heme, biliverdin and free iron thus disposing of heme 

and ferritin (Boyle et al., 2012; Otterbein et al., 2003). In parallel, ATF-1 enables Mhem 

macrophages to drive cholesterol export via ABCA-1 and HDL synthesis, hence protecting 

macrophages from foam cell formation (Boyle et al., 2012). However, HO-1+ Mox 

macrophages possess a pro-inflammatory profile due to their expression of COX-2 and IL-1β, 

and impaired phagocytic capacity (Kadl et al., 2010).  

IRF5 is a transcription factor, which is activated by TLR signalling and modulates the 

production of pro-inflammatory cytokines and type I IFNs (Stone et al., 2012). IRF5 has even 

been implicated in the polarisation of human macrophages towards the M1 phenotype 

(Krausgruber et al., 2011). IRF5 is also important for the modulation of DC activation, by 

controlling the transcription of pro-inflammatory cytokines such as TNFα (Krausgruber et al., 

2010) and type I IFNs such as IFN-α and IFN-β, following TLR stimulation (Yasuda et al., 

2013). There is substantial evidence that TLRs affect atherosclerosis as for example, deleting 

TLR4 and TLR2 reduces plaque development (Mullick et al., 2005). Thus I hypothesise that 

IRF5 may be vital in shaping myeloid cell behaviour that promotes atherosclerosis and 

vulnerable plaque development. 

 

6.1. Characterisation of macrophage polarisation states in murine 

atherosclerosis and in response to shear stress 

6.1.1. Macrophage polarisation in murine atherosclerosis 

I demonstrate that macrophages are most abundant in the intermediate (20-28 weeks) stages 

of atherosclerotic disease in the aortic root, while their numbers decline at later stages of 

disease, in accordance with previous studies (McAteer et al., 2012). The majority of these 

macrophages express HO-1 (Figure 3.3). Macrophages in the adventitia are distinctly 

characterised by the expression of the M2 marker CD206 whose expression is rather low 
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elsewhere in the vessel wall. The M1 markers iNOS and IRF5 are only expressed by 5% of 

myeloid cells in aortic root lesions, in particular by CD68+, but also CD68+CD11c+ and 

CD11c+ cells (Figure 3.7). The lack of classical and alternative macrophage polarisation 

within the atherosclerotic intima suggests that lipid-driven, rather than classical and 

alternative, polarising conditions are predominant in the aortic root of ApoE-/- mice on chow 

diet. 

My results in the aortic root differ from the published literature. In ApoE-/- mice on chow diet, 

Arginase-1+ M2 macrophages predominate at the early stages before converting into 

Arginase-2+ M1 macrophages in advanced lesions (Khallou-Laschet et al., 2010). In LDLR-/- 

mice fed a Western diet for the significantly long period of 30 weeks, approximately 40% of 

aortic macrophages are M1 identified by CD86 expression, a marker chosen following their 

microarray analysis which demonstrates a 2-fold increase in CD86 following M1 macrophage 

polarisation (Kadl et al., 2010). However, CD86 is a co-stimulatory molecule expressed by 

antigen presenting cells and could be expressed by DCs as well. Interestingly in the same 

manuscript, iNOS is upregulated by nearly 200-fold (Kadl et al., 2010). iNOS is strongly 

induced upon IFN-γ, TNF-α or LPS stimulation (MacMicking et al., 1997). I also show iNOS 

is expressed following M1 polarisation of macrophages with GM-CSF (Figure 4.1), and its 

expression is dependent on IRF5. This set of observations led me to use iNOS and IRF5 as 

M1 markers.   

Differences between my studies and those by other authors are likely to be due to: 1) the 

different models of atherosclerosis utilised (e.g. with or without a Western diet), 2) the timing 

of sampling (early versus advanced lesions), and 3) the selection of markers used to define 

M1 and M2 macrophages. In vitro studies of both murine and human macrophages, 

demonstrate the ability of fully polarised M1 macrophages to convert to M2 macrophages and 

vice versa when exposed to the appropriate culture conditions (Khallou-Laschet et al., 2010; 

Krausgruber et al., 2011), suggesting that the phenotype of macrophages is largely 

determined by local environmental stimuli. 

 

6.1.2. Macrophages and haemodynamic factors in vulnerable plaque 

development  

Several studies demonstrate macrophage heterogeneity in murine and human atherosclerosis 

(Bouhlel et al., 2007; Boyle et al., 2012; Finn et al., 2012; Kadl et al., 2010; Khallou-Laschet 

et al., 2010) but few have focused on TCFAs coupled with the influence of shear stress. I 
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utilised a perivascular cast model to induce low and oscillatory shear stress in the murine 

carotid artery, thus generating plaques which resemble TCFAs or vulnerable and stable 

plaques (Cheng et al., 2006). I demonstrate that M1 macrophages predominate in LSS 

conditions at the intermediate stages of TCFA formation (6 weeks after surgical placement of 

the cast) as made evident by the enhanced expression of iNOS and IRF5 in this region (Figure 

3.14). The appearance of these M1 macrophages precedes the development of the full TCFA 

phenotype (Figures 3.10-3.13), which appears 9 weeks after surgery. This result is supported 

by gene expression levels of CD68, iNOS, IRF5 and IFN-γ being upregulated in LSS regions 

(Figure 3.18). My findings suggest that the immunological events determining macrophage 

activity are modulated by shear stress and precede the establishment of vulnerable plaques.  

LSS appears to facilitate the adhesion and recruitment of monocytes into the intima as my 

preliminary data demonstrates that Ly-6Clo monocyte recruitment is higher in the upstream 

region of LSS-modulated plaques (Seneviratne, 2010), which could explain why macrophage 

content is higher at the earlier stages of LSS lesion development. OxLDL derived from 

lipoproteins and necrotic cells in LSS lesions may stimulate TLRs or scavenger receptors 

(Stewart et al., 2010). Enhanced inflammation in LSS lesions could then promote the 

polarisation of intraplaque macrophages towards the pro-inflammatory M1 phenotype. M1 

macrophages can undergo further activation upon sensing of pro-inflammatory stimuli and 

produce MMPs to break down the fibrous cap increasing the risk of plaque rupture (Scholtes 

et al., 2012).  

In contrast to LSS lesions, the development of lesions in the aortic root and OSS-modulated 

region of the carotid artery is characterised by an increase in HO-1+ macrophage 

representation over time (Figure 3.3 and 3.15). The prevalence of HO-1 expression in OSS 

lesions may indicate the upregulation of antioxidant, anti-apoptotic and anti-inflammatory 

properties by Mhem macrophages, coupled with the ability to prevent foam cell formation 

(Boyle et al., 2012). As HO-1+ macrophages are more prevalent in OSS lesions of the carotid 

artery and the aortic root (which are also proposed to be stable lesions due to their lack of 

vulnerable features such as intraplaque haemorrhage or plaque rupture (Jackson et al., 2007)), 

the atheroprotective functions of these macrophages could be upregulated and decisive in 

stable plaque development. While there is no evidence of macrophage polarisation in the OSS 

regions at the protein level until 9 weeks, gene expression studies demonstrate an increase in 

Arginase-1, HO-1, CD163 and IL-10 expression 6 weeks after surgery (Figure 3.18).  
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6.2. Modulation of atherogenesis by IRF5 

The role of IRF5 has not been studied in atherosclerosis before. I compared the progression of 

atherosclerotic disease in the aortic root and cast-treated carotid artery of ApoE-/- mice and 

ApoE-/-IRF5-/- mice. IRF5 appears to be detrimental, as deleting IRF5 reduces atherosclerotic 

lesion size in mice aged 15 and 20 weeks (Figure 4.3), despite the increase in weight and fat 

content of 15-week-old mice. As IRF5 is a transcription factor that mediates the transcription 

of pro-inflammatory cytokines, and many elements upstream of IRF5 have been shown to be 

detrimental in atherosclerosis, this result is as expected. IRF5 can be activated as a result of 

TLR stimulation such as TLR4 (Takaoka et al., 2005). ApoE-/- mice deficient in TLR4 and 

TLR2 display a 55% decrease in atherosclerotic lesion development (Michelsen et al., 2004; 

Mullick et al., 2005) and a 65% decrease in macrophage infiltration is seen in ApoE-/- mice 

deficient in TLR4 (Michelsen et al., 2004). Blockade of MyD88 and TLR2 reduces the 

production of MCP-1, MMPs and NFκB activation in human atheroma cell cultures, while a 

IL-1R antagonist and blockage of TLR4 only reduces NFκB activation (Monaco et al., 2009).  

In cast-treated carotid arteries, there is no significant effect on the size of shear stress-

modulated lesions of ApoE-/- and ApoE-/-IRF5-/- mice on a high fat diet at the time points 

analysed. This observation could be due to: 1) differences between chow-fed and high fat-fed 

ApoE-/- mice, 2) differences between shear stress-modulated and spontaneous atherosclerosis 

development in ApoE-/- mice, and 3) the gradual establishment of obesity once the high fat 

diet is started in ApoE-/-IRF5-/- mice that could counteract the initial beneficial effects the 

IRF5 deletion has on lesion size. It is likely that the dependency of this shear stress-

modulated atherosclerosis model on a high fat diet is inserting a complex set of variables that 

hamper the full evaluation of the results without further studies. For instance, assessment at 

the earlier stages of lesion development could be done to evaluate whether the lesion size is 

different at the earlier 3-week time point, even if the lesion size at that age is often too small 

for meaningful differences to emerge.  

 

6.3. IRF5 deficiency encourages M2 macrophage polarisation and 

reduces CD11c expression in atherosclerosis 

Deleting IRF5, as expected, affected macrophage polarisation in the aortic root. Indeed 

expression of the Mox/Mhem macrophage marker HO-1, and CD206 increases (Figures 4.6-

4.7). However there are no changes in the mRNA levels of these genes in the aorta (Figures 

4.14-4.16). These varied results could be due to the differences in the time points analysed, as 
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HO-1 and CD206 are increased at the 15-week and 27-week time points respectively, while 

gene expression in the aorta was only analysed at the 20-week time point. Mhem and M2 

macrophages are generally considered to have protective functions in atherosclerosis.  

The exact effect of HO-1 on atherosclerosis is not clear. Initial studies into the role of HO-1 

in atherosclerosis suggest a protective role, for example induction of HO-1 expression in 

hyperlipidaemic LDLR-/- mice and rabbits reduces atherosclerotic lesion formation and 

monocyte chemotaxis (Ishikawa et al., 2001a, 2001b). ApoE-/-HO-1-/- mice have greater 

acceleration of atherosclerotic lesion formation and lipid accumulation in comparison to 

ApoE-/- mice (Yet et al., 2003). In a more recent study where cast placement was used to 

modulate shear stress in ApoE-/- mice, HO-1 is significantly higher in the LSS-modulated 

region, however adenoviral-mediated overexpression and pharmaceutical induction of HO-1 

in mice increases fibrous cap thickness and reduces necrotic core size following cast 

placement for 6 weeks, while pharmaceutical inhibition of HO-1 has the opposite effect 

(Cheng et al., 2009b). Therefore the increased expression of HO-1 in ApoE-/-IRF5-/- mice at 

15 weeks could be a contributor to the reduced severity of atherosclerosis in the aortic root, 

although establishing the exact mechanism requires further study.  

Surprisingly changes in macrophage populations of the carotid artery are not evident, 

indicating that different mechanisms are at play in shear stress conditions, when a high fat 

diet is introduced or when obesity is established. Many pathways are known to be involved in 

macrophage polarisation, which may compensate for the absence of IRF5, such as the HIF 

family (Werno et al., 2010), the PPAR family (Lumeng et al., 2007) and other members of the 

IRF family like IRF4 (Satoh et al., 2010). Obesity has been shown to promote inflammation 

and M1 macrophage polarisation (Lumeng et al., 2007), hence the protective effect resulting 

from the IRF5 deficiency maybe counteracted by inflammation stimulated by obesity in the 

high fat-fed ApoE-/-IRF5-/- mice.  

The most unexpected result from my studies is that the absence of IRF5 does not affect iNOS 

expression in the aortic root or carotid artery and has no effect on the expression of M1 

macrophage markers or inflammatory cytokines in the aorta, spleen or para-aortic lymph 

nodes. In addition, M1 markers are elevated in the sub-iliac lymph nodes alongside M2, Mox 

and Mhem macrophage markers (Figure 4.19). This is in contrast to my analysis of wild type 

and IRF5-/- murine bone marrow-derived macrophages (BMDMs) where iNOS is not 

expressed by IRF5-/- BMDMs, and studies of human and murine macrophages where the 

production of pro-inflammatory cytokines is largely dependent on IRF5 (Krausgruber et al., 

2011). As already mentioned, other inflammatory signalling pathways maybe activated in 

atherosclerosis, which could compensate for the absence of IRF5 and still enable macrophage 



 240 

polarisation. It is also possible that the panel of markers I have stained for 

immunohistochemically are not sufficient to detect changes in macrophage polarisation due to 

their remarkable heterogeneity. However the lack of changes in my gene expression analyses, 

which included a larger array of markers and cytokines, lessens this argument. The previous 

studies associating IRF5 with M1 polarisation are validated in murine macrophages only 

deficient in IRF5. On the contrary, the mice used in my study are also deficient in 

Apolipoprotein E (ApoE). Studies of murine macrophages in vitro and in vivo have 

demonstrated that ApoE downregulates markers associated with the M1 phenotype, including 

iNOS, while promoting the M2 macrophage phenotype (Baitsch et al., 2011). Therefore the 

effect of an IRF5 deficiency on macrophages could to a certain extent be balanced by the 

ApoE deficiency in my studies.   

One of the most notable effects of the IRF5 deletion on myeloid cell phenotypes in ApoE-/- 

mice is the almost complete elimination of CD11c in the lesions. CD11c expression is 

significantly downregulated in ApoE-/-IRF5-/- aortic root lesions at 20 and 27 weeks of age 

(Figure 4.8). In shear stress-modulated atherosclerosis, CD11c is downregulated in both shear 

stress regions of the carotid artery of ApoE-/-IRF5-/- mice in comparison to ApoE-/- mice at 6 

weeks (Figure 5.21), and at 9 weeks, CD11c is almost completely depleted from the carotid 

artery of ApoE-/-IRF5-/- mice (Figure 5.22). Gene expression analysis of the aorta confirm 

results from the aortic root and the carotid artery, where DC markers, primarily CD11c and 

CD103, are downregulated.  

There is a very large overlap between the markers expressed by macrophages and DCs and 

their subsets raising the need to identify numerous markers on a cell, by the use of multi-

colour flow cytometry or confocal microscopy, in order to ascertain its phenotype. Recent 

studies of the transcriptional networks of macrophages and DCs concluded that MerTK and 

CD64 are the most specific markers for macrophages, and flow cytometry analysis showed 

that cells which strongly express CD11c do not express MerTK or CD64 and weakly express 

another macrophage marker F4/80 (Gautier et al. 2012). Therefore CD11c appears to be 

largely expressed by DCs. My PCR results do not show any changes in CD64 in the aorta 

while CD68 is only reduced in the aortic arch (Figures 4.14-4.16). My immunohistochemistry 

data reveal that CD68 does not decrease in line with CD11c in the aortic root or carotid 

artery, therefore the reduction in CD11c expression in ApoE-/-IRF5-/- mice is probably due to 

a reduced presence of DCs. F4/80 expression is upregulated in the ApoE-/-IRF5-/- spleen 

(Figure 4.21), and upon analysis of F4/80+CD11b- cells from the ApoE-/-IRF5-/- spleen, SILN 

and bone marrow-derived cells, CD11c is downregulated (Figures 4.21, 4.22 and 4.25), 

suggesting DCs are converting to macrophage-like cells in IRF5-/- hypercholesterolaemic 
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mice. Conversely DCs may not be entirely converting into macrophages because non-

lymphoid DCs and vascular DCs, which are monocyte-derived and are the most closely 

related DC subset to macrophages, are known to express CD11b and F4/80 (Alberts-Grill et 

al., 2013). Resident vascular DCs can also undergo GM-CSF-dependent proliferation, become 

foam cells and express CD68 (Paulson et al., 2010). Studies of the lung demonstrate that both 

monocyte-derived DCs and alveolar macrophages express high levels of CD11c and CD68, 

although alveolar macrophages can be separated by their high expression of F4/80 

(Zaynagetdinov et al., 2013). 

The effect of the IRF5 deletion on CD11c expression is striking and could have important 

implications on the mechanisms of lesion size reduction in these mice. Indeed CD11c+ cells 

are very relevant to the pathogenesis of atherosclerosis, in particular the early stages of 

disease. CD11c+ DCs accumulate at vascular regions predisposed to atherosclerosis 

correlating with increased expression of VCAM-1 (Jongstra-Bilen et al., 2006). The 

proliferation of resident CD11c+ DCs in situ also depends on GM-CSF (Shaposhnik et al., 

2007), which subsequently take up lipids, become foam cells and express CD68. Depletion of 

these cells reduces the intralesional lipid area by 55% while the remaining lipid moves to the 

extracellular space (Paulson et al., 2010). However there is no evidence from my studies that 

IRF5 influences foam cell formation (Figure 4.27). The potential mechanisms through which 

IRF5 could reduce the representation of CD11c at the gene and protein level are explored 

below.   

GM-CSF induction by oxLDL has been shown to regulate the appearance of CD11c+ DCs in 

the intima (Shaposhnik et al., 2007). GM-CSF is also known to mediate the homeostatic 

proliferation and maintenance of non-lymphoid tissue resident CD11c+ DCs, including those 

found in atherosclerosis (Zhu et al., 2009). Due to the strong effect of GM-CSF on the 

induction of IRF5 expression (Krausgruber et al., 2011), IRF5 deficiency might reduce the 

content of CD11c+ cells in atherosclerotic lesions. The majority of cells undergoing GM-CSF-

mediated proliferation in the intima have previously been shown to be DCs expressing 

CD11c, MHC-II and 33D1, not CD11b, and their proliferation continues even when 

monocyte recruitment is inhibited (Zhu et al., 2009). A recent study into advanced 

atherosclerosis shows that lesions progress due to macrophage proliferation in situ, 

particularly in the intima rather than the adventitia, and is further increased with 

hypercholesterolaemia (Robbins et al., 2013). However a neutralising antibody against GM-

CSF does not affect macrophage proliferation, which is actually dependent on the scavenger 

receptor SR-A (Robbins et al., 2013). The proliferating macrophages in this study are defined 

as F4/80+CD11b+ and CD11c negative or low, thus GM-CSF may only specifically drive the 
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proliferation of DCs in the atherosclerotic intima. Another recent study which identified 

common monocyte progenitor (cMoP) cells found that M-CSF converts cMoPs into F4/80hi 

macrophages while GM-CSF produces a DC-like phenotype (Hettinger et al., 2013).  

Alternatively, a reduction in expression of CD11c could be responsible for a reduction in the 

ability of mononuclear cells to be recruited into the lesions. In humans, allosteric activation of 

CD11c on monocytes increases its contact with VCAM-1, which subsequently promotes 

VLA-4-VCAM-1 contacts facilitating the arrest of monocytes on the human endothelium 

(Foster et al., 2013). Moreover there is a linear correlation between the level of CD11c 

expression and monocyte recruitment to the intima (Foster et al., 2013). It is unlikely that a 

deficiency in IRF5 mediates systemic reduction in CD11c expression as CD11c is elevated in 

the SILNs (Figure 4.19). However the possibility that CD11c is downregulated on circulating 

blood monocytes, thus impairing their recruitment to lesions cannot be eliminated and 

requires further study.  

It is also possible that the IRF5 deficiency is impairing the recruitment of monocytes or pre-

cDCs, which can become CD11c+ DCs in the plaque (Alberts-Grill et al., 2013) via regulating 

chemoattractants. Monocytes can be recruited to the vessel wall via the chemokine receptors 

CCR2, CCR5 and CX3CR1 (Tacke et al., 2007), and a deficiency in CX3CR1 reduces 

atherosclerosis and intimal DC accumulation (Liu et al. 2008). The Ly-6Clo monocyte subset 

in particular, which requires CCR5 for its recruitment, is more predisposed to become 

CD11c+ DCs (Tacke et al., 2007) and interestingly the CCR5 ligand RANTES (or CCL5) is 

dependent on IRF5 signalling (Krausgruber et al., 2011). The expression of chemokines and 

their receptors in the vessel wall merits investigation.   

A further explanation could be that enhanced trafficking of DCs to other tissues such as 

peripheral lymphoid organs maybe upregulated in order to perform antigen presentation and 

the priming of naïve T cells. For example migratory CD11b+CD24+ DCs are known to 

migrate to the draining lymph nodes from the lung (Schlitzer et al., 2013). This phenomenon 

in atherosclerosis is particularly well studied in regression models and cannot be ruled out as 

CCR7 expression is increased in the SILNs (Figure 4.19). CCR7 is also considered a marker 

of cell emigration from atherosclerotic plaques, as foam cells upregulate their expression of 

CCR7 during plaque regression and migrate to local lymph nodes (Trogan et al., 2006), 

therefore the reduction in DC markers could be assigned to increased cell emigration from the 

aortic wall. In support of this, I observe an increase in almost all of the macrophage and DC 

markers, all of the pro-inflammatory cytokines and even IL-13 in the SILNs (Figure 4.19). 

MHC-II is also upregulated on CD11c- cells in the SILNs (Figure 4.22). In agreement with 

my results, a recent study of murine peritoneal infection, shows that all emigratory 
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macrophages found in the lymph nodes are MHC-II positive (Gautier et al., 2013). One study 

shows a high number of conventional DCs in the lymph nodes following activation by oxLDL 

in the plaque, which then expand oxLDL-specific T cells in the lymph nodes (Nickel et al., 

2009).  

Finally, it is possible that monocytic differentiation into macrophages instead of DCs is 

favoured in the lesions of IRF5-deficient mice. My FACS analysis of the spleen supports this 

hypothesis as F4/80 expression is upregulated and CD11c expression on F4/80+ cells is 

downregulated (Figure 4.21). M-CSF, which favours macrophage differentiation has no effect 

on IRF5 expression while GM-CSF, which produces a DC-like phenotype, upregulates IRF5 

expression (Hettinger et al., 2013; Krausgruber et al., 2011). And as a deficiency in GM-CSF 

reduces DC accumulation in atherosclerosis (Shaposhnik et al., 2007), GM-CSF could 

generate DCs via IRF5. Further studies to investigate this hypothesis could include 

administering or deleting GM-CSF in vivo and examining the DC content of lesions, and the 

expression of IRF5.  

An unexpected result from my study is that CD103 expression follows that of CD11c by 

being downregulated in the aortic arch (Figure 4.16) and increased in the SILNs (Figure 4.19) 

of ApoE-/-IRF5-/- mice. CD103 is expressed by migratory DCs in the lymph nodes and non-

lymphoid tissue DCs found in the lung, liver and small intestine, and these CD103+ cDCs 

resemble splenic CD8+ cDCs, which cross-present antigens to CD8+ T cells (Miller et al., 

2012). Both CD103+ and CD8+ DCs are derived from pre-DCs depending on Flt3, Id2 and 

IRF8 for their development (Ginhoux et al., 2009). CD103 is a marker of Flt3-dependent 

DCs, which are protective in atherosclerosis (Choi et al., 2011). Therefore part of the 

protection conferred by the IRF5 deficiency could be an enhanced ability of CD103+ DCs to 

migrate from the lesions to the lymph nodes and present antigens. In steady state conditions, 

GM-CSF can promote the survival and homeostasis of non-lymphoid tissue CD103+ DCs 

(Greter et al., 2012). GM-CSF has also been shown to enhance CD103 expression by murine 

splenic CD8+ DCs (Zhan et al., 2011). If the IRF5 deficiency prevents cells being able to 

respond to GM-CSF, this could provide an explanation for the decreased CD103 expression 

in the vasculature. Further studies are required to elucidate this mechanism.     

 

6.4. IRF5 plays a crucial role in the development of the necrotic core 

IRF5 appears to have a considerable detrimental effect on atherosclerosis by increasing the 

level of necrosis in the plaque, and this effect worsens with age (Figure 4.10). Deleting IRF5 
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also almost completely eliminates the necrotic core in both the LSS- and OSS-modulated 

regions 6 weeks after surgery, but only in the LSS-modulated region 9 weeks after surgery 

(Figure 5.5-5.6). However both in the aortic root (Figures 4.4, 4.9, 4.11-4.13), and the carotid 

artery (Figures 5.3-5.4, 5.7-5.14), there is no effect on the other features of plaque 

vulnerability implying that IRF5 specifically affects plaque necrosis.  

The necrotic core in atherosclerotic plaques is thought to arise due to a combination of 

macrophage apoptosis in advanced lesions and defective efferocytosis of these apoptotic 

macrophages (Tabas, 2010). In vivo studies have so far shown that suppressing NFκB can 

increase plaque necrosis by increasing LPS-stimulated foam cell death (Kanters et al., 2003) 

while blocking type I IFN signalling (Goossens et al., 2010), TLR2/4 signalling (Seimon et 

al., 2010), or deleting the scavenger receptors SR-A and CD36 reduces plaque necrosis. 

Deletion of MerTK, an efferocytosis receptor expressed by macrophages, elevates the 

presence of free apoptotic cells and accelerates atherosclerosis (Ait-Oufella et al., 2008; 

Thorp et al., 2008). Excessive inflammation in atherosclerosis is thought to play a role in 

disabling efferocytosis (Tabas, 2010). However, the inflammatory pathways involved in 

starting efferocytosis have not been clarified. I have shown that IRF5 could constitute an 

important modulator of the myeloid cell phenotype and concomitantly their ability to 

efferocytose. 

I hypothesized that IRF5 is required for necrosis or apoptosis of myeloid cells in ApoE-/- 

mice. Thus I compared the functional activity of bone marrow-derived cells from ApoE-/- and 

ApoE-/-IRF5-/- mice following differentiation by M-CSF and GM-CSF. ApoE-/-IRF5-/- cells 

show no difference in apoptosis or necrosis (Figure 4.26). Macrophages are either unchanged 

or slightly increased in aortic root atherosclerosis, with a deletion of IRF5 (Figure 4.4). In the 

carotid artery, there is some evidence for an increase in CD68 expression at 9 weeks (Figure 

5.14). These results suggest apoptosis or necrosis of macrophages could not be solely 

responsible for the increase in the size of the necrotic core.  

The efficiency of efferocytosis by GM-CSF differentiated CD11c- cells from ApoE-/-IRF5-/- 

mice is higher than the same cell population from ApoE-/- mice (Figure 4.29). It seems these 

CD11c- cells possess a macrophage phenotype as they increase their expression of the 

macrophage marker F4/80 (Figure 4.25b). My data is in keeping with previous literature 

showing that macrophages, including those expressing F4/80 in murine peritoneal infection, 

are more efficient efferocytes than DCs, highlighted by the macrophage-specific gene set 

comprising of efferocytosis-associated genes such as CD36, Lrp1 (Gautier et al., 2012), and 

MerTK (Zizzo et al., 2012). My results could relate to recent evidence showing that 

macrophages deficient in IRF5 expression are more phagocytic than wild-type macrophages 
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(Yang et al., 2012), however I found no effect of the IRF5 deficiency on the phagocytosis of 

latex microspheres by bone marrow-derived cells (Figure 4.28). The engulfment of apoptotic 

cells can induce an M2-like macrophage phenotype (Han and Ravichandran, 2011). As there 

is a significant upregulation of CD206 in aortic root of 27-week-old ApoE-/-IRF5-/- mice, an 

increased abundance of M2 macrophages coincides with a sizeable reduction in the necrotic 

core and this finding could be linked to enhanced efferocytosis. In support of this, the M1-

associated cytokine TNF-α can act as an inhibitor of efferocytosis by macrophages (Feng et 

al., 2011; McPhillips et al., 2007). Whereas the M2 polarising cytokines IL-4 and IL-13 

induce PPAR-γ signalling enhancing efferocytosis by macrophages (Fernandez-Boyanapalli 

et al., 2009), as well as enhancing the establishment of an M2 phenotype (Bouhlel et al., 

2007). IL-4 also enhances the expression of the efferocytic receptors Stabilin-1 and -2 (Park 

et al., 2009). Murine macrophages deficient in PPAR-γ have reduced expression of the 

efferocytosis receptors CD36 and MerTK, and are thus defective in efferocytosis (Roszer et 

al., 2011). In contrast agonists of the M2-polarising transcription factors LXR and PPAR-γ 

can enhance efferocytosis (A-Gonzalez et al., 2009; Fernandez-Boyanapalli et al., 2010). As 

IRF5 can inhibit IL-10 transcription (Krausgruber et al., 2011), deleting IRF5 could allow 

greater production of IL-10, which polarises M2c macrophages and induces MerTK 

expression in an autocrine loop enhancing their efferocytic function (Lingnau et al., 2007).  

An alternative explanation for the reduced level of necrosis resulting from deleting IRF5 is a 

change in the behaviour of DCs. In patients suffering from SLE (systemic lupus 

erythematosus) apoptotic and necrotic material can activate IRF5 in monocytes to translocate 

into the nucleus and transcribe TNF-α, IL-6 and IFN-α (Stone et al., 2012). CD11c+ DCs can 

ingest a significant amount of lipids and transform into foam cells (Paulson et al., 2010). 

Therefore if DCs are the source of foam cells apoptosing to create the necrotic core, they 

could apoptose less as a result of deleting IRF5. Patients who suffered myocardial infarction 

and have larger necrotic cores in their atherosclerotic plaques have greater expression of 

CD11c on their CD14++CD16+ monocytes (Foster et al., 2013), suggesting not only that 

CD11c may influence monocyte recruitment but also necrotic core formation. However I 

found no evidence for increased apoptosis or foam cell formation of DCs in my in vitro 

studies comparing bone marrow-derived DCs of ApoE-/- versus ApoE-/-IRF5-/- mice. Further 

immunohistochemistry studies for apoptotic markers such as caspase-3 would substantiate 

this point.  
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6.5. Future perspectives 

The inflammatory factors that influence plaque vulnerability and cardiovascular events are 

currently the subject of intense investigation. Yet many unanswered questions remain. I show 

that M1 macrophages and IRF5 expression are more abundant in the developing vulnerable 

plaque modulated by low shear stress. I also show that Mox/Mhem macrophages are more 

frequently found in stable plaques modulated by oscillatory shear stress. Evidence for an 

effect on macrophage polarisation by shear stress has not been presented before. IRF5 is 

upregulated in low shear regions but in my studies IRF5 does not appear to have a direct role 

in the polarisation of macrophages in low shear conditions. While a lot of studies have 

focused on monocyte phenotype in order to determine the fate of the macrophage, studies into 

the embryonic origin of macrophages increase our understanding of the macrophage’s fate. 

Macrophages display phagocytic-like functions targeting degenerating erythroblasts and free 

nuclei in the developing embryo (El-Nefiawy et al., 2002) although adult macrophages can be 

derived from haematopoietic stem cells. Genetic deletion studies suggest a strong role for 

PU.1 for F4/80 expressing macrophages originating in the yolk sac, while Myb-dependent 

precursor cells replenish classical DCs and CD11b+ macrophages (Schulz et al., 2012), thus 

variations in macrophage phenotypes are visible at the embryonic level as well.  

I show here for the first time that deleting IRF5 reduces lesion size, affects macrophage 

polarisation in the aortic root, and reduces the expression of CD11c. However, the precise 

phenotype of the CD11c+ cells eluded most of my attempts at their definition. Further work is 

required to establish whether IRF5 directly transcribes genes associated with DC 

differentiation and antigen presentation such as CD11c and MHC-II, and whether the effect of 

GM-CSF is dependent on IRF5 expression.  

It would also be interesting to examine whether IRF5 inhibits the transcription of genes 

associated with phagocytosis and efferocytosis such as MerTK, and the expression of genes 

associated with M2c macrophage polarisation. IRF5 expression could be depleted in vitro by 

siRNAs for example to see whether it causes a switch in the myeloid cell phenotype from 

DCs to macrophages. The transcriptional network involving IRF5 in myeloid cells could be 

assessed to answer all of these questions. As CD11c is important for monocyte recruitment in 

humans, in vivo cell tracking studies and transmigration assays could be performed to 

establish whether an alteration in monocyte or DC recruitment, or macrophage and DC 

emigration is altered by a deficiency in IRF5. BrdU cell labelling can be used to study 

whether IRF5, perhaps following GM-CSF stimulation, influences the proliferation of DCs in 

the plaque.  
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Despite their drawbacks, mouse models of atherosclerosis are valuable tools to study the 

progression of disease from the initial to the advanced stages. The availability of mouse 

models enables us to thoroughly examine not only atherosclerotic tissues but also other 

tissues, which may or may not have an important role in the context of inflammatory disease 

such as the spleen, lymph nodes and blood. Such tissues are not available from patients, thus 

it is extremely difficult to relate the progression of the human disease to other biological 

events occurring in patients, which may be of relevance. The continued use of mouse models 

will enable us to answer the questions above by the use of genetic modifications, which are 

otherwise not possible in humans.  

The pathogenic link between inflammation, necrotic core formation and efferocytosis in 

atherosclerosis is incompletely understood. This is the first study to identify an inflammatory 

signalling pathway that is specifically able to control necrotic core formation by modulating 

efferocytosis. My study can form a pretext for future studies exploring the molecular 

mechanisms linking inflammation to the efficiency of efferocytosis. 

 

6.6. Concluding comments 

In summary, the key findings of my thesis are that:  

1) Macrophage polarisation precedes the emergence of the vulnerable plaque phenotype  

2) Myeloid cells are a very important determining factor of plaque phenotype  

3) The formation of the necrotic core is strongly dependent on inflammatory signalling  

4) IRF5 signalling regulates the appearance of CD11c+ cells in atherosclerotic lesions, 

which have a significant role in lesion establishment. 

The set of data generated in my thesis underscores the concept that both inflammatory 

signalling and haemodynamic factors can modulate myeloid cell phenotype in atherosclerosis. 

Changes in macrophage behaviour induced by IRF5 may in turn modulate, plaque size and 

composition by favouring the appearance of necrotic areas. IRF5 emerges as a potential 

therapeutic target for cardiovascular disease aimed at preventing necrotic core formation, a 

feature of high-risk atherosclerotic plaques in humans.  
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