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Abstract 

Atherosclerotic cardiovascular disease (ASCVD) is a leading cause of death and morbidity 

around the world. It results from build-up of cholesterol-rich, inflamed plaques in the walls of 

arteries. Inflammation is central to atherosclerosis. A key driver of inflammation in plaque is 

the accumulation of cholesterol-laden macrophages, called foam cells. Uncontrolled 

inflammation in plaques makes them “unstable” and vulnerable to rupture and thrombosis, 

which causes complications, such as myocardial infarction (MI) in the case of atherosclerotic 

coronary artery disease (CAD). Current therapies, such as lipid-lowering statins, do not 

adequately control plaque inflammation, leaving an unacceptably high residual risk of adverse 

cardiovascular events in patients with subclinical and clinical ASCVD. Consequently, new 

anti-atherosclerotic therapies are needed, especially those that can better target plaque 

inflammation. This thesis set out to mechanistically investigate the regulation of macrophage 

functions in the context of atherosclerosis using two therapeutic approaches: (1) the 

repurposing of the well-established, anti-gout drug, colchicine; and (2) the genetic knock-out 

and pharmacological inhibition of eukaryotic elongation factor 2 kinase (eEF2K), a structurally 

unique enzyme known to be important for protein translation in cells under different stress 

conditions. 

 

Colchicine is a broad-acting anti-inflammatory agent that has attracted considerable interest 

for repurposing in ASCVD. Despite evidence for outcome benefits in stable CAD and after 

recent MI, the mechanistic basis for colchicine’s actions in ASCVD remains speculative and 

poorly defined. Chapter 3 of this thesis aimed to dive deep into colchicine's actions on one of 

the key immune cells involved in atherosclerosis, namely macrophages. This in vitro and ex 

vivo body of work was supported by collaborative in vivo studies, which explored whether 
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colchicine reduces plaque burden and stabilises plaque composition in two murine models of 

atherosclerosis. These studies showed for the first time that colchicine inhibits macrophage-to-

foam cell transformation in the presence of oxidised low-density lipoprotein cholesterol 

(oxLDL), associated with reduction in the glycosylated form of the CD36 cholesterol uptake 

receptor, and its reduced expression on the cell surface membrane. Colchicine also increases 

the efflux capacity of cholesterol to high-density lipoproteins (HDL), accompanied by a 

selective increase in the surface expression of the cholesterol transporter, ATP Binding 

Cassette Subfamily G Member 1 (ABCG1), whose mechanistic basis requires deeper 

evaluation. Moreover, it mitigates cholesterol crystal (CC)-induced inflammation, dampening 

activation of the Nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome. 

Colchicine was also found to have an anti-priming effect on the NLRP3 inflammasome 

components by downregulating their transcriptional expression. This is likely due to its anti-

phagocytic effects as it reduces CC ingestion by macrophages and the subsequent intracellular 

accumulation of lysosomes. 

 

Apart from repurposing established anti-inflammatory drugs like colchicine, there is 

substantial work being undertaken to identify novel therapies against atherosclerosis that target 

new mechanisms to more effectively mitigate plaque inflammation. Chapters 4 and 5 tackled 

one such novel target, eEF2K, by exploring its effects on macrophage responses to atherogenic 

stimuli in vitro and in a murine model of atherosclerosis in vivo, respectively. Although 

previous studies had suggested a role for eEF2K in atherosclerosis, they had thus far provided 

little mechanistic insight.  
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In Chapter 4, the disabling of eEF2K by pharmacological inhibition or genetic knock-out, was 

found to cause a consistent inhibition of oxLDL-induced foam cell formation. As with 

colchicine, this is associated with selective, post-transcriptional downregulation of CD36, 

although through a different mechanism. In keeping with eEF2K’s known regulation of the 

translation of certain other mRNAs, its inhibition specifically reduces the translational 

efficiency of Cd36 mRNA, as seen by reduced ribosomal occupation, thus decreasing the 

synthesis of CD36 protein. This is a novel regulatory mechanism for modulating CD36 

expression that has not been reported before. For the first time, we also determined that eEF2K 

inhibition and knock-out also increase cholesterol efflux and inhibit the proliferation of 

oxLDL-treated macrophages, while having no effect on other macrophage properties, such as 

polarisation, viability, phagocytosis, efferocytosis or CC-induced activation of the NLRP3 

inflammasome. 

 

Chapter 5 explored the effect of knocking out eEF2K in a mouse model of atherosclerosis, 

induced by high cholesterol diet feeding on the pro-atherogenic Ldlr-/- background. We first 

established that eEF2K is active within macrophages in murine plaques. Eef2k-/--Ldlr-/- mice 

developed smaller atherosclerotic lesions in the aortic sinus than their Eef2k+/+-Ldlr-/- 

counterparts. However, surprisingly this was not accompanied by a decrease in plaque lipid 

content, despite confirmation that Eef2k-/--Ldlr-/- mice not only had lower CD36 expression in 

both plaque itself and on circulating monocytes, but also reduced capacity to form foam cells 

from their bone marrow-derived and peritoneal macrophages when exposed to oxLDL. Finally, 

pharmacological inhibition of eEF2K was shown to have a particularly striking effect on 

reducing CD36 expression and foam cell formation in human monocyte-derived macrophages. 

This was supported by the novel observation that EEF2K mRNA expression was higher in 

blood mononuclear cells from patients with unstable, advanced CAD, as defined by a recent 
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MI, compared to those with chronic stable CAD. This in turn was associated with higher CD36 

expression at both mRNA and surface membrane level in monocytes from this high-risk cohort. 

These findings provide a crucial early step towards better understanding eEF2K’s role in 

human atherosclerosis. 

 

In summary, this thesis provides new evidence in the search for novel mechanisms and 

therapeutic targets that could lead to the mitigation of ASCVD, by firstly providing new 

insights into the mechanistic basis for colchicine’s anti-atherosclerotic properties, and secondly 

by revealing eEF2K to be a unique mediator of CD36 translation and expression in 

macrophages, thereby regulating foam cell transformation. 
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1.1 Atherosclerosis 

1.1.1 Burden of disease 

Cardiovascular disease (CVD) remains a leading cause of death, morbidity and health 

economic burden worldwide. It currently accounts for more than 17.6 million deaths each year 

and this number is projected to exceed 23.6 million by 20301. Atherosclerosis is the underlying 

pathology in the majority of cardiovascular complications, such as myocardial infarction (MI). 

It causes clinical disease via vascular luminal narrowing which can ultimately lead to thrombus 

formation that obstructs blood flow to tissues, such as the heart (coronary artery disease, CAD), 

brain (cerebrovascular disease) and lower extremities (peripheral vascular disease)2. It was 

formerly recognised as an ordinary lipid storage disease. However, major advances in basic, 

experimental and clinical sciences have illuminated the role of inflammation and the 

underlying vast cellular and molecular mechanisms that contribute to atherosclerosis3. It is now 

regarded as a chronic inflammatory disease of the vasculature which is initiated early in life 

and develops over a number of decades. The intensity of the disease relies on many genetic, 

environmental and behavioural factors. The best-known risk factors include 

hypercholesterolaemia (specifically elevated low-density lipoprotein [LDL] cholesterol 

levels), hypertension, diabetes mellitus, smoking, family history, age, obesity, male gender, 

sedentary lifestyle and diets with high saturated and trans-fatty acids4. 
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1.1.2 Normal vessel wall 

An understanding of the pathophysiology of atherosclerosis requires knowledge of the normal 

artery wall structure (Figure 1-1), its biology and function. Normal arteries have a trilaminar 

structure. The innermost layer, or tunica intima, is the closest to the arterial lumen. This layer 

contains a monolayer of endothelial cells (ECs) which resides on a basement membrane 

containing non-fibrillar collagen types, such as type IV collagen, laminin, fibronectin, and 

other extracellular molecules. The middle layer, known as the tunica media, is the thickest 

layer and lies under the intima separated by the internal elastic lamina. The media contains 

concentric layers of smooth muscle cells (SMCs), interleaved with layers of elastin-rich 

extracellular matrix and serves contractile and elastic functions of the vessel. The external 

elastic lamina bounds the tunica media and the outermost layer of the artery, the tunica 

adventitia. The adventitia consists of a relatively loose array of collagen fibrils and contains 

blood vessels (vasa vasorum), nerve endings and lymphatics which nourish the cellular 

components of the arterial wall. It is also enriched with fibroblasts, different subsets of 

leukocytes (e.g. mast cells, macrophages, lymphocytes) and a diverse array of progenitor/stem 

cells5, 6. It provides a dynamic interface between the intima/media and the perivascular adipose 

and connective tissue, and is increasingly recognised as a complex biological processing centre 

which serves as an injury sensor for the rest of the vessel wall7, 8.  

 

Atherosclerosis is heralded by the build-up of lipid-rich plaques in the subintimal compartment 

of the vessel wall where maladaptive remodelling responses are involved in all three vessel 

wall layers discussed above. 
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Figure 1 - 1: Normal vessel wall 

The normal vessel wall is composed of three layers: intima (monolayer of ECs) which reside 

on a basement membrane, media (concentric layers of SMCs interleaved with elastin fibres) 

and adventitia (fibroblasts, collagen fibres, nerve endings, vasa vasorum, stem cells, 

macrophages, etc). The internal elastic lamina separates the intima from the media and the 

external elastic lamina separates the media from the adventitia. 
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1.1.3 Mechanisms involved in atherosclerosis 

The mechanisms involved in the initiation and progression of atherosclerosis are multifaceted 

and involve a range of processes (Figure 1-2), comprising endothelial dysfunction, lipoprotein 

entry and modification, leukocyte recruitment, foam cell formation, lymphocyte responses, 

SMC migration, fibrous cap formation, macrophage apoptosis, necrotic core formation, 

calcification, angiogenesis, intraplaque haemorrhage, fibrous cap degradation, plaque rupture, 

erosion, thrombosis and more.  

 

In between each of these processes, there are complex and variable interactions that occur in 

the development of any given plaque, which lead to unpredictable progression rates, 

heterogenous morphologies, and variable clinical outcomes2. While most plaques remain 

asymptomatic (subclinical), some become obstructive (clinical ischaemia) and others elicit 

acute thrombosis leading to acute tissue infarction. 
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Figure 1 - 2: Formation of atherosclerotic plaque 

(1) LDL cholesterol enters the subintima and (2) becomes modified. (3) Leukocytes, including 

monocytes which are circulating in blood get attached to the adhesion molecules expressed on 

the endothelial surface and migrate into the subintimal compartment in response to chemokine 

gradients. (4) Monocytes differentiate into macrophages in the subintima. (5) Macrophages 

engulf modified LDL particles and become foam cells. (6) SMCs migrate from the media into 

the intima and proliferate. (7) SMCs also take up modified LDL particles and form foam cells. 

(8) Foam cells undergo apoptosis and start forming the necrotic core. (9) The fibrous cap 

overlying the plaque is formed. LDL = Low density lipoproteins; SMC = Smooth Muscle Cell 
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1.1.3.1 Evolution of atherosclerotic plaque 

Intimal xanthomas or fatty streaks are the earliest visible lesions in atherosclerosis which 

appear macroscopically as areas of yellow discolouration in the inner surface of the artery. 

They reflect the adaptive intimal thickening which can exist as early as birth and grow, 

especially in areas of low shear stress9. As time passes, areas of high oscillatory shear index 

tend to upregulate nuclear factor-kappa- (NF-k), a fundamental transcription factor in the 

inflammatory cascade. Due to this inflammation, the endothelium becomes activated and 

permeable to leukocytes (e.g. neutrophils, monocytes) and toxic substances (e.g. modified 

lipoprotein cholesterol particles) that traverse in blood. Monocytes which migrate to the arterial 

intima undergo differentiation into macrophages. The “fattiness” in this stage comes from the 

retention of modified lipoprotein particles in the subintimal compartment being taken up by 

macrophages to form foam cells.  

 

Some fatty streaks progress to this fibroatheroma stage while others regress over time. 

Fibroatheromas consist of an acellular necrotic core, which is distinguished from lipid pool 

areas of pathological intimal thickening as it is made up of cellular debris. The necrotic core is 

covered by a fibrous cap consisting of SMCs in a proteoglycan-collagen matrix10. Degradation 

of the fibrous cap may occur, leading to the formation of thin cap fibroatheroma (TCFA) 

which reflects a more unstable plaque state that is at risk of rupture10, 11. Calcification also tends 

to occur at a microscopic level in TCFAs and plaques that are vulnerable to rupture and is 

usually speckled or fragmented. This is often referred to as spotty calcification. When this 

fragmented calcification spreads into the surrounding collagen-rich matrix, forming calcified 

sheets, the plaque transforms into a fibrous calcified plaque12.   
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The advancement of the necrotic core along with increased expression of matrix 

metalloproteinases (MMPs) and myeloperoxidases (MPOs)13 produced by inflammatory cells 

(e.g. macrophages), microcalcifications and iron accumulation14, collectively lead to 

weakening of the fibrous cap. This can eventually lead to rupture of the plaque releasing 

contents of its necrotic core to circulating blood which activates a coagulation cascade 

involving platelets in response to the exposure of lipids and tissue factors15.  

 

Plaque erosion is a unique stage which is classified by the absence of endothelium at a site of 

erosion, with the exposed underlying plaque containing relatively low levels of inflammation 

and greater abundance of SMCs and proteoglycans2. These plaques are known to result in 

thrombi without plaque rupture and may have catastrophic consequences resulting from 

occlusion to luminal blood flow16. 

 

The major histological and molecular changes which take place in the progression of 

atherosclerosis are summarised in Table 1-1.  
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Table 1 - 1: Different stages in the development of atherosclerosis 

 

Stage Gross Findings Mechanisms  

Intimal xanthomas / 

Fatty streaks 

Bright yellow minimally 

raised lesions that 

demonstrate abundant lipid 

when stained with oil red O 

Endothelial dysfunction, Lipoprotein entry and 

modification, Leukocyte recruitment, Foam cell 

formation 

Fibroatheroma Homogenous, white, raised 

and firmer areas 

Migration of SMCs from arterial media to the 

subintima and proliferation of SMCs, SMC-rich 

plaque with proteoglycan matrix and focal 

accumulation of extracellular lipids, formation of 

the necrotic core 

Thin cap fibroatheroma  

 

A thin, unstable fibrous cap 

(≤ 65m) with an underlying 

necrotic core 

Type 1 collagen, very few SMCs (apoptosis), large 

necrotic core (>40% of plaque volume), adventitial 

inflammation, neovascularisation, spotty 

calcification, intraplaque haemorrhage 

Plaque rupture 

 

Ulcerated plaques showing 

surface thrombosis 

Ruptured fibrous cap, presence of luminal 

thrombus, larger necrotic core, increased 

macrophage infiltration, Increased expression of 

MMPs and MPOs 

Fibrous calcified plaque Eruptive nodular 

calcification with underlying 

fibrocalcific plaque 

Formation of calcified sheets in the collagen-rich 

matrix 

Endothelial erosion Appear as gross plaque that 

are visible to the naked eye 

Absent endothelium, abundant SMC and 
proteoglycans, scarcely calcified, less macrophages 

and less inflammation 

 

Different stages in the development of atherosclerotic plaques are described briefly in their 

approximate order of occurrence, illustrating their gross histological findings and mechanisms 

involved 2, 5, 9, 15-22. MMP = Matrix metallopeptidases; MPO = Myeloperoxidase; SMC = 

Smooth Muscle Cell.  
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1.1.3.2 Endothelial dysfunction 

The endothelium was once thought of as the ‘cellophane wrapper’ of the vasculature with no 

specific function23. However, major research advances in the last half century have led to a 

progressive understanding of this dynamic organ. Sitting at the border between circulating 

blood and SMCs in the vessel wall, the endothelium lines the entire circulatory system, from 

the heart to the smallest capillaries. It consists of a continuous EC layer with unique structural, 

metabolic and signalling functions that are necessary to maintain homeostasis of the vessel 

wall5. The normal functioning endothelium maintains vascular tone and permeability through 

vasodilation properties, anti-inflammatory, anti-thrombotic and anti-proliferative actions.  

 

Endothelial dysfunction is characterised by a shift in these actions towards reduced 

vasodilation, pro-inflammatory, pro-thrombotic and increased proliferative properties. This 

process is initiated by perturbations to the endothelium which could occur due to various 

insults, including chemical irritants and physical forces. Nitric oxide (NO), initially identified 

as the endothelium-derived relaxing factor, is the major vasodilating substance released by the 

endothelium. NO is also an inhibitor of platelet aggregation24 and an anti-inflammatory 

substance25. Presence of increased amounts of free radicals due to depletions of antioxidants 

can disrupt the balance of NO and damage the endothelium leaving it overly permeable to toxic 

substances and inflammatory cells that should normally remain in the circulating blood. 

 

Another important feature of the endothelium is its responsiveness to the physical forces 

imparted by blood flow. It is the endothelium which determines which sections of the artery 

will first develop the disease. This phenomenon can be explained by hydrodynamic stress. In 

straight arteries, the steady laminar shear stress favours the endothelial production of NO 
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leading to an atheroprotective state. Conversely, disturbed flow which normally occurs at 

branching points of the arteries causes low shear stress impairing these locally atheroprotective 

EC functions26, 27. Consequently, arteries with fewer branches (e.g. the internal mammary 

artery) develop less plaque than arteries with bifurcated vessels (e.g. common carotid and 

coronary arteries). 

 

When chemical irritants and physical forces interrupt normal EC homeostasis, an activated 

state results, manifested by impairment of the endothelium’s role as a permeability barrier 

which leads to uptake of lipoproteins and other toxic substances into the vessel wall, 

inflammatory cytokine secretions, and increased expression of adhesion molecules leading to 

leukocyte infiltration into the subendothelial space.  

 

1.1.3.3 Lipoprotein entry and modification 

Due to the increased endothelial permeability, certain toxic substances have the ability to 

transport through the endothelium into the subendothelial space of the intimal layer. One such 

substance is lipids. This process is accentuated when there are increased levels of lipids in the 

bloodstream and in particular, cholesterol. Cholesterol circulates in the blood as multiple 

distinct forms of lipoprotein particles. These particles consist of a lipid core surrounded by a 

hydrophilic phospholipid, free cholesterol and apolipoproteins. In order of increasing density, 

lipoproteins can be identified as chylomicrons, very low-density lipoproteins (VLDL), 

intermediate-density lipoproteins (IDL), LDL and high-density lipoproteins (HDL)28 (Figure 

1-3). In particular, apolipoprotein-B (ApoB) containing lipoproteins, VLDL, IDL and LDL 

associated cholesterol are known as the fuel to the fire of atherosclerosis, of which LDL is 
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considered to be the main carrier which is prominently present in the blood of patients with 

hypercholesterolaemia29. 

 

As these LDL particles enter the subintimal space of the arterial wall, they are retained by the 

subendothelial proteoglycans in the extracellular matrix which leads to an increased resident 

time for the lipoproteins in the arterial wall. During this subendothelial retention, LDLs are 

exposed to several chemical modifications. One such modification is oxidation, which occurs 

due to the interaction of lipoproteins with local reactive oxygen species (ROS), oxidative and 

lipid oxygenases, peroxidases and pro-oxidant enzymes4. LDL may also undergo glycation, 

particularly in diabetic patients with sustained hyperglycaemia. Such modifications of LDL act 

quite early in the atherosclerotic process and contribute to the inflammatory mechanisms 

initiated by endothelial dysfunction and they tend to continue to promote inflammation 

throughout the lifespan of the plaque. 

 

In addition to LDL, other lipoproteins, particularly HDL can also undergo oxidation. 

Conventionally, HDL is known as the “good cholesterol” involved in reverse cholesterol 

transport and several other processes which interfere with the oxidation of LDL (although it is 

also readily oxidised). Oxidised HDL loses its “good cholesterol” functionality in reverse 

cholesterol transport30.  
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Figure 1 - 3: Classification of lipoproteins 

Cholesterol circulates in the blood in the form of lipoprotein particles. These lipoprotein 

particles consist of a lipid core surrounded by a hydrophilic phospholipid, free cholesterol and 

apolipoproteins. In order of increasing density, lipoproteins can be identified as chylomicrons, 

VLDL, IDL, LDL and HDL. HDL = high-density lipoproteins; IDL = intermediate-density 

lipoproteins; LDL = low-density lipoproteins; VLDL = very low-density lipoproteins 
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1.1.3.4 Leukocyte recruitment 

One important step that occurs during the initiation process of atherosclerosis is leukocyte 

recruitment. The normal endothelium resists adhesive interactions with leukocytes. However, 

after the initiation of hypercholesterolaemia, leukocytes adhere to the endothelium, move 

between the EC junctions and penetrate through ECs (transcytosis) into the subintima31. There 

are several types of leukocytes recruited in this manner including monocytes, neutrophils and 

T-lymphocytes. 

 

Monocyte recruitment is a key step in the progression of atherosclerosis. This recruitment relies 

on endothelial activation. When activated, the endothelium releases chemoattractant signals, 

such as monocyte chemotactic protein-1 (MCP-1) and expresses several surface bound 

chemokines namely Chemokine (C-C motif) ligand 5 (CCL5) also known as RANTES 

(regulated on activation, normal T cell expressed and secreted), chemokine (C-X-C motif) 

ligand 1 (CXCL1) and interleukin-8 (IL-8)32. Following these chemotactic signals and 

enhanced chemokine expression, monocytes in blood roll and become tethered to the activated 

ECs via selectin-dependent adhesion molecules, such as E-selectin and P-selectin. Following 

rolling, they form tighter adhesions with the endothelium via 41 integrin also known as Very 

Late Antigen-4 (VLA-4), which binds to EC ligands30, 33. Finally monocytes are thought to 

reach the atherosclerotic lesion via trans-endothelial migration, however, there is no direct 

observation supporting this to date30.  

 

Once monocytes have been recruited into the subendothelial space, they undergo 

differentiation in the presence of macrophage colony-stimulating factor (M-CSF), to form 

macrophages.  
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1.1.3.4 Adaptive immune responses 

The adaptive immune system which is usually activated in the presence of pathogens, also 

recognises modified LDL and other inflammatory cytokines released during plaque 

progression and directs immune cells to the site. While macrophages comprise the vast majority 

of immune cells in atherosclerotic lesions, T and B-lymphocytes have also been found to 

constitutively migrate into the atherosclerotic aortic wall in an L-selectin-dependent manner 

similar to that of monocytes, discussed earlier34, 35. This migration initially occurs as an 

abortive attempt to remove or sequester abnormal lipid which is generally perceived as a danger 

signal.  

 

The discovery of lymphocyte responses in plaque progression and the advances in the field of 

adaptive immunity in atherogenesis have been elaborately covered in an excellent review paper 

by Hansson and Jonasson36 and are only briefly addressed here. T-lymphocytes or T-cells 

participate in the formation of atherosclerotic lesions as early as monocytes. Several leukocyte 

adhesion molecules, such as VCAM-1 and ICAM-1 also initiate T-cell recruitment. T-

lymphocytes can exhibit functional diversity where T-helper type 1 (Th1) lymphocytes appear 

to accelerate atherosclerosis and regulatory T-cells (T-regs) are thought to limit the disease 

process21. Th1 lymphocytes secrete inflammatory cytokines, such as interferon- (IFN-), 

tumour necrosis factor-/ (TNF-/) and IL-2 which activate macrophages, ECs and SMCs 

leading to local inflammation21, 29, 35, 37, whereas T-regs through the secretion of transforming 

growth factor- (TGF-) and IL-10 are believed to dampen this process3, 38. The balance 

between different T-cell subsets is therefore an important determinant of plaque progression. 

 



Chapter 1 – Introduction 

 

  

 

16 

B-cells also populate plaques. Humoral immunity appears to mitigate atherogenesis. Thus, B1 

cells that give rise to natural antibody may protect against atherosclerosis. In contrast, B2 

lymphocytes may aggravate atherogenesis39. Therefore, the net influence of B-cell functions 

in atherosclerosis remains unsettled. Even though the initial inflammatory response is 

inherently appropriate, it eventually becomes maladaptive due to defective inflammatory 

resolution with persistent recruitment of inflammatory cells to the lesion area creating a 

positive feedback loop as discussed above28.  

 

1.1.3.6 SMC migration 

In the normal arterial wall, SMCs express a differentiated phenotype and are surrounded by a 

basal lamina consisting of type IV collagen. They are normally contractile and do not divide 

or migrate40. However, in atherosclerosis, lipoproteins, foam cells, activated ECs and Th1 

lymphocytes release inflammatory cytokines and proteolytic signals which degrade this 

supporting framework and initiate SMC migration into the arterial intima. This process starts 

with downregulation of genes responsible for SMC differentiation, such as smooth muscle -

actin (Acta2) and smooth muscle myosin heavy chain (Mhy11)41. At the same time the release 

of platelet factors, such as platelet-derived growth factor (PDGF) and TGF- by macrophages 

and ECs are thought to stimulate SMC migration across the internal elastic lamina into the 

subendothelial space giving SMCs a “synthetic” phenotype42. In the intima, foam cells release 

an array of cytokines namely, TNF-, IL-1, TGF- and fibroblast growth factor (FGF), which 

stimulate SMC proliferation as well as the synthesis and secretion of new extracellular matrix 

proteins, proteoglycans and other proteins which are thought to be beneficial for arterial 

remodelling and plaque stabilisation41, 43, 44. These cytokines also provoke activation of other 
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leukocytes and promote further cytokine release, thus reinforcing a positive feedback loop to 

maintain inflammation in the atherosclerotic lesion.  

 

The classical view is that intimal SMCs are beneficial by forming a fibrous cap, protecting the 

plaque from rupture. Despite this, it has long been recognised that SMCs can become foam 

cells and acquire features of inflammatory cells45. Several human46 and animal studies47 show 

that transition of intimal SMCs into macrophage-like cells is a major process during 

atherosclerotic plaque formation, demonstrating the unexpected deleterious role of SMCs48. 

Therefore, SMCs seem to exhibit dual and antagonistic roles in atherosclerosis. 

 

1.1.3.7 Calcification 

Vascular calcification occurs in the intima as well as the media of the vessel wall. These two 

processes occur independently of each other. Intimal calcification develops as a result of lipid 

accumulation and inflammation in atherosclerosis, whereas medial calcification arises mainly 

in patients with chronic kidney disease and type 2 diabetes mellitus49. Vascular intimal 

calcification is primarily the process of bio-mineralisation where insoluble calcium deposits in 

the form of calcium salts. Nowadays it is considered an active process where multiple 

mechanisms exist50, 51. It is believed that SMCs obtain osteogenic properties and calcify 

analogous to bone formation12. Extracellular vesicles are also thought to calcify when calcium 

phosphates appear inside them, and this leads to the formation of hydroxyapatite crystals, again 

akin to bone formation17. Another popular theory for the mechanistic basis of intimal 

calcification is that apoptotic cells, which arise from SMC and macrophage death also undergo 

calcification in the extracellular milieu where the same hydroxyapatite crystal formation 

occurs52, 53. It is also believed that these processes of calcification are stimulated by the loss of 



Chapter 1 – Introduction 

 

  

 

18 

inhibitors of calcification, which are usually present in the normal arterial wall such as Matrix 

Gla-Protein (MGP), osteopontin (OPN), fetuin and pyrophosphates12. 

 

Calcification progresses with age and its extent generally correlates with plaque burden. The 

location and structure of calcification are the most important determinants of the hazards 

associated with it. Pathologically, largely calcified atheromatous lesions are much stiffer than 

more cellular lesions and are less likely to be associated with plaque rupture54. It follows that 

gross calcification may in fact provide stability to plaque. Conversely, it has been reported that 

non-homogenous spotty calcification or micro-calcification, is associated with high-risk, 

rupture-prone plaques due to the substantial stress it imposes on the overlying fibrous cap55. 

Thus, depending on the degree and nature of calcification in atherosclerosis, it can either be a 

stabilising force for plaque or alternatively cause penetrating perturbations which can lead to 

reduction in lesion stability56, 57. One of the mechanisms by which cholesterol-lowering statin 

drugs reduce acute cardiovascular events in patients with atherosclerosis reflects this aspect. 

Statins have been shown to increase calcification and collagen production by vascular SMCs58-

60, and this is thought to increase the biomechanical stability of plaques which makes them less 

prone to rupture and thrombotic complications 60. 

 

1.1.3.8 Neovascularisation and intraplaque haemorrhage 

With atherosclerotic lesion progression, the arterial wall thickness increases. It has been 

suggested that when this wall thickness exceeds 100 m, oxygen supply to the plaque site 

becomes restricted. As a compensatory mechanism, hypoxia-inducible factor-1 (HIF-1), 

vascular endothelial growth factor (VEGF) and other angiogenic modulators are secreted. 

Together these factors promote neovascularisation (including angiogenesis)61. Neovessels 
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originate from the adventitial vasa vasorum and grow into the base of the progressing 

atherosclerotic lesion. This provides an alternative route for oxygen and nutrients to enter the 

plaque site. These plaque neovessels are also leaky and express cellular adhesion molecules 

favouring local extravasation of red blood cells (RBCs), plasma proteins, circulating 

monocytes and other inflammatory cells further contributing to the growth and destabilisation 

of the plaque. 

 

A study of coronary atherectomy samples conducted by Lusby et al. in 1982 revealed the 

presence of neovascularisation in 50% of samples from patients with unstable angina, 

compared to 10% from patients with stable angina, suggesting a possible role in plaque 

instability62. Later studies found that this is in fact due to the neovascularisation within the 

plaque which leads to the extravasation of RBCs and inflammatory mediators causing 

intraplaque haemorrhage. Once RBCs are leaked into the plaque, cholesterol from their cell 

membrane becomes incorporated into the lipid core increasing its volume 63.  

 

1.1.3.9 Plaque rupture and erosion 

Fibrous cap thickness is an indicator of plaque vulnerability and is pathologically defined to be 

≤ 65 m in TCFAs64. A prevailing perception has been that rupture of fibrous caps typically 

occurs at the weakest points, often near shoulder regions of the plaque15. However, recent 

studies have found an equivalent number of ruptures occurring at the mid-portion of the fibrous 

cap which suggests the involvement of multiple catalysts to plaque rupture20. This rupture 

exposes plaque components, such as the cap collagen, apoptotic microparticles and the lipid 

core to thrombogenic factors in blood, which can lead to subsequent thrombosis. The 

magnitude of thrombosis can be extremely variable and in the most severe cases leads to tissue- 
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or even life-threatening luminal occlusion. The main determinants of thrombotic risk of plaque 

are explained by Virchow’s classic triad, as the (1) thrombogenicity of the exposed plaque 

material, (2) local blood flow disturbances and (3) systematic thrombotic propensity2, 18, 64.  

 

Plaque erosion is the second most common substrate for atherothrombosis behind plaque 

rupture. It is best characterised in coronary atherosclerosis, where it can cause the full spectrum 

of clinical manifestations of acute coronary syndrome, including ST-segment elevation 

myocardial infarction (STEMI), non-ST segment elevation myocardial infarction (NSTEMI) 

and sudden cardiac death19, 65. Although the distinct morphological features of underlying 

plaque in cases of erosion have not yet been fully characterised, currently recognised hallmarks 

are an absent endothelium overlying a plaque which is typically scarcely calcified, with smaller 

lipid core, more abundant SMCs, but fewer macrophages and less inflammation than in 

ruptured plaques.  

 

Compared to plaque rupture, plaque erosions are thought to convey a weaker thrombogenic 

stimulus. However, other factors in the Virchow triad contribute in this setting where the 

thrombosis may still deliver fatal consequences. It has been observed that fatal thrombi 

resulting from plaque erosions seem to take longer to build up than those precipitated in plaque 

rupture2, 66, 67.  
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1.2 Roles of macrophages in plaque inflammation 

1.2.1 Macrophages in atherosclerosis 

Macrophages are a heterogeneous population of innate immune cells involved in several 

diverse functions in homeostatic and immune responses. They are among the key cellular 

drivers of plaque inflammation, exerting multifarious effects in atherosclerotic lesion 

development, progression and destabilisation (Table 1-2). The broad spectrum of macrophage 

functions depends on both heterogeneity and plasticity of these cells, which are highly 

specialised in sensing the microenvironment and modifying their properties accordingly68. 

Although it is clear that macrophage phenotypes are difficult to categorise and should be seen 

as plastic and adaptable, they are often simplified into two extremes: a pro-inflammatory (M1-

like) and an anti-inflammatory/pro-resolving (M2-like) profile. M1-like macrophages secrete 

pro-inflammatory cytokines (eg. IL-1, TNF-), ROS and reactive nitrogen species, enzymes 

as well as many other mediators (plasminogen activators, cathepsins, MMPs), which are known 

to drive atherogenesis. Alternatively, M2-like macrophages secrete factors, such as TGF- and 

pro-resolving lipids, which favour the resolution of inflammation.  

 

In recent years macrophage research has undergone a renaissance, which has propelled new 

insights into their complexity, as well as a new understanding of ontological differences in their 

development69. In addition, recent technological advances, such as single-cell RNA sequencing 

(scRNA-seq) and single-cell mass-cytometry by time-of-flight (CyTOF), have enabled 

phenotypic and functional analyses of individual immune myeloid cells, identifying for the 

first time new clusters of macrophage populations70, including those in healthy and 

atherosclerotic vasculature.  
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Table 1 - 2: Polarised Macrophage Phenotypes and their role in Atherosclerosis 

Macrophage 

Type 

Stimuli Markers Cytokines 

Released 

Role in Atherosclerosis 

M1 IFN-, LPS, 

TNF-α 

CD86, 

MHCII, 

iNOS,  

IL-1, TNF-α, IL-

6, IL-12 High, 

IL-10 low, IL-

23, RNI, ROI, 

CCL12, CCL18, 

CCL22, CCL24 

Plaque progression, 

Mediate Th1 responses 

and Type I 

inflammation 

M2a  IL-4, IL-13 MHCII, MR, 

CD206, SR-

A1, Arg, 
CD23, 

CD163 

IL-10, Decoy-

IL-1RII, IL-1ra, 

Polyamine 

Mediate Th2 responses 

and Type II 

inflammation 

M2b Poly-IC + TLR / 

IL-R ligands 

MHCII, 

CD86, CD80, 

Arg 

TNF, IL-1, IL-6, 

IL-10 high, IL-

12 low 

Enriched in regressing 

plaques, Th2 activation, 

immunoregulation 

M2c  IL-10 SLAM, 

CD206, MR, 

CD14, 

CD150, Arg 

IL-10, TGF-, 

IL-1ra, CCL16, 

CCL18, 

CXCL13, 

Matrix vesicles 

Immunoregulation, 

Matrix deposition and 

tissue remodelling 

M2d IL-6, tumour 

derived factors 

VEGF, Arg IL-10, IL-12, 

TNF-, TGF- 

Promote angiogenesis 

Mox oxLDL VEGF IL-10, IL-1 Lesion development and 

plaque instability, 

Redox and anti-oxidant 

activity, Angiogenesis 

Mhem Heme CD163, 

ATF1 
LXR- Atheroprotective 

M-Hb Haemoglobin, 

haptoglobin 

CD163, MR ABCA1, 

ABCG1, LXR- 

Mediate Cholesterol 

Efflux, Atheroprotective 

M4 CXCL4 CD206, 

CD86, CD45, 

CD14 

TNF-, IL-6, IL-

10, CCL18, 

CCL22 

Minimal foam cell 

formation, potential pro-

atherogenic roles 

 

For legend P.T.O. 
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Monocytes which enter the vascular wall differentiate into macrophages. Different stimuli 

including growth factors, chemokines, lipoproteins or tissue factors induce specific types of 

macrophage polarisation. This table summarises some of these macrophage subtypes 

discovered to date 71-79. ABCA1 = ATP binding cassette transporter A1; ABCG1 = ATP 

binding cassette transporter G1; Arg = arginase; ATF = activating transcription factor; CCL = 

CC chemokine ligand; CD = cluster of differentiation; CXCL = chemokine (C-X-C motif) 

ligand; IFN = interferon; IL = interleukin; IL-1ra = interleukin 1 receptor antagonist; iNOS = 

inducible nitric oxide synthase; LXR = liver X receptor; MHC = major histocompatibility 

complex; MR = mineralocorticoid receptor; oxLDL = oxidised low density lipoprotein; Poly-

IC = Polyinosinic-polycytidylic acid; RNI = reactive nitrogen intermediates; ROI = reactive 

oxygen intermediates; SLAM = signalling lymphocytic activation molecule; SR = scavenger 

receptor; Th = T helper cell type; TGF = transforming growth factor; TNF = tumour necrosis 

factor; TLR = toll-like receptor; VEGF = vascular endothelial growth factor. 
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1.2.2 Macrophage foam cell formation 

Foam cells are well known as the “hallmark of atherosclerosis” and their development in the 

arterial subintima heralds one of the early stages in plaque formation. Although, it is widely 

regarded that macrophages are the main precursors for foam cells, SMCs and dendritic cells 

are also known to contribute to their existence owing to their ability to ingest and accumulate 

intracellular lipids80. Notably, studies have found that foam cells which arise from SMCs 

display macrophage-like properties, including the expression of proteins that are known to be 

macrophage-specific30. 

 

Macrophages take up LDL, VLDL and oxidised lipoproteins, via macro-pinocytosis, 

phagocytosis and scavenger receptor (SR)-mediated pathways. The uptake of lipoproteins 

primarily occurs via this SR-mediated pathway where SRs bind to and internalise these 

lipoproteins. Oxidised, acetylated and malondialdehyde modified LDLs (oxLDL, acLDL and 

MDA-LDL respectively) are some of the modified lipoproteins that are taken up by SRs, which 

include cluster of differentiation-36 (CD36), lectin-like low density lipoprotein receptor-1 

(LOX-1), SR type 1 and 2 (SR-A1, SR-A2), and SR for phosphatidylserine and oxidised low 

density lipoprotein (SR-PSOX), which is also known as C-X-C motif chemokine 16 

(CXCL16). Studies have shown that CD36 and SR-A1 are responsible for 90% of the oxLDL 

loading by macrophages81. Ingested lipids are digested in the lysosome, generating free 

cholesterol and free fatty acids. Free cholesterol can then be re-esterified in the endoplasmic 

reticulum to cholesterol fatty acid esters enabling it to be stored in the cytosol in lipid droplets 

generating the “foam” of foam cells82 (Figure 1-4). 
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As macrophages readily take up lipoproteins from dying cells, they have also evolved 

mechanisms for eliminating free cholesterol from the cell via a process called cholesterol 

efflux, which uses cell membrane transporters such as ATP-binding cassette transporter A1 

(ABCA1), ATP-binding cassette transporter G1 (ABCG1) and scavenger receptor B1 (SRB1) 

(Figure 1-4). These transporters regulate the efflux of free cholesterol to lipid poor ApoA-I 

and other poorly lipidated apolipoproteins to eventually form mature HDLs83. This captured 

cholesterol is then circulated in blood where it is taken to the liver for reverse cholesterol 

transport81. 

 

Uptake of modified lipoprotein particles in the subintimal compartment is beneficial initially 

as it sequesters potentially damaging lipoprotein particles. However, when this increased 

lipoprotein uptake is paired together with an impaired efflux capacity (as compared to influx), 

intracellular capacity of cholesterol surpasses the capacity of macrophages to handle it. As 

cholesterol starts accumulating, macrophages become enlarged with cholesterol and 

cholesterol esters residing within lipid droplets in the cytoplasm resulting in more aggressive 

foam cells5 negating the “protective role” of macrophages. Over time, the progressive 

accumulation of lipids inside foam cells causes endoplasmic reticular stress leading to ROS 

production which triggers an apoptotic cascade84. This leads to the release of proinflammatory 

cytokines which further promote atherosclerosis as more immune cells infiltrate the plaque. 

This type of inflammatory amplification represents an “innate immune response” due to the 

non-dependence on antigenic stimulation31.
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Figure 1 - 4: Mechanisms of lipoprotein uptake by macrophages 

Modified lipoprotein uptake primarily occurs via SRs, namely CD36, LOX-1 SR-A1. These 

lipoproteins are then carried to lysosomes in vesicles called endosomes. Subsequently 

lysosomal processing, esterification and storage of cytoplasmic lipid droplets occurs. 

Macrophages also have the ability to excrete out free cholesterol via cholesterol efflux which 

uses the cell membrane transporters, ABCA1, ABCG1 and SRB1. HDL and Apo-A1 particles 

capture the released cholesterol and circulate it in blood where it is taken to the liver for reverse 

cholesterol transport. ABCA1 = ATP-binding cassette transporter A1; ABCG1 = ATP-binding 

cassette transporter G1; ACAT-1 = Acetyl-CoA acetyltransferase; Apo-A1 = Apolipoprotein 

A1; CD36 = cluster of differentiation 36; CE = cholesterol esterase; ER = endoplasmic 

reticulum; HDL = High density lipoprotein; LAL = lysosomal acid lipase; LOX-1 = lectin-type 

oxidized LDL receptor 1; SR-A1 = scavenger receptor type A1; SRB1 = scavenger receptor 

B1.  
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It is also important to note that even though the role of macrophages in foam cell formation is 

reasonably established, the contribution of circulating monocytes is less understood. 

Circulating monocytes also express the same SRs as macrophages (albeit at lower levels) and 

can potentially accumulate lipids prior to their migration to the arterial intima and 

differentiation into macrophages 33. 

 

1.2.2.1 Macrophage apoptosis and necrotic core formation 

Macrophage apoptosis is a vital process that occurs during all stages of plaque progression85, 

86. The induction of this process likely involves chronic, cumulative stimuli over time rather 

than a single acute catastrophic stimulus. These chronic cumulative stimuli take the form of 

oxidative stress, high concentrations of pro-inflammatory cytokines, such as TNF-, 

accumulation of un-esterified cholesterol, oxysterols and modified LDL, activation of Fas-

death pathway via Fas-ligand and endoplasmic reticulum stress87.  

 

In early lesions the engorged foam cells become unstable over time and eventually undergo 

apoptosis. Studies in early atherosclerotic models have found an inverse relationship between 

macrophage apoptosis and lesion size, where increased macrophage apoptosis in early lesions 

was associated with decreased lesion size88-90. This is due to the rapid removal of apoptotic 

remnants (efferocytosis) leading to suppression of the pro-inflammatory responses. The overall 

effect is a reduction in lesion cellularity and size.  

 

However, in advanced lesions the apoptotic macrophages are not cleared efficiently by 

efferocytosis. As a result, apoptotic macrophages accumulate and undergo secondary necrosis 

and their lipid-rich cargo is deposited in the tissue where it provokes further inflammation91, 92. 
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Studies have reported observing apoptotic macrophages and SMCs in focal areas surrounding 

the necrotic core. The presence of the free apoptotic remnants observed in advanced lesions 

that is not associated with phagocytic cells indicate that impaired efferocytosis contributes to 

the growth of the necrotic core93, 94. 

 

1.2.3 CD36, a scavenger receptor implicated in Atherosclerosis 

1.2.3.1 Structure and function of CD36 

CD36 is an integral membrane glycoprotein in the family of class B SRs. CD36 has a hairpin-

like membrane with two transmembrane domains, two short intracytoplasmic domains, and a 

large heavily glycosylated extracellular domain95. The molecular weight of CD36 is 53kDa, 

however, in its glycosylated form, it has a molecular weight of 88kDa96. Glycosylation is a 

post-translational modification that is thought to provide proteins in this family with protection 

from degradation in proteinase-rich environments, such as the lysosome and areas of 

inflammation or tissue damage 

 

CD36 is expressed in multiple cell types97, 98, such as adipocytes, monocytes, macrophages99, 

100, platelets101, ECs102, cardiac cells, skeletal cells, SMCs103, dendritic cells, fibroblasts104, 

microglia and haematopoietic precursors of red cells105. It is a multifunctional receptor with a 

variety of roles depending on the cell type106 and the environment it is present in. The 

extracellular domain of CD36 contains binding sites that recognise various intracellular and 

extracellular ligands: (1) modified phospholipids107, 108, (2) long chain fatty acids109, 110 and (3) 

proteins containing structural domains of thrombospondin homologs, which include oxLDL111, 

thrombospondin-1 (TSP1), collagen, apoptotic cells, hexarelin, RBCs infected with 
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plasmodium malariae or the outer segment of the retinal pigment epithelium. These different 

ligands bind to different binding sites of the extracellular domain of the CD36 receptor112. 

 

In macrophages, depending on the environment, CD36 acts as (1) a SR for oxLDL, forming 

foam cells113, (2) as a pattern recognition receptor, in innate immunity114, or (3) as a trigger of 

inflammatory responses115. CD36 plays an essential role in coordinating the incorporation of 

fatty acids and cholesterol into chylomicrons (82% triglyceride, 9% cholesterol, 7% 

phospholipid, and 2% protein), which are responsible for transporting dietary lipids from the 

gut to blood95. In heart and skeletal muscle of rodents and humans, CD36 has been recognised 

as an important fatty acid transporter and serves to supply the cells with an energy source for 

-oxidation. In adipose tissue, CD36 regulates the process of lipid storage and lipolysis. CD36 

is present not only at the cell surface, where it exerts its transport function, but also in 

intracellular storage sites, identified as endosomes. CD36 can migrate between both locations 

by means of vesicular transport along exocytotic and endocytic pathways116.  

 

1.2.3.2 Regulation of CD36 

CD36 expression can be either upregulated or downregulated by various signalling 

pathways117. It is upregulated in monocytes/macrophages by adhesion118, 119, differentiation120, 

glucose/insulin121-123, IL-4, oxLDL, fatty acids124 and by the presence of various ligands107-109, 

111 that can bind to CD36. This occurs in response to a common signalling pathway involving 

protein kinase C (PKC) and peroxisome proliferator-activated receptor (PPAR)-γ125.  

 

Conversely, CD36 is downregulated by lipid-lowering stains126-128, by the presence of various 

ligands that bind to CD36129 and several anti-inflammatory cytokines130. The lowering of CD36 
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expression by statins is also thought to contribute to the drug’s efficacy126-128. CD36 interaction 

with apoptotic cells which is another one of its ligands leads to IL-10 secretion, which in turn 

may feedback to decrease CD36 expression129, conferring an anti-atherosclerotic effect. TGF-

β1 and 2, which are also anti-inflammatory cytokines, activate MAP kinase to phosphorylate 

and inactivate PPAR-γ130 which in turn reduces CD36 gene expression. 

 

Surface expression of CD36 is also influenced by factors that regulate its movement from 

intracellular stores to the plasma membrane. Significant intracellular pools of CD36 (in 

endosomes) have been demonstrated in monocytes/macrophages and muscle120, 131. Regulation 

of fatty acid transport occurs by the reversible translocation of CD36 from endosomes to the 

plasma membrane to increase fatty acid uptake. In muscle, increased plasma membrane CD36 

expression has been shown to occur after muscle contraction and insulin stimulation109, 132. The 

contraction-induced CD36 translocation is mediated by AMP-activated protein kinase 

(AMPK), whereas the insulin-induced translocation is mediated by phosphoinositide 3 (PI3)-

kinase133. In obesity and insulin resistance, there is impairment of this normal recycling, and 

instead CD36 expression appears locked on the membrane in skeletal muscle134, 135. Less is 

known about CD36 regulation in other tissues, although PPAR-CD36 signalling pathway 

appears to play a crucial role in adipocytes, SMCs and liver136, 137.  

 

Just like various signalling pathways that affect CD36 regulation, there are numerous post-

translational modifications, which influence its function and therefore may be relevant to 

different disease states including atherosclerosis. 
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1.2.3.3 Modifications of CD36 

CD36 is modified post-translationally by various methods including glycosylation, acetylation, 

phosphorylation, palmitoylation, and ubiquitination.  

 

Glycosylation is the most common modification. Rat CD36 has 10 potential glycosylation sites, 

and 8 of these are conserved between rat and human138. All the predicted glycosylation sites 

are located within the extracellular loop (Figure 1-5). While there are different variants of 

glycosylation, CD36 mainly undergoes classical N-linked glycosylation at asparagine (Asp) 

residues. This process occurs within the endoplasmic reticulum and the Golgi and leads to the 

stable coupling of complex oligosaccharide structures to proteins. Glycosylation is common to 

many extracellular and secretory proteins, and is critical for correct folding, stability, transport 

to the cell surface, and function of proteins139, which in the case of CD36, is necessary for 

trafficking to the plasma membrane.  

 

Acetylation occurs at lysine (Lys) 52, 166, 231, and 403 in rat tissues140 (Figure 1-5). 

Acetylation at these sites was also confirmed by mass spectrometry analysis of human CD36141, 

indicating that these acetylation sites are conserved from rat to human. However, the dynamics 

and functional consequences of the acetylation for CD36 expression and/or functioning have 

not yet been investigated. 

 

Phosphorylation is another form of modification in CD36, which has at least two consensus 

phosphorylation sites at threonine (Thr) 92 and serine (Ser) 237, both of which are within the 

extracellular loop (Figure 1-5). The first site (Thr92) is a putative PKC site, where 

phosphorylation occurs in the Golgi on newly synthesised protein and is retained upon 
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trafficking of CD36 to the cell surface and subsequent extracellular exposure of this site142. 

The second site (Ser237) is recognised by protein kinase A (PKA)112, 143 and is subjected to 

regulation by an ecto-kinase pathway involving PKA. Phosphorylation processes are linked to 

CD36 functioning and regulation of fatty acid utilisation in heart and muscle. However, no 

such effect has been investigated in an atherosclerotic context.  

 

Ubiquitination of proteins is the coupling of proteins to ubiquitin which is a small protein of 

8.5 kDa, that generally triggers the degradation of these proteins through directing them to 

proteasomes144. CD36 appears to be constitutively poly-ubiquitinated involving both Lys48 

and Lys63 linkage (Figure 1-5). The degree of poly-ubiquitination has been shown to be 

differentially affected by exposure of cells to fatty acids or insulin whereby fatty acids increase, 

and insulin decreases the poly-ubiquitination of CD36145. Notably, the degree of poly-

ubiquitination of CD36 does not affect the relative CD36 distribution between intracellular 

storage compartments and cell surface145.  

 

Palmitoylation is an enzymatic process, which requires palmitoyl-transferases (PATs) and 

palmitoyl-protein thioesterases (PPTs) for palmitoylation and depalmitoylation, respectively. 

Regarding the function of protein palmitoylation, it is generally accepted that palmitoylation 

regulates the subcellular localisation, membrane interactions, as well as subcellular trafficking 

of proteins146, 147. Palmitoylation occurs on the two N-terminal and two C-terminal cysteines, 

in human CD36 corresponding to residues 3, 7, 464, and 468148. Both cysteine pairs are 

intracellular and adjacent to the transmembrane segments (Figure 1-5). Palmitoylation at its 

intracellular cysteines is necessary for CD36 maturation149,150. 
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Figure 1 - 5: Structural features of CD36 surface receptor 

The hair-pin like extracellular domain of CD36 containing various post-translational 

modification sites. 
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CD36 undergoes these various types of post-translational modifications in a tissue-, condition- 

and time-dependent manner. These modifications and their interactions each have distinct 

consequences for the function of CD36. When translated into a disease context like 

atherosclerosis, CD36 seems to play multifaceted roles that can have both positive and negative 

impacts on the disease progression. However, the specific involvement and importance of the 

different post-translational modifications of CD36 in cholesterol uptake, foam cell formation 

and atherogenesis remain poorly understood. 

 

1.2.3.4 Role of CD36 in atherosclerosis 

Given that the presence of cholesterol-laden macrophage-derived foam cells is one of the 

earliest characteristics of atherosclerotic lesions, the underlying molecular mechanisms for 

their formation have attracted great interest. As oxLDL uptake by SRs triggers macrophage 

foam cell formation98, more interest has been focused on SRs, especially CD36, as it is a key 

mediator of oxLDL uptake. Various studies have demonstrated its importance in foam cell 

formation, hyperlipidaemia, inflammation, endothelial dysfunction, macrophage migration and 

thrombosis, which ultimately affect the development and progression of atherosclerotic 

lesions151. 

 

In 1993, Endemann et al. first identified CD36 as a potential oxLDL receptor111. Unlike other 

macrophage SRs, CD36 binds LDL that has been exposed to “minimally” oxidising 

conditions98. Other work by Podrez et al. showed that, again in contrast to other SRs, CD36 

can recognise LDL modified by the myeloperoxidase–hydrogen peroxide–nitrite system 

(MPO-oxLDL), which may have more physiological relevance than copper-oxidised or 

acLDL152. The same group has also shown that MPO-oxLDL dependent foam cell formation 
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can be inhibited by as much as 80% with monoclonal antibodies against CD36153. However, 

over the years complex and conflicting results on CD36 and its involvement in atherosclerosis 

have emerged in both rodent and human studies154, 155, 156, 157.  

 

In an early study, macrophages isolated from Cd36-/- mice were found to be defective in their 

uptake of oxLDL and foam cell formation158, which indicated that CD36 deficiency may have 

anti-atherosclerotic effects. This group later found that breeding CD36 deficiency onto a pro-

atherogenic ApoE-/- background created mice that were significantly protected from 

atherosclerotic lesion development, with a >70% reduction in aortic lesion size154, 155. 

Moreover, CD36 deficiency has also been found to protect ApoE-/- mice from hyper-

coagulability and pro-thrombotic states159. Bone marrow (BM) specific deletion of CD36 had 

similar atheroprotective effects in ApoE-/- mice160. Together, these findings point to the pro-

atherosclerotic and pro-thrombotic properties of CD36 in rodents. Comparably, in human 

studies, CD36 gene expression on human peripheral blood monocytes was shown to be higher 

in hypercholesteraemic patients compared to normal controls161. In addition, its surface 

expression on macrophages was found to be elevated in atherosclerotic plaques in human aorta, 

accompanied by a positive correlation between plaque burden and density of CD36 staining. 

Moreover, circulating levels of soluble CD36 also positively correlated with histological 

evidence of plaque instability in patients with symptomatic carotid atherosclerosis162, further 

suggesting the importance of CD36 in atherosclerosis and its complications.  

 

In contrast, Freeman et al. found that ApoE-/- mice with a deletion of CD36, SR-A1, or both, 

showed little impact on aortic plaque area after high cholesterol diet (HCD)163, 164. Meanwhile, 

a study of human patients with CD36 deficiency reported that the prevalence of metabolic 

abnormalities, including hyperlipidaemia, hypertension and elevated fasting glucose contents 
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was actually increased, further adding to the controversial role of CD36 in atherosclerosis and 

cardiometabolic disease110. Interestingly, it has also been described that the frequency of CD36 

deficiency was three times higher in patients with CAD than in healthy subjects, further raising 

questions of whether CD36 deficiency is favourable or not in atherosclerotic cardiovascular 

disease (ASCVD)165. 

 

CD36 is also known to play an essential role in coordinating the incorporation of fatty acids 

and cholesterol into chylomicron remnants, which are responsible for transporting dietary 

lipids from gut to the blood95. The chylomicron particle size in Cd36-/- mice has been found to 

be smaller with impaired clearance of chylomicrons from blood, which induces 

hyperlipidaemia in the postprandial and fasting states166. Similar effects have been observed in 

humans where patients with CD36 deficiency or CD36 gene polymorphisms have often 

displayed postprandial hyperlipidaemia with high levels of plasma triglycerides, fatty acids and 

chylomicron remnants156, 157. 

 

In summary, both the preclinical and clinical literature contain conflicting results for the effects 

of CD36 on atherosclerosis. It is possible that it plays differential roles depending on the stage 

of the disease and in particular the inflammatory burden of plaque. 
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1.2.4 NLRP3 inflammasome 

Inflammasomes are cytosolic multiprotein oligomers of the innate immune system responsible 

for the activation of inflammatory responses. Although different inflammasomes have been 

identified, the Nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome is 

the most widely studied in atherosclerosis. This is a multimeric protein complex that triggers 

the release of proinflammatory cytokines, IL-1β and IL-18, and can initiate an inflammatory 

form of cell death. In addition to atherosclerosis, the NLRP3 inflammasome has been 

implicated in a wide range of other diseases, including Alzheimer’s disease, Prion diseases, 

type 2 diabetes, and some infectious diseases167.  

 

The various triggers leading to inflammasome activation and assembly are still an area of 

ongoing research with numerous pathways identified to date. Among these, the one perhaps 

most relevant to atherosclerosis is exposure of innate immune cells (e.g. neutrophils, 

macrophages) to cholesterol crystals (CCs) in plaque168, 169. CCs are increasingly recognised to 

be an important activator in atherosclerosis and are now understood to play an early causal role 

in its pathogenesis168. Several studies have shown that phagocytosis of CCs by murine or 

human macrophages induces intracellular lysosomal damage, that leads to the activation of the 

NLRP3 inflammasome168-172. This is analogous to the well-established activation of NLRP3 

by uric acid crystals in gout168, 172. Other activators of the NLRP3 include oxLDL, silica, 

asbestos, vaccine adjuvant like alum and amyloid-β173. Alone, these activators are unable to 

initiate the assembly of the NLRP3 inflammasome unless an initial priming step occurs174. This 

is thought to be due to low protein levels of NLRP3 in un-primed macrophages. Priming of 

macrophages is mediated by NF-κB signalling with the stimulus typically provided by 
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endogenous cytokines, such as IL-1 and TNF-α, as well as pathogen-associated molecular 

patterns (PAMPs) on microbial molecules that interact with toll-like receptor 4 (TLR4). 

 

As illustrated in Figure 1-7, NLRP3 assembles with apoptosis-associated speck-like (Asc) 

protein and caspase-1 to form a complex, which activates procaspase-1 to caspase-1. Caspase-

1 in turn converts pro-IL-1β and pro-IL-18 into bioactive IL-1β and IL-18, respectively. The 

activation of the NLRP3 inflammasome by CCs has also been shown to enhance macrophage 

foam cell formation and migration175, and to trigger the release of neutrophil extracellular traps 

(NETs)176 which prime macrophages in plaques. While some studies have provided evidence 

for the pathogenic importance of NLRP3 inflammasome activation in atherosclerosis, others 

have downplayed this, instead arguing a greater role for IL-1α and other cytokines, whose 

induction by CCs occurs independently of NLRP3-caspase-1 complex activation177, 178.  
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Figure 1 - 6: Two signal activation NLRP3 inflammasome  

Activation of the NLRP3 inflammasome requires both an initial priming step (left), followed 

by the activation step (right). Priming of macrophages is provided by endogenous cytokines 

(IL-1 and TNF-α) and/or binding of PAMPs on microbial molecules to membrane-bound TLR. 

The second activation step can be induced by various stimuli, including intracellular oxLDL 

accumulation, PAMPs, or most notably crystalloid particulates, such as uric acid or cholesterol 

crystals. Activation leads to the assembly of ASC and caspase-1 to form an intracellular 

multimeric protein complex. This results in the conversion of pro-caspase-1 to its active form, 

caspase-1, which then converts pro-IL-1β and pro-IL-18 into their bioactive forms, IL-1β and 

IL-18. ASC = apoptosis-associated speck-like protein; IL-1 = interleukin 1; IL-1R = 

interleukin-1 receptor; NLRP3 = NOD-like receptor family pyrin domain containing 3; oxLDL 

= oxidised low-density lipoproteins; PAMPs = pathogen-associated molecular patterns; ROS 

= reactive oxygen species; TLR = toll-like receptors; TNF-α = tumour necrosis factor alpha; 

TNFR = tumour necrosis factor receptors. Figure from Nguyen et al179. 
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1.3 Clinical atherosclerosis and its treatment 

1.3.1 Traditional risk factors for atherosclerosis 

1.3.1.1 Genetic risk factors 

Genetic predisposition remains a major risk factor for atherosclerosis. Population studies and 

in vivo animal models have confirmed several genetic variations that influence atherosclerotic 

plaque formation and progression. While there are notable exceptions, in most affected 

individuals directly causative genes responsible for atherosclerosis remain elusive. A positive 

family history often reflects the complexities of several genes which add incremental risk to 

the disease progression.  

 

Familial hypercholesterolaemia is a genetic disease in which individuals display a two to three-

fold increase in plasma cholesterol levels compared to the general population. This disease 

occurs due to the loss of the gene encoding for the low-density lipoprotein receptor (LDLR) or 

functional defects in the LDLR protein180-182. One in every 500 individuals are heterozygous 

for this condition and are prone to the development of premature atherosclerosis in early 

adulthood183. Individuals who are homozygous for the condition have five to six-fold increase 

in their plasma cholesterol levels resulting in an even more accelerated disease progression and 

may die from MI before the age of 20184. Familial hypercholesterolaemia represents one of the 

few occasions where one gene is largely responsible for atherosclerosis. Several studies of 

another rare genetic disorder, primary dysbetalipoproteinaemia, also known as 

hyperlipoproteinaemia type III, have identified allelic variants of Apolipoprotein E (ApoE), 

which is involved in serum lipid metabolism and regulation185-187. The most common allelic 

variations of ApoE known to occur in the population are E2 (60% frequency), E3 (30% 
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frequency) and E4 (10% frequency), where E3 variants lead to an increase in plasma 

cholesterol levels whereas E2 variants lead to a reduction5. 

 

Recent genetic studies and numerous epidemiologic studies have identified lipoprotein-(a) 

[LP(a)] as a risk factor for atherosclerotic diseases, which interestingly appears to only be 

found naturally in humans and Old-World Monkeys188. LPA is the gene encoding this 

lipoprotein which is believed to play a role in thrombosis. Throughout the population, Lp(a) 

levels show tremendous variation due to genetic polymorphisms in the LPA gene. Increased 

levels of Lp(a) are associated with increased cardiovascular risk189. These observations suggest 

that dysregulation in multiple aspects of lipid metabolism can increase atherosclerotic risk. 

 

Recent genome wide association studies (GWAS) have identified a number of loci associated 

with atherosclerosis which further enhances our understanding of the spectrum of genetic 

variations and promises eventual developments in the identification, prevention and treatment 

of atherosclerosis190.  

 

1.3.1.2 Non-genetic risk factors 

The most common non-genetic, modifiable risk factor for atherosclerosis is known to be high 

levels of circulating cholesterol, known as hypercholesterolaemia. Observational studies have 

shown that societies with high consumption of saturated fat and prevalent 

hypercholesterolaemia have greater mortality from CAD than countries with traditionally low 

saturated fat intake5, 191, 192. Accordingly, data from the Framingham heart study and other 

cohorts have shown that the risk of ischaemic heart disease increases with higher total serum 

cholesterol levels193. The coronary risk is approximately twice as high for a person with a total 
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cholesterol level of 240 mg/dL (6.2 mmol/L) compared with a person whose cholesterol level 

is 200 mg/dL (5.2 mmol/L)194. Elevated systemic blood pressure (either systolic or diastolic) 

also increases the risk of developing atherosclerosis. This risk is thought to increase gradually 

with continuous high blood pressures5. Mechanistically, hypertension can accelerate 

atherosclerosis in several ways. High blood pressures injure the vascular endothelium which 

leads to increased permeability. Cyclin circumferential strain due to hypertension stimulates 

SMC production of proteoglycans195, which retain LDL particles leading to its modifications 

becoming more inflammatory.  

 

Cigarette smoking increases the progression of atherosclerosis by affecting numerous 

mechanisms which aggravate plaque development. Among these, endothelial dysfunction, 

increased oxidative modification of LDL, increased oxidative stress, decreased HDL levels and 

increased platelet adhesiveness leads to an increase in the propensity for thrombosis30, 37, 193. 

Diabetes mellitus is another well-recognised risk factor for atherosclerosis. This predisposition 

is thought to be related to an increase in non-enzymatically glycated lipoproteins which leads 

to enhanced uptake of cholesterol by macrophages leading to foam cell formation. Diabetic 

individuals also have impaired endothelial function leading to the reduced bioavailability of 

NO which leads to increased leukocyte adhesion and migration to the intima.  
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1.3.2 Traditional treatments for atherosclerosis 

Most of the treatments for atherosclerosis are preventative and focus on strategies to manage 

modifiable risk factors. Such measures include dietary recommendations to reduce serum 

cholesterol levels and minimise salt intake, daily exercises with a diet enriched with a 

reasonable number of calories to prevent obesity and avoiding smoking. Hypertension is 

treated with anti-hypertensive medications, such as -blockers, calcium channel blockers and 

angiotensin converting enzyme (ACE) inhibitors, whereas people with diabetes are managed 

by maintaining low serum glucose levels either with oral agents or insulin injections.  

 

In addition to these preventative measures, a number of pharmacological agents have emerged 

over the years which lower cholesterol levels in blood. Those currently available for clinical 

use in Australia include statins, ezetimibe and proprotein convertase subtilisin/kexin type9 

(PCSK9) inhibitors.  

 

There is overwhelming evidence to support reducing LDL-C to reduce ASCVD196. Statins are 

the most widely prescribed, evidence-based lipid-lowering drug in the world for lowering 

LDL-C and reducing cardiovascular morbidity and mortality, both in primary and secondary 

prevention197. Statins work by competitively blocking the active site of the first and key rate-

limiting enzyme in the mevalonate pathway, hydroxymethylglutaryl-coenzyme A (HMG-CoA) 

reductase. Inhibition of this site prevents substrate access, thereby blocking the conversion of 

HMG-CoA to mevalonic acid. Within the liver, this reduces hepatic cholesterol synthesis, 

leading to increased production of microsomal HMG-CoA reductase and increased cell surface 

LDLR expression. This facilitates increased clearance of LDL-C from the bloodstream and a 

subsequent reduction in circulating LDL-C levels by 20% to 55%198. In addition to reducing 
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LDL-C and cardiovascular morbidity and mortality, statins have additional non-lipid-related 

pleiotropic effects. These include improvements in endothelial function, stabilisation of 

atherosclerotic plaques, anti-inflammatory, immunomodulatory and antithrombotic effects, 

effects on bone metabolism, and reduced risk of dementia. These additional benefits are 

primarily thought to arise because of inhibition of the synthesis of isoprenoid intermediates of 

the mevalonate pathway199. 

 

Loss of function mutations in the gene that encodes for the enzyme PCSK9 augment LDLR 

levels on cell surfaces which boost LDL clearance yielding lower LDL concentrations in blood. 

Individuals with the loss of function variants in PCSK9 gene appear protected from 

atherosclerotic events. This observation has prompted the ongoing development monoclonal 

antibodies that limit PCSK9200. Currently, the only FDA‐approved PCSK9 inhibitors are two 

fully human monoclonal antibodies that bind extracellular PCSK9: alirocumab201 and 

evolocumab202, administered via subcutaneous injections every two weeks or once monthly. 

The GLAGOV trial203 demonstrated the efficacy of evolocumab, when added to statin therapy, 

in reducing the progression of atherosclerosis measured by serial intravascular ultrasound, with 

the first suggestion of continued benefit down to LDL-C levels of 0.5 mmol/L (20 mg/dL). 

This trial was followed by the FOURIER Cardiovascular Outcomes trial204 in more than 27,000 

patients with stable ASCVD where evolocumab reduced the primary endpoint of 

atherosclerotic events by 15%, without significant safety differences between treatment 

groups205. Several other approaches to inhibit PCSK9 are in the early stages of clinical 

development, including small interfering ribonucleic acids, antisense oligonucleotides, small 

molecule inhibitors, and vaccines; these non-monoclonal antibody approaches, which utilise 

alternative strategies to inhibit intracellular or extracellular PCSK9, could potentially provide 
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greater convenience than use of monoclonal antibodies through oral administration, and less 

frequent dosing201, 206. 

 

1.3.3 Residual Risk of Atherosclerosis 

The focus on aggressive modification of traditional atherosclerosis risk factors has resulted in 

a dramatic reduction in the incidence of MI by up to 40% in many countries 207. Exemplified 

by the use of cholesterol-lowering statins, large-scale evidence demonstrates a 20-25% 

reduction in the risk of MACE for each mmol/L reduction in LDL-C 208. However, despite the 

widespread use of statins, recurrence of MACE post-MI continues at an unacceptable rate 209. 

Epidemiologic data, obtained as far back as the 1990s, have indicated that inflammation is 

independently and strongly associated with future cardiovascular events in both primary and 

secondary prevention settings210-213. Furthermore, diseases characterised by chronic 

inflammation are recognised as being disproportionately burdened by atherosclerotic CAD, 

with rheumatological conditions, such as rheumatoid arthritis, highlighting this link 214-217. 

Converging lines of evidence now support the importance of innate and adaptive immunity in 

the initiation, progression and vulnerability of atherosclerotic plaques 218, 219.  

 

Given the plethora of data implicating inflammatory pathways in the initiation, progression 

and thrombotic complications of atherosclerosis, clinical trials evaluating novel anti-

inflammatory agents and more cost-effective, repurposed established anti-inflammatory 

therapies have proceeded to investigate their efficacy in preventing cardiovascular sequelae 

(Table 1-3)179. Generally, the greater the systematic inflammatory response is, the greater the 

vascular-associated inflammatory reaction will be21. Predominantly, large scale population-

based prospective studies have found increased cardiovascular risk associated with increased 



Chapter 1 – Introduction 

 

  

 

48 

levels of inflammatory cytokines, such as IL-6220, 221, IL-18222, MMP-9222 and TNF-223; 

increased cell adhesion molecule expression (VCAM-1, ICAM-1, P selectin and E 

selection)224-226; elevated inflammatory lipoprotein subset Lp(a)227; and elevated downstream 

acute phase reactants, such as C-reactive protein (CRP)221, 228, 229, fibrinogen227, 

homocysteine227, and serum amyloid A212.  

 

Measurement of the inflammatory biomarker, high-sensitivity-CRP (hs-CRP), has been shown 

to independently predict future cardiovascular events in healthy patients230, patients with stable 

CAD231, and those with acute coronary syndrome (ACS)232.  Moreover, evidence suggests that 

elevated hs-CRP levels can prognosticate in the primary prevention setting with a magnitude 

of effect comparable to LDL-C and HDL-C233.   

 

Notably, statins reduce hs-CRP in a partly LDL-C independent manner, and in the JUPITER 

(Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating 

Rosuvastatin) study the most favourable clinical outcomes were observed in participants who 

achieved both a reduction in LDL-C and hs-CRP234. In JUPITER, 17,803 healthy participants 

with LDL-C levels <3.4 mmol/L and elevated hs-CRP >2.0 mg/L, were randomised to 

rosuvastatin 20 mg daily or placebo. The rosuvastatin treated cohort demonstrated a 44% risk 

reduction in the trial primary endpoint of all vascular events [Hazard ratio (HR), 0.56; 95% CI, 

0.46 to 0.69; p<0.00001]. Rosuvastatin lowered hs-CRP levels by 47% from a median of 4.2 

mg/L at baseline to 2.2 mg/L, highlighting its anti-inflammatory properties. The alarming rates 

of recurrent cardiovascular events despite highly effective LDL-C reduction generated 

concerns that residual inflammatory risk was causal. The PROVE-IT (Pravastatin or 

Atorvastatin Evaluation and Infection Therapy) trial showed that of the 2,099 patients with 

prior ACS prescribed atorvastatin 80 mg daily, 44% achieved target reductions of both LDL-
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C (<1.8 mmol/L) and hs-CRP (<2 mg/L)235, 236.  However, 29% were left with a residual 

inflammatory burden (hs-CRP >2 mg/L), 13% a residual cholesterol risk (LDL-C >1.8 

mmol/L) and 14% with both, suggesting that residual inflammatory risk is common after statin 

therapy and over twice as prevalent as residual cholesterol risk. The subsequent IMPROVE-IT 

(Improved Reduction of Outcomes: Vytorin Efficacy International) study employed the same 

residual risk thresholds and compared 15,179 stable post-ACS patients treated with simvastatin 

40 mg monotherapy to a combination of simvastatin 40 mg and ezetimibe 10 mg daily, with 

similar findings237, 238.   

 

The consistency of results from these studies suggests that despite statins and other lipid 

lowering therapies, residual inflammatory risk is common and over twice as prevalent as 

residual cholesterol risk in patients on statin treatment. This is not surprising given that statin 

therapy has only relatively modest anti-inflammatory effects despite being highly effective in 

reducing LDL-C levels.  
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Table 1 - 3: Published and ongoing clinical trials involving anti-inflammatory agents in atherosclerotic coronary artery disease 

 

Study and Author Therapy Study Size & 

Cohort 

Intervention  Study Design Primary endpoints Results Benefit 

Observed 

Broad-spectrum anti-inflammatory approach 

CIRT 

Ridker et al.239 

Methotrexate 4,786; CAD 

and DM or 

metabolic 

syndrome 

Oral low methotrexate (target 

dose of 15-20 mg weekly) vs. 

placebo 

Phase 3 multicentre, 

randomised, double-

blind, placebo-controlled 

 

Non-fatal MI, non-fatal 

stroke, or cardiovascular 

death 

HR 1.01; 95% 

CI, 0.82-1.25; 

p=0.91 

No benefit 

LoDoCo 

Nidorf et al.240 

Colchicine 532; stable 

CAD 

Oral colchicine 0.5 mg/day vs. 

placebo   

Phase 3 multicentre, 

randomised, double-

blind, placebo-controlled 

MI, non-fatal or fatal, out-

of-hospital cardiac arrest, or 

non-cardioembolic 

ischaemic stroke 

HR 0.33; 95% 

CI, 0.18-0.59; 

p<0.001 

Benefit 

COLCOT 

Tardif et al.241 

Colchicine 4,745; ACS in 

past 30 days 

Oral colchicine 0.5 mg/day vs. 

placebo  

Phase 3 multicentre, 

randomised, double-

blind, placebo-controlled 

Non-fatal MI, urgent 

hospitalisation for unstable 

angina leading to 

revascularisation, non-fatal 

stroke, resuscitated cardiac 

arrest, or cardiovascular 

death  

HR, 0.77; 95% 

CI, 0.61-0.96; 

p=0.02 

Benefit 

LoDoCo2 

Nidorf et al.242 

Colchicine 5,522; stable 

CAD 

Oral colchicine 0.5 mg/day vs. 

placebo  

Phase 3 multicentre, 

randomised, double-

blind, placebo-controlled 

 

Non-procedural MI, 

ischemia-driven 

revascularisation, ischemic 

stroke, or cardiovascular 

death 

 

HR 0.72; 95% 

CI, 0.57-0.92; 

p=0.007 

Benefit 
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COPS*  

Tong et al.243 

Colchicine 795; inpatient 

with ACS  

Oral colchicine 0.5 mg BID for 1 

month, followed by 0.5 mg/day 

vs. placebo  

 

Phase 3 multicentre, 

randomised, double-

blind, placebo-controlled 

 

MI, ischemia-driven 

revascularization, non-

cardioembolic ischemic 

stroke, or all-cause mortality 

HR 0.65; 95% 

CI, 0.38-1.09; 

p=0.10 

No benefit 

COACS 

(NCT01906749)244 

Colchicine 500; inpatient 

with ACS 

Oral colchicine 0.5 mg/day vs. 

placebo  

Phase 4 multicentre, 

randomised, double-

blind, placebo-controlled 

MI, ischaemic stroke, all-

cause mortality 

Ongoing, 

completion date 

N/A 

Pending 

CLEAR-

SYNERGY 

(OASIS-9) 

(NCT03048825)244 

Colchicine 4,000; STEMI 

treated with 

PCI 

Oral colchicine 1 mg/day and/or 

spironolactone 25 mg/day 

and/or placebo and/or 

SYNERGY stent 

Phase 3 multicentre, 

randomised, double-

blind, placebo-controlled 

MI, ischaemic stroke, or 

cardiovascular death in the 

colchicine-treated group 

Ongoing, 

completion date 

Dec- 2021 

Pending 

Narrow-spectrum anti-inflammatory approach 

 

CANTOS 

Ridker et al.245 

Canakinumab 

(Human 

monoclonal 

antibody against 

IL-1β) 

10,061; ACS 

in past 30 days 

and hsCRP > 

2 mg/L  

 

Subcutaneous canakinumab (50 

mg, 150 mg or 300 mg), or 

placebo 

Phase 3 multicentre, 

randomised, double-

blind, placebo-controlled 

MI, non-fatal or fatal, non-

cardioembolic ischaemic 

stroke, or resuscitated 

cardiac arrest 

HR 0.85; 95% 

CI, 0.74-0. 98; 

p=0.021 in the  

150 mg-treated 

group 

Benefit 

SOLID-TIMI 52 

O’Donoghue et 

al.246 

Darapladib 

(Lipoprotein-

associated 

phospholipase A2 

(Lp-PLA2) 

antagonism) 

13,025; ACS 

in past 30 days 

Daily oral darapladib 160 mg vs 

placebo 

Phase 3 multicentre, 

randomised, double-

blind, placebo-controlled 

MI, non-fatal or fatal, or 

urgent revascularisation for 

myocardial ischaemia 

HR 1.00; 95% 

CI, 0.91-1.09; 

p=0.93 

 

No benefit 
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LATITUDE-TIMI 

60 

O’Donoghue et 

al.247 

Losamapimod 

(P38 mitogen-

activated protein 

kinase (MAPK) 

antagonist) 

3,503; 

NSTEMI 

within 24h or 

STEMI within 

12h 

Oral losmapimod 7.5 mg twice 

daily vs. placebo 

Phase 3 multicentre, 

randomised, double-

blind, placebo-controlled 

 

Non-fatal MI, severe 

recurrent ischaemia 

requiring urgent coronary 

artery revascularisation, or 

cardiovascular death 

 

HR 1.16; 95% 

CI, 0.91-1.47; 

p=0.24 

No benefit 

* In a post hoc analysis of the COPS trial, a significant reduction in events was demonstrated in favour of colchicine when composite endpoint included only 

cardiovascular death rather than total death (HR 0.51; 95% CI, 0.29-0.89; p=0.019). 

 

ACS = acute coronary syndrome; CAD = coronary artery disease; CI = confidence interval; DM = diabetes mellitus; HR = hazard ratio; IL = interleukin; MAPK = 

mitogen-activated protein kinase; MI = myocardial infarction; NSTEMI = Non-ST-elevation myocardial infarction; PCI = Percutaneous Coronary Intervention; 

STEMI = ST-Elevation Myocardial Infarction 
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1.3.3 Anti-cytokine therapy in atherosclerosis  

The role of cytokines in atherosclerosis is complex and constantly evolving248. Classification 

has now advanced to include over 30 interleukins and a number of functional families, 

including IFNs, TGFs and TNFs179. Cytokines are low-molecular weight, hormone-like 

glycoproteins that enable immune cells to communicate and mediate host inflammatory 

responses249. They have been implicated in the development and progression of 

atherosclerosis210 and increased MACE in trial participants with elevated circulating levels of 

IL-6220, adhesion molecules VCAM-1 and ICAM-1225, IL-18, MMP-9 and TNFα250. 

 

The earliest studies targeting inflammation in the setting of congestive heart failure failed to 

consistently demonstrate benefit. Primarily, these studies investigated TNF-α inhibition with 

etanercept251 and infliximab252. Interest in TNF-α inhibition has thus waned, compounded by 

adverse effects, including on lipid profile. To date, the most successful trials involving anti-

cytokine therapy for atherosclerotic CAD have targeted IL-1β which plays numerous roles in 

atherogenesis, plaque growth, and subsequent rupture253. Furthermore, IL-1β’s downstream 

induction of IL-6 also leads to vascular effects including leukocyte adhesion to ECs and 

production of collagenases, linked to increased plaque vulnerability254. The CANTOS 

(Canakinumab Anti-Inflammatory Thrombosis Outcome Study) trial, published in 2017, is the 

most noteworthy of the studies targeting IL-1β 255. 
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1.3.3.1 Canakinumab: the CANTOS trial 

Uniquely, the CANTOS trial focussed on residual inflammatory rather than residual cholesterol 

risk in patients with known CAD, with the median LDL-C level only 2.1 mmol/L (82 mg/dL) 

at time of recruitment245. 10,061 patients with a history of MI, 54% of whom met criteria for 

ST-segment elevation MI, and who had a hs-CRP level >2.0 mg/L, were randomised to four 

treatment groups. All participants received guideline-recommended secondary prevention 

therapy, including antiplatelets and statins. In addition, they were assigned to three monthly 

subcutaneous injections of canakinumab, a human anti-IL-1β monoclonal antibody approved 

for rare auto-inflammatory syndromes, at three different doses (50 mg, 150 mg or 300 mg), or 

placebo255. After 48 months, those who had received 150 mg or 300 mg of canakinumab had 

35% to 40% reductions in hs-CRP when compared to placebo. There were no significant 

reductions in LDL-C seen across any of the groups. The study primary endpoint was the first 

occurrence of MACE, defined as a composite of non-fatal MI, non-fatal stroke, or 

cardiovascular death. Canakinumab significantly reduced this endpoint to 3.9 events per 100 

person-years in the 150 mg dose group compared to 4.5 per 100 person-years in the placebo 

group, equating to a 15% relative risk reduction for MACE (HR, 0.85; 95% CI, 0.74 to 0.98; 

p=0.0208). A similar reduction was reported in the 300 mg dose group, although the threshold 

p-value for significance was not met (HR, 0.86; 95% CI, 0.75 to 0.99; p=0.0314; threshold p-

value of 0.0106). No significant benefit was seen in participants receiving the 50 mg dose when 

compared to placebo (HR, 0.93; 95% CI, 0.80 to 1.07; p=0.30). Importantly, subgroup analysis 

of participants receiving canakinumab revealed that those who had achieved a hs-CRP level 

<2 mg/L had a 25% reduction in MACE (HR, 0.75; 95% CI, 0.66 to 0.85; p<0.0001), compared 

to cytokine non-responders who demonstrated no significant benefit (HR, 0.90; 95% CI, 0.79 

to 1.02; p=0.11)256. Similarly, participants who had achieved IL-6 levels below the study 
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median on-treatment had a 32% reduction in MACE (HR, 0.68; 95% CI, 0.56 to 0.82; 

p<0.0001) 257. Of note, canakinumab was associated with a significantly higher incidence of 

fatal infection compared to placebo (incidence rate 0.31 vs 0.18 events per 100 person years; 

p=0.02), although absolute infection rates were low. 

 

The CANTOS trial provides strong evidence that inhibition of the IL-1β/IL-6 signalling 

cascade can lead to a significant reduction in cardiovascular risk, independent of lipid lowering 

effect, but with an increased risk of serious infection. In addition, the placebo event rates 

despite aggressive contemporary care, highlight that patients with residual inflammatory risk 

have unmet clinical needs. Another challenge facing clinical implementation of canakinumab 

relates to its currently very high cost. However, its clinical efficacy has stimulated greater 

interest in the pursuit of anti-inflammatory therapies for ASCVDs, including the repurposing 

of well-established cheaper agents, including methotrexate and colchicine.  

 

1.3.3.2 Methotrexate: the CIRT trial 

Methotrexate is an affordable drug with pleiotropic upstream anti-inflammatory activity, used 

as first line treatment for conditions characterised by systemic inflammation, including 

rheumatoid arthritis. Low dose oral methotrexate modulates inflammation via inhibition of 

aminoimidazole-4-carboximaide ribonucleotide, which leads to elevated adenosine levels.  

This diminishes inflammation through suppression of anti-inflammatory cytokines, IL-12, IL-

6 and TNF-α, upregulating the production of anti-inflammatory cytokines IL-10 and IL-1 

receptor antagonists, and downregulating Th1 response and macrophage activation258. A meta-

analysis of patients treated with methotrexate for rheumatoid conditions demonstrated an 18% 

reduction in risk of MI259. In the CIRT (Cardiovascular Inflammation Reduction Trial) study 
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260, 4,786 patients with prior ACS and either type 2 diabetes mellitus or metabolic syndrome 

were randomised to low dose methotrexate 15-20mg weekly or placebo. The primary endpoint 

was the first occurrence of MACE, defined as a composite of non-fatal MI, non-fatal stroke 

and CV death.  During median follow-up of 2.3 years, methotrexate did not significantly reduce 

levels of IL-1β, IL-6 or hs-CRP when compared to placebo, nor did it reduce either the primary 

endpoint (HR, 1.01; 95% CI, 0.82 to 1.25; p=0.91) or the secondary endpoint, which was the 

composite of MACE and unstable angina requiring unplanned revascularisation (HR, 0.96; 

95% CI, 0.79 to 1.15; p=0.67).   

 

1.3.3.3 Alternative targets in the IL-1β/IL-6 pathway 

Following the favourable results of CANTOS, considerable attention has also moved up the 

cytokine stream to target inflammasomes. The NLRP3 inflammasome is currently the best 

characterised and known activator of IL-1β261-262. Experimental data in hyperlipidaemic mice 

has revealed that inhibition of IL-6 or its receptor can achieve atheroprotective effects263. In 

humans, a small randomised trial has already been conducted in patients presenting with ACS, 

using a single dose of tocilizumab, a humanised monoclonal antibody against IL-6264.  

Although this treatment was associated with a reduced troponin level, suggesting a possible 

reduction in infarct size, enthusiasm for tocilizumab has been tempered by its propensity to 

increase LDL-C and cause weight gain, which could negate any long-term cardiovascular 

benefit265. 
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1.3.4 Colchicine, repurposing an old anti-inflammatory drug 

1.3.4.1 Mechanism of actions of colchicine 

Colchicine is an anti-inflammatory drug used to treat gout and other inflammatory disorders, 

such as familial Mediterranean fever (FMF) and recurrent pericarditis. In contrast to most anti-

inflammatory drugs, colchicine is unique in that its mechanism of action does not involve the 

arachidonic acid pathway affected by Nonsteroidal anti-inflammatory drugs (NSAIDs) and 

glucocortico-steroids. Colchicine binds to microtubule ends and inhibits cytoskeletal 

microtubule processes266. Thus, it affects several microtubule-dependent processes, such as 

neutrophil chemotaxis, phagocytosis and protein excretion.  

 

At low concentrations, colchicine inhibits the formation of microtubules while at higher 

concentrations it promotes their depolymerisation (Figure 1-7)267. In vitro experiments have 

shown that colchicine diminishes endothelial selectin family-dependent adhesiveness, 

affecting both endothelial E-selectin and, at higher concentrations, neutrophil L-selectin 

surface expression268. It has also been found to increase leukocyte cyclic adenosine 

monophosphate levels, inhibit IL-1 production by activated neutrophils and down-regulate 

TNF- receptors in macrophages and ECs269. In the setting of gout with uric acid crystals, 

NLRP3 inflammasome activation is dampened in colchicine-treated neutrophils and 

macrophages172, 266. This has led to speculation that colchicine can also mitigate CC-induced 

inflammation via NLRP3 attenuation within atherosclerotic plaque172, 270.  
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Figure 1 - 7: Colchicine binding site  

The site is located at the interface between the α and β subunits of tubulin. Image from 

Tripathi et al271.   
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1.3.4.2 Human trials of colchicine in atherosclerosis 

A number of studies have suggested that colchicine may also have clinical benefits in different 

CVD states, including CAD272, 273, 274, 275. Retrospective observational studies have identified 

lower rates of MI and other vascular events in patients with gout and FMF treated with 

colchicine 274, 275. This led to the LoDoCo (Low Dose Colchicine for Secondary Prevention of 

CVD) study, which evaluated the effect of colchicine 0.5 mg daily in addition to antiplatelet 

and statin therapy in 532 patients with stable CAD276. After a median follow-up of three years, 

participants who had received colchicine demonstrated marked reduction in a composite 

endpoint consisting of MI, cardiac arrest or non-cardioembolic stroke when compared to the 

no colchicine control group (HR, 0.33; 95% CI, 0.18 to 0.59; p<0.001).  

 

More recently, the LoDoCo2 study, which randomised 5,522 patients with stable CAD to 

colchicine 0.5 mg daily or matching placebo revealed a similar therapeutic benefit at a median 

follow-up of 28.6 months242. Participants treated with colchicine had significant reduction in 

the primary composite endpoint of cardiovascular death, spontaneous (non-procedural) MI, 

ischaemic stroke or ischaemia-driven coronary revascularisation compared to placebo (HR, 

0.69; 95% CI, 0.57 to 0.83; p<0.001). This was driven by statistically significant reductions in 

the individual endpoints of MI (HR, 0.70; 95% CI, 0.53 to 0.93; p=0.01) and ischaemia-driven 

coronary revascularisation (HR, 0.75; 95% CI, 0.60 to 0.94; p=0.01) in the colchicine treated 

cohort. The key secondary endpoint composite of cardiovascular death, spontaneous MI and 

ischaemic stroke was also significantly lower in the colchicine-treated group (HR, 0.72; 95% 

CI, 0.57 to 0.92; p= 0.007). 

 



Chapter 1 – Introduction 

 

  

 

60 

Meanwhile, the Canadian-based COLCOT (Colchicine Cardiovascular Outcomes Trial) has 

also highlighted the potential benefits of colchicine in unstable CAD241. 4,755 patients were 

randomised within 30 days following MI to receive colchicine 0.5 mg daily or placebo in 

addition to standard guideline-recommended therapy. The primary efficacy endpoint was a 

composite of CV death, resuscitated cardiac arrest, MI, stroke, or urgent hospitalisation for 

angina requiring coronary revascularisation, and occurred in 5.5% of the participants who 

received colchicine compared to 7.1% in the placebo arm (HR, 0.77; 95% CI, 0.61 to 0.96; 

p=0.02). Following COLCOT, the smaller, Australian COPS (Colchicine in Patients with 

Acute Coronary Syndrome) trial, randomised 795 patients with ACS to colchicine 0.5 mg twice 

daily for one month followed by 0.5 mg daily for eleven months, or placebo243. At a minimum 

follow-up period of 12 months, there was no significant difference in the primary composite 

endpoint of all-cause mortality, ACS, ischaemia-driven urgent revascularisation and non-

cardioembolic ischaemic stroke in the colchicine-treated group compared to placebo (6.1 

versus 9.5%; p=0.09). However, in a post hoc analysis of the composite endpoint using only 

cardiovascular death rather than total death, a significant reduction in events in favour of 

colchicine was demonstrated at 12 months (HR 0.51; 95% CI, 0.29 to 0.89; p=0.019). 

 

Evidence for colchicine’s anti-atherosclerotic potential also comes from another Australian 

non-randomised observational study of 80 patients with recent ACS, which demonstrated that 

low dose colchicine significantly reduced low attenuation plaque volume (treatment: mean 15.9 

[-40.9%] ± 17.3mm3 ; control mean 6.61 [-17.0%] ±12.8mm3; p =0.008) on coronary computed 

tomography angiography277. This was accompanied by a significant reduction in hs-CRP in the 

treatment group compared with the non-placebo control group and supports the notion that 

colchicine can help to stabilise plaques. This is currently undergoing definitive evaluation 
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using high-resolution, intracoronary optical coherence tomography imaging in the randomised, 

placebo-controlled COCOMO-ACS trial (ACTRN12618000809235)244.  

 

Although the propensity of colchicine to cause gastro-intestinal complications in up to 15-20% 

of patients278, and signal for an increased risk of pneumonia in COLCOT (0.9% compared with 

0.3% in placebo arm; p=0.03)241, provide some challenges to its use in clinical practice, these 

are unlikely to be prohibitive. Outcomes from ongoing trials recruiting in stable and unstable 

CAD (COACS, CLEAR-SYNERGY)244 patients are anticipated in the near future and should 

help to clarify colchicine’s safety and efficacy in both settings to facilitate physician confidence 

in prescribing this drug, as was the case with statins during their early development. More 

mechanistic information is also needed to understand how colchicine actually works to reduce 

adverse outcomes in ASCVD, so that clinicians know when and how to best use it.  
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1.4 eEF2K – a novel target in atherosclerosis? 

In addition to targeting well-described inflammatory pathways in atherosclerosis with 

pathway-specific agents, such as canakinumab, or repurposed, broad-acting drugs like 

colchicine, there is also an ongoing need to identify new molecular mediators of atherogenesis, 

that can lead to new treatable targets. In this regard, eEF2K is a unique molecule of potential 

interest.  

 

1.4.1 Structure and function of eEF2K 

eEF2K is an atypical kinase which belongs to a small group of α-kinases, represented by six 

genes in the human genome279, 280. These sequences of α-kinases are quite distinct from those 

of the main serine/threonine/tyrosine kinase superfamily279, 281. Since eEF2K is the only α-

kinase that is activated by Calcium2+ (Ca2+) ions via calmodulin (CaM), it was initially called 

Ca/CaM-kinase III. While there are other Ca/CaM dependent protein kinases, namely CaMKI, 

CaMKII, CaMKIV and CaMKK, eEF2K is quite distinct with very little resemblance to other 

CaM-dependent protein kinases, including their catalytic domains, making it all the more 

unique (Figure 1-8) 282, 283.  

 

The only known substrate for eEF2K is eEF2. eEF2 is required during the elongation step of 

protein synthesis where it assists ribosomes to move along the mRNA from one codon to the 

next and the peptidyl-tRNA to move from the acceptor (A)- into the peptidyl (P)-site, a process 

termed translocation. Thus, inhibiting eEF2 will slow down the elongation step of protein 

synthesis. eEF2K phosphorylates eEF2 at Thr56; phosphorylated eEF2 can no longer engage 

with ribosomes and consequently cannot mediate translocation, which therefore inhibits global 

mRNA translation284-286. Thus, eEF2K is widely known as a negative regulator of the 
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elongation stage of protein synthesis287. However, for reasons that are still uncertain, it has also 

been shown to increase translation of some mRNAs288-290, presumably as a consequence of 

specific features of these mRNAs.  

 

eEF2K-knock out (Eef2k-/-) mice are viable and fertile under standard vivarium conditions291, 

and therefore eEF2K appears to be a non-essential protein. This has sparked interest towards 

eEF2K as a ‘safe target’ in disease therapy. Considerable work has been conducted using Eef2k-

/- mice generated by Professors Christopher Proud (Lifelong Health Theme, South Australian 

Health and Medical Research Institute, Australia) and Professor Alexey Ryazanov (Rutgers 

Robert Wood Johnson Medical School, USA) in a variety of disease models, which will be 

discussed in the subsequent sections. 
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Figure 1 - 8: General domain structures of CaM-kinases 

The conserved CaM kinase catalytic sites are shown in light purple, white (autoinhibitory 

sites), black (CaM binding sites). The CaMKIII or eEF2K catalytic domain is shown in pink 

because it bears very little resemblance to other CaM-kinases. In between the pink and the light 

purple is a linker region. eEF2K structure includes a C-terminal tetratricopeptide repeat plus 

extreme C-terminal region, both of which are required for activity against eEF2. CaMKK = 

Calcium/calmodulin-dependent protein kinase kinase 2; CaMKI = Calcium/calmodulin-

dependent protein kinase I; CaMKII = Calcium/calmodulin-dependent protein kinase II; 

CaMKIII = Calcium/calmodulin-dependent protein kinase III; CaMKIV = 

Calcium/calmodulin-dependent protein kinase IV; eEF2K = Eukaryotic elongation factor 2 

kinase; MLCK = Myosin light-chain kinase; PhK-γ = Phosphorylase kinase gamma  
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1.4.2 Regulation of eEF2K 

eEF2K is activated under a number of cellular conditions, such as nutrient deprivation, energy 

depletion, inadequate growth factor signalling, hypoxia and DNA damage292. As mentioned 

previously, the activation of eEF2K depends on Ca/CaM and eEF2K is turned on by increased 

Ca2+ ion levels. This leads to eEF2K undergoing autophosphorylation on serine and threonine 

residues, some of which further promote its activation293. eEF2K can also be activated or 

inactivated by several signalling pathways (Figure 1-9), via phosphorylation on various 

residues especially in its N-terminal region (adjacent to the CaM-binding site) or in the linker 

between the kinase and C-terminal domains292-294 (Figure 1-10). Phosphorylation of eEF2K at 

Ser70, Ser78, Ser359295, Ser366296, Ser392, Ser396, and Ser470 suppresses its activity either 

directly or indirectly by facilitating phosphorylation of other sites297. In contrast, 

phosphorylation of eEF2K at Ser392, Ser398, and Ser499 residues results in its activation294.  

 

Negative regulators of eEF2K have been identified as mammalian target of rapamycin complex 

1 (mTORC1) and mitogen-activated protein kinase (classical MAPK), which was originally 

known as extracellular signal-regulated kinase (ERK). mTORC1 is an important sensor of the 

nutrient and/or energy status of cells and is activated by amino acids, hormones, and growth 

factors298. mTORC1 also positively regulates both mRNA translation299 and ribosome 

biogenesis300. mTORC1 negatively regulates eEF2K via several phosphorylation sites (at 

Ser70, Ser78, Ser359295, Ser366296, Ser392, Ser396, and Ser470)279, 283, 285, 297, 299. Another 

negative regulator of eEF2K is MAPK/ERK signalling, which is mainly an oncogenic 

signalling pathway297. Other MAPKs (related to but distinct from ERK), such as p38 MAPK 

and c-Jun N-terminal kinase (JNK), are activated by cell stresses or cytokine signalling301.  

Downstream of MAPK/ERK signalling, eEF2K is phosphorylated at several sites in response 
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to the activation of stress-stimulated MAPK cascades, either directly by MAPKs or by their 

downstream effectors302, 303. One such example is the phosphorylation of eEF2K at Ser359 by 

p38 MAPK302.  

 

There are several positive regulators known to date which can stimulate eEF2K activity, such 

as cyclic AMP (cAMP), AMP-activated protein kinase (AMPK), glycogen synthase kinase 3 

(GSK3), acidic pH levels and atherogenic oxLDL304. cAMP is a catabolic signal and activates 

cAMP-dependent PKA which phosphorylates eEF2K at Ser499305-308, inhibiting its activity. 

AMPK, which is a sensor of low cellular energy, also stimulates the activity of eEF2K309. When 

ATP levels decrease in cells, AMP levels rise strongly and activate AMPK310, which 

phosphorylates eEF2K at Ser398311 or Ser491312. This is of potential importance for the cellular 

energy “economy” as protein synthesis consumes a high fraction of cellular energy (as ATP 

and GTP)313, so that when ATP levels are low, the activation of eEF2K will serve to slow down 

protein synthesis and reduce energy consumption. 

 

GSK3 positively regulates eEF2K by phosphorylating Ser392297. eEF2K is also activated at 

acidic pH levels within the range that occurs during tissue acidosis314, 315. It is speculated that 

the mechanism also serves to slow down protein synthesis to conserve energy under 

metabolically challenging conditions which cause tissue acidosis. Although not widely 

reported, eEF2K is also activated by oxLDL by mobilising Ca2+ into the intracellular space 

almost immediately after its addition. OxLDL also seems to block p38 MAPK activation which 

is normally a negative regulator of eEF2K304.  
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Figure 1 - 9: Regulation of eEF2K 

This schematic selective depicts the positive and negative regulation of eEF2K by AMPK and 

mTORC1, respectively and eEF2’s response to those stimuli. AAs: amino acids; AMPK: AMP-

activated protein kinase; ATP: Adenosine Triphosphate; Ca2+ = Calcium 2+ ions; eEF2K = 

Elongation factor 2 kinase; eEF2 = Elongation factor 2; mTORC1: mammalian target of 

rapamycin complex 1.
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Figure 1 - 10: Structural composition of eEF2K  

This figure shows the key phosphorylation sites which are regulated by mTORC1 and AMPK. 

The upper section shows the CaM-binding site, the α-kinase catalytic domain, the linker region 

(with phosphorylation sites), the C-terminal SEL1-like α-helical repeats and a region which 

binds eEF2. The catalytic and C-terminal regions interact and co-operate to promote substrate 

phosphorylation, which leads to the formation of the active conformation of eEF2K which can 

phosphorylate eEF2. However, not all the sites regulated by mTORC1 are direct substrates, 

some being phosphorylated indirectly, e.g., by S6 kinase in the case of Ser366. Numbering of 

sites in this diagram is based on human eEF2K, as in mouse the N-terminal sequence is slightly 

shorter, so numbers will differ. AMPK: AMP-activated protein kinase; eEF2 = Elongation 

factor 2; mTORC1: mammalian target of rapamycin complex 1. 
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1.4.3 Role of eEF2K in chronic non-cardiovascular diseases 

1.4.3.1 Cancer 

Cancer is fundamentally a disease of rapid growth and proliferation of cells. mTORC1/ERK 

signalling pathways drive this cell growth and proliferation, as well as inhibiting eEF2K to 

promote protein synthesis, as more active eEF2 is available for translational elongation. 

eEF2K’s role in cancer is well studied; however, there are conflicting data on whether eEF2K 

activation either leads to the promotion and growth of cancer cells or abrogates cancer cell 

growth leading to cell apoptosis292. These opposing effects seem to depend on variables, such 

as cancer cell type, tumour stage (initiation versus growth) and its microenvironment287.  

 

Increased eEF2K activation, which leads to a reduction in protein synthesis has been shown to 

provide a survival advantage for specific cancer cells in harsh tumour microenvironments with 

increased metabolic stress and reduced nutrient conditions. Some cancer cells, especially 

within solid tumours, need to invoke mechanisms to withstand nutrient deprivation316. One 

such mechanism is to slow down protein synthesis by means of activating eFE2K, which will 

save both energy and amino acids. This helps protect these cancer cells from death. eEF2K was 

also found to induce progression and radio-resistance in oesophageal squamous cell 

carcinoma317, and high levels of eEF2K expression were found to be associated with invasive 

carcinoma and metastatic tumors288, suggesting eEF2K’s involvement in more inflammatory 

tumours. Moreover, eEF2K was found to contribute to angiogenesis and tumour progression 

in hepatocellular carcinoma via VEGF expression, as well as the subsequent stimulation of 

PI3K/Protein kinase B and Signal transducer and activator of transcription 3 (STAT3) 

signalling318. Expression of eEF2K was also associated with poor patient prognosis and 

involved in regulation of critical pathways, including Src kinase, MAPK/ERK and cyclin D1, 
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thereby promoting tumour growth and progression in lung cancer319. These studies provide 

evidence that increased eEF2K activity aids cancer cell survival, potentially making eEF2K an 

attractive therapeutic target for preventing tumour progression and metastasis in some cancers. 

 

1.4.3.2 Neurodegenerative diseases 

As eEF2K is activated by Ca2+/CaM, it is likely to play a role in settings where Ca2+ ion levels 

are regulated, such as neuronal synaptic activation. This has sparked major interest in studies 

of eEF2K related to neurodegenerative diseases. Such studies have found that eEF2K is indeed 

present in neurons and plays a role in synaptic plasticity290, 320, mainly for learning and long-

term memory321-323, depression324, 325, 326, epilepsy324, 327, 328, Alzheimer’s disease329, 330, 331 and 

Parkinson’s disease332.  

 

In terms of learning, taste learning was associated with increased phosphorylation of eEF2 in 

gustatory cortex. In addition, eEF2K mutant, eEF2K-KI mice have displayed deficits in cortical 

dependent associative taste learning followed by altered brain activity333. It has also been found 

that eEF2K is required for the synthesis of the protein, Activity-regulated cytoskeleton-

associated protein (Arc/Arg3.1), which is important in receptor trafficking and synaptic 

plasticity334, in response to activation of N-methyl-D- aspartate (NMDA) receptors, and for 

NMDA-induced long-term depression326. Additional studies on depression have suggested that 

ketamine, which is a fast-acting anti-depressant, exerts its effects to promote the expression of 

brain-derived growth factor (BDGF), an important neuroregulatory protein, by inhibiting 

eEF2K signalling, which normally negatively regulates BDGF expression290, 335. Moreover, 

studies have indicated the involvement of eEF2K/eEF2 pathway in the pathogenesis of 

Alzheimer’s disease330, 331. In one study it was shown that amyloid , which accumulates in 
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Alzheimer’s disease brains, causes the activation of AMPK, and this induces impairments in 

synaptic plasticity330.  

 

These studies suggest that different mechanisms that control mRNA translation mediated by 

eEF2K/eEF2 pathway seem to contribute to the pathogenesis of a number of neurodegenerative 

diseases possibly by altering synaptic plasticity. However, how the eEF2K/eEF2 pathway 

becomes altered in these neurodegenerative diseases is not fully understood.  

 

Since the pathogenesis and progression of atherosclerosis share a number of similar molecular 

pathways and mechanisms to cancer and neurodegenerative diseases, several key 

characteristics of eEF2K in cancer/neuronal research can be exploited in studying eEF2K’s 

role in atherosclerosis.  

 

1.4.4 Role of eEF2K in cardiovascular diseases 

1.4.4.1 eEF2K and non-atherosclerotic CVD 

Some studies have reported eEF2K’s involvement in the regulation of systemic hypertension 

and monocrotaline-induced pulmonary hypertension via ROS-dependent signalling in 

rodents336, 337. eEF2K levels were also found to be elevated in the mesenteric artery in 

spontaneously hypertensive rats (SHR)338 and were able to mediate hypertension via vascular 

inflammation338. Moreover, eEF2K plays a role in the remodelling of pulmonary arteries during 

the development of pulmonary artery hypertension (PAH)339. Administration of A-484954 

(CAS 142557-61-7, Abbott, IL, US), a relatively weak drug inhibitor of eEF2K, was found to 

inhibit monocrotaline-induced PAH, seemingly mediated through the NADPH oxidase-1/ 

ROS/ MMP-2 pathway339. In another study, this same eEF2K inhibitor was found to induce 
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vasorelaxation via opening inward rectifier K+ channel and activating β2-adrenergic receptor 

in the smooth muscle of rat isolated mesenteric artery, which contributes to prevent 

noradrenaline-induced acute increases in blood pressure340. A-484954 was also shown to 

potentiate β-adrenergic receptor agonist-induced acute decreases in diastolic blood pressure in 

rats341. Under conditions of glucose deprivation, the eEF2K/eEF2 pathway was found to 

mediate the inhibition of apoptotic death of the H9c2 cardio-myoblast cell line by promoting 

autophagy through the AMPKα/ULK1 signalling pathway342. These results suggest potential 

roles of eEF2K/eEF2 signalling in the pathogenesis of cardiac hypertrophy development343. 

 

1.4.4.2 eEF2K and atherosclerotic CVD 

eEF2K was previously reported to be activated by oxLDL, an atherogenic form of LDL, 

involved in macrophage foam cell formation304. This occured via mobilisation of intracellular 

Ca2+ ions and inactivation of its negative regulator p38 MAP kinase. This in turn led to 

phosphorylation and inhibition of eEF2, and reduced macrophage protein synthesis and 

apoptosis during growth factor deprivation. The anti-apoptotic effect of oxLDL was reversed 

by selective inhibitors of eEF2K, which decreased macrophage viability304. In a second 

published study, a ‘knock-in’ mouse model of eEF2K deficiency (Eef2k-KI) was used to study 

eEF2K’s role in atherosclerosis344. In this model, an inactivating mutation (Asp273Ala) was 

introduced into the Eef2k gene which causes almost complete loss of eEF2K activity (>99.5%), 

without changing the expression of eEF2K itself345. BM cells from Eef2k-KI mice or wildtype 

(WT) littermates were transplanted into irradiated, pro-atherosclerotic LDLR null (Ldlr-/-) 

mice, that were then fed a HCD to induce hyperlipidaemia and plaque in their aortas5. Mice 

that received Eef2k-KI BM developed 40% less plaque in their aortas. Plaque composition was 

not characterised and there was little mechanistic elucidation of how eEF2K inactivity blunted 
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plaque development. However, M1-polarised BMDMs from Eef2k-KI mice produced less 

TNF-α compared to WT cells in vitro, and stimulated less VCAM-1 and ICAM-1 expression 

in ECs5. These data suggest that eEF2K may regulate plaque formation and the pro-

inflammatory properties of M1-polarised macrophages. In addition, eEF2K has been shown to 

promote the migration288, proliferation and inflammatory responses in ECs and SMCs337, 346 

which are deemed important cell types in the progression of atherosclerotic plaques.  

 

 

1.4.5 Development of eEF2K inhibitors 

eEF2K appears to be non-essential and only comes into play when it is activated, for example 

during stress conditions. This has sparked interest in the development of eEF2K inhibitors as 

potential therapeutic agents. However, a major challenge for the development of specific and 

effective eEF2K inhibitors is the lack of information regarding the 3D structure of eEF2K and 

its catalytic domain to guide rational design of eEF2K inhibitors 294. Given that the architecture 

of the catalytic domain of -kinases differs so markedly from other kinases, it is likely that 

new structural entities will have to be developed as inhibitors of these enzymes, rather than 

“adapting” existing protein kinase inhibitors. Although various attempts have been made, to 

date, there has been limited progress in identifying useful, specific and potent eEF2K 

inhibitors. One such early natural compound, rottlerin (CAS 82-08-6, Sigma-Aldrich, MO, 

USA), has been described as inhibiting eEF2K311, 347. While rottlerin suppressed eEF2K 

activity with an IC50 of 5.3 μM347 with an inhibition in both the eEF2K gene and protein 

expression in cancer cells348-350, it was found to block the activity of many other protein kinases 

as well351, 352, and is thus far from specific. Two more compounds, TS-2 and TS-4, were later 

discovered in multiple protein kinase assays, both more promising than rottlerin when 

inhibiting eEF2K353. Another inhibitor, NH-125 (CAS 278603-08-0, Sigma-Aldrich, MO, 
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USA), first reported as a histidine kinase inhibitor, was later found to also inhibit eEF2K354. 

However, NH-125 exerted extensive non-specific effects by inducing protein aggregation355 

and, in some instances even acted in an opposing manner by increasing eEF2 phosphorylation 

in cells355, 356. Moreover, although not widely used, compound 34, which is a thieno[2–3-b] 

pyridine analogue, and 21I (a β-phenylalanine derivative), were also reported as eEF2K 

inhibitors357, 358. However, they were associated with off-target effects. Similarly, TX-1123 

(CAS 157397-06-3), which  inhibits eEF2K at low concentrations (IC50, 0.44 μM)354 was 

found to be non-specific as it affects the activity of tyrosine kinases and exhibits mitochondrial 

toxicity359. So far, the most promising published eEF2K inhibitor has been A-484954 (CAS 

142557-61-7, Abbott, IL, US), which inhibits eEF2 phosphorylation in vitro355. However, it is 

a weak inhibitor and requires very high micromolar concentrations (~75μM) for its use in cell 

culture, which increases the likelihood of non-specific effects on other enzymes and makes it 

difficult to be used in vivo.  

 

The compounds previously reported as inhibiting eEF2K are therefore all either highly non-

selective (and can even increase eEF2 phosphorylation356, 360) or lack potency356. Janssen 

Pharmaceutica NV (Beerse, Belgium) has recently developed a small set of highly specific and 

potent small- molecule inhibitors of eEF2K, together with closely related but much less potent 

negative control compounds361, 362. 

 

In addition to pharmacological inhibition, studies have also used genetic targeting of eEF2K 

by siRNA/miRNA319, 348, 349, 363, 364 or CRISPR-Cas9 techniques294, 365. While these techniques 

have been successful in vitro and in a limited number of in vivo studies, more potent, specific 

eEF2K inhibitors are needed, both as research tools and to explore the potential therapeutic 

utility of targeting eEF2K in humans.  
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1.5 Project scope 

ASCVDs remain a leading cause of death and morbidity worldwide, despite current treatments, 

such as lipid-lowering medications, being effective at reducing MACE. There is substantial 

need for new therapies against atherosclerosis that target new mechanisms and more effectively 

mitigate plaque inflammation. Macrophage responses to subendothelial lipoproteins and foam 

cell formation are important mediators of atherosclerosis, but their mechanistic basis is 

complex and remains incompletely understood. Pursuing a better understanding of 

atherosclerosis pathogenesis remains critically important to patient care and global healthcare, 

to guide better preventive and therapeutic strategies.  

 

This thesis therefore explores the regulation of macrophage functions in the context of 

atherosclerosis to address important knowledge gaps in: (1) the mechanistic basis for how 

colchicine might exert anti-atherosclerotic effects; and (2) the role of eEF2K in promoting 

plaque formation and its validity as a novel therapeutic target in atherosclerosis. In doing so, it 

specifically addresses the following aims: 

(1) To elucidate the effects of colchicine on macrophage responses to atherogenic stimuli in 

order to better understand the mechanistic basis for its repurposing potential in ASCVD.  

(2) To investigate the regulatory role of eEF2K in macrophages in response to inflammatory 

stimuli, oxLDL and CCs in vitro.  

(3) To determine if, and how, eEF2K mediates plaque formation in a murine model of 

atherosclerosis in vivo and how it associates with atherosclerotic CAD in humans.  
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2.1 General materials 

2.1.1 Electronic equipment and software used 

Table 2 - 1: Electronic equipment and software used and, their specifications  

 

Item name Specifications and Supplier 

Electronic Equipment  

Anaesthetic Machine Stinger anaesthetic gas machine, DarvallVet, NSW, Australia 

Bead steriliser FST, Fine Science Tools, Vancouver, Canada 

Cell-strainer 40µm #542040, Greiner Bio-One, Interpath Services, Victoria, Australia 

Centrifuges Cell Culture/ Flow Cytometry – Eppendorf 5810R 

Bacterial Culture – Sigma 4K15 

RNA – Eppendorf 5424R 

CFX96 Touch Real-Time PCR 

Detection System 

BIO-RAD Laboratories, CA, USA 

NanoZoomer HT Digital Scanner Hamamatsu Photonics, Japan 

Chemical Fume Hood LabSystems, VIC, Australia 

ChemiDoc™ MP Imaging system  #170-8280 BIO-RAD Laboratories, CA, USA 

CO2 asphyxiation machine Quietek CO2 Induction System, Next Advance, NY, USA 

Confocal microscopy Leica TCS SP8, Leica, Wetzlar, Germany 

Countess Automated Cell Counter Invitrogen, ThermoFisher Scientific, CA, USA 

Cryotome Shandon Cryotome E, Thermo Scientific, MA, USA 

Density Gradient Fractionator Teledyne Isco's Density Gradient Fractionation System, Abu Dhabi - 

United Arab Emirates 

Digital dry Bath Corning LSE™, NY, USA 

Embedder HistoStar™ Embedding Workstation, ThermoFisher Scientific, MA, 

USA 

Flow Cytometer LSRFortessa™, BD Biosciences, CA, USA 

Freezer -20°C – Haier Biomedical, China 

-80°C – 89000 series, Thermo Scientific, MA, USA 
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Fridge 4C – GPS series, Thermo Scientific, MA, USA 

Gel Doc™ XR+ BIO-RAD Laboratories, CA, USA 

Gilson® Fraction Collector 

FC203B 

#120A5004, Mandel, CA, USA 

Gilson® Minipuls 3 #610M4918, Mandel, CA, USA 

GloMax Discover Plate Reader Promega, WI, USA 

Homogeniser  Precellys 24, Bertin Terchnologies, Montigny-Le-Bretonneux, France 

iBlot2 Dry Blotting system Life Technologies, CA, USA 

IKAMAG™ multi-position 

magnetic stirrer 

Sigma-Aldrich Inc., MO, USA 

Incubator Binder, LabFriend, Tuttlingen, Germany 

Iris scissors, 420SS. straight, 

115mm 

#TS0984, ProSci Tech, QLD, Australia 

Microscope Camera AxioCam ERc 5s, Carl Zeiss Microscopy, Germany 

Microscopes Dissecting – Zeiss Stereo Discovery.V8, Carl Zeiss Microscopy, 

Germany 

Inverted – Olympus CKX31, Olympus Life Science, Tokyo, Japan 

Light – Zeiss Lab.A1, Carl Zeiss Microscopy, Germany 

Mini See-saw Rocker #SSM4l, Stuart equipment, DKSH Australia, VIC, Australia 

NanoDrop™ 8000 

Spectrophotometer 

Thermofisher Scientific, CA, USA 

Orbital Mixer Ratek, VIC, Australia 

Pointed tweezers, economy, style 5 #T05-811, ProSci Tech, QLD, Australia 

Powerpack™ Basic power supply for western immunoblot running, BIO-RAD 

Laboratories, CA, USA 

Scales #XS105, Mettler Toledo, OH, USA 

Scintillation Counter TRI-CARB 4910TR 110 V Liquid Scintillation Counter, 

PerkinElmer®, MA, USA  

Sonicator HD2070, Bandelin, Sonopuls, Sigma-Aldrich Inc., MO, USA 

T100 Thermal Cycler BIO-RAD Laboratories, CA, USA 

Thermal Shaker Muti-Therm™ Benchmark Scientific, NJ, USA 

Thermoline Laboratory Oven Set to 37C, Adelab, SA, Australia 
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Tissue Culture Hood CellGard™ ES (Energy Saver) NU-480 3ft Class II, Type A2 

Biological Safety Cabinet, NuAire, MN, USA 

Tissue Processor Excelsior Tissue Processor™, Thermofisher Scientific, CA, USA 

UA-6 UV/VIS Detector Teledyne ISCO, NE, USA 

Ultraviolet Transilluminator  Ultra-lum INC, CA, USA 

Vannas Scissors, delicate, straight, 

3mm 

#EMS72932-01, ProSci Tech, QLD, Australia 

Vortex Mixer Corning LSE™, NY, USA 

Water bath TW20 Julabo® Water bath, Sigma-Aldrich Inc., MO, USA 

Software  

Adobe Photoshop 2017 – 2020, Creative Cloud, Adobe, CA, USA 

Fiji (Image J) Versions available in 2017-2020, NIH, MD, USA 

FlowJo Versions available between 2017-2020, BD Biosciences, CA, USA 

Graph Pad Prism Versions available in 2017-2020, GraphPad Software, LLC, CA, USA 

Image Lab BIO-RAD laboratories, CA, USA 

Microsoft Excel Microsoft Excel® for Mac 2017-2020 versions, Microsoft 

Corporations, WA, USA 

Microsoft Word Microsoft Word® for Mac 2017-2020 versions, Microsoft 

Corporations, WA, USA 

NDP.view 2 Hamamatsu Photonics, Tokyo, Japan 
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2.1.2 Materials 

Table 2 - 2: Materials used and their suppliers  

 

Material Catalog number (#) and Supplier 

8-well Chamber Slides (removable) #80841, ibidi, Gräfelfing, Germany 

Bottle-top vacuum filters 

polyethersulfone membrane, pore size 

0.22 μm 

#CLS431118-12EA, Sigma-Aldrich Inc., MO, USA 

Brightline™ Haemocytometer #Z359629, Sigma-Aldrich Inc., MO, USA 

Cell Scrapers 25cm #83.183, Starstedt, SA, Australia 

CellBIND® Surface Cell Culture 25cm2 - #CLS3289, Corning Incorporated, ME, USA 

75cm2 - #CLS3290, Corning Incorporated, ME, USA 

CoolCell® Freezer Containers #432000, Corning, NY, USA 

Costar® Multiple well CellBIND® 

Cell Culture Plates 

6 wells – #3516, Corning Incorporated, ME, USA 

12 wells – #3513, Corning Incorporated, ME, USA 

24 wells - #3738, Corning Incorporated, ME, USA 

Costar® Ultra-Low Attachment 

Multiple Well Plates 

6 wells – #3471, Corning Incorporated, ME, USA 

24 wells - #3473, Corning Incorporated, ME, USA 

Countess cell counter chamber slides #C10228, Life Technologies, CA, USA 

Cryogenic vials #431386, Corning, NY, USA 

Easy strainer Green #542040, Interpath, VIC, Australia 

Embedding Cassette #40634001, Techno Plas, SA, Australia 

Eppendorf Tubes 1.5mL safe-lock tubes – #T9661, Sigma-Aldrich Inc., MO, USA 

0.6mL tubes – # T5149, Sigma-Aldrich Inc., MO, USA 

1.5mL tubes – #T6649, Sigma-Aldrich Inc., MO, USA 

2.0mL tubes – #T3031, Sigma-Aldrich Inc., MO, USA 

Falcon® Tubes 5mL Round bottom – #352003, Corning Incorporated, ME, USA 

15mL – #352096, Corning Incorporated, ME, USA 

50mL – #352070, Corning Incorporated, ME, USA 

Filters #SLGV033RS, 0.22m, Millex® GV, Merk Millipore Ltd, 

Ireland 
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iBlot® Transfer stacks Mini - #IB23002, Invitrogen, Thermofisher Scientific, CA, USA 

Regular - #IB73001, Invitrogen, Thermofisher Scientific, CA, 

USA 

Lysis Matrix Tubes #6913-500, MP Biomedicals, CA, USA 

Multi-channel pipettes 50-300l – Corning Lambda™ Plus – Corning, NY, USA 

10-100l – Eppendorf Research Plus – Eppendorf, Hamburg, 

Germany 

Needles  18G 1 1/2in - #302032, BD Biosciences, NJ, USA 

19G 1 1/2in - #305187, BD Biosciences, NJ, USA 

27 G x 1 1/2 in - #301629, BD Biosciences, NJ, USA 

PAP pen for immunostaining, 2mm tip #Z672548-1EA, Sigma-Aldrich Inc., MO, USA 

Pipette Gun Thermo Fisher Scientific, Australia 

Polyallomer Quick-Seal Centrifuge 

tubes 

6.0mL - #58594, Beckman Coulter®, USA 

40mL - #342414, Beckman Coulter®, USA 

polypropylene round-bottom capped 

tubes 

#14-959-11A, Thermofisher Scientific, CA, USA 

Polystyrene Test Tube without Cap, 12 

x 75 mm 

#FAL352008, Invitro Technologies, VIC, Australia 

Scalpels #0501, Swann-Morton®, Sheffield, England 

Scintillation Vials #Z376817, Sigma-Aldrich Inc., MO, USA 

SnakeSkin™ Dialysis Tubing 10K 

MWCO 22mm 

#68100, Life Technologies, CA, USA  

Stripette® Serological Pipets 5mL – #4487, Corning Incorporated, ME, USA 

10mL – #4488, Corning Incorporated, ME, USA 

25mL – #4489, Corning Incorporated, ME, USA 

Syringes 1mL - #SS+01T, Terumo, Tokyo, Japan 

5mL - #SS05S, Terumo, Tokyo, Japan 

10mL - #SS-10S, Terumo, Tokyo, Japan 

20mL - #SS-20S2, Terumo, Tokyo, Japan 

50mL – #SS*50ESE, Terumo, Tokyo, Japan 

Tissue-tek® Cryomold for OCT #4565, Sakura Finetek, C.A., USA 

Transfer Pipets #222, Samco Scientific, CA, USA 

Pipettes 0.5-10l, 2-20l, 20-200l, 100-

1000l 

For flow tubes – Eppendorf Research Plus  

For everything else – Corning Lambda™ Plus 
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BLOT™ 4-12% Bis-Tris Plus Gels 10 well - #NW04120, Life Technologies, CA, USA 

12 well - #NW04122, Life Technologies, CA, USA 

17 well - #NW04127, Life Technologies, CA, USA 

 

2.1.3 Reagents 

Table 2 - 3: Reagents used and their suppliers  

 

Reagent Catalog # and Supplier 

1-Bromo-3-chloropropane #B9673, Sigma-Aldrich Inc., MO, USA 

1Kb Plus DNA Ladder #10787018, ThermoFisher Scientific, MA, USA 

4’,6-Diamidino-2-phenylindole dihyrochloride 

hydrate (DAPI) 

Sigma Aldrich Inc., MO, USA 

7-amino-actinomycin D (7-AAD) BD Biosciences, CA, USA 

A-484954, ≥98% (HPLC) #SML0861, Sigma-Aldrich Inc., MO, USA 

Agarose #A9539, Sigma-Aldrich Inc., MO, USA 

Ammonium Chloride Solution #07850, StemCell Technologies, Vancouver, Canada 

Antibiotic Antimycotic Solution (100x) #A5955, Sigma-Aldrich Inc., MO, USA 

APC BrdU Flow Kit #557892, BD Biosciences, NJ, USA 

Biotium-GelRed™  #GTS41003, Adelab Scientific, SA, Australia 

Bolt™ LDS Sample Buffer 4X #B0007, Life Technologies, CA, USA 

Bolt™ MES SDS 20x Running Buffer  #B002, Novex, Life technologies, USA 

Bolt™ Reducing Agent 10X #B0004, Life Technologies, CA, USA 

Bovine Serum Albumin (BSA) #A7906, Sigma Aldrich Inc., MO, USA 

Brilliant Buffer Stain #566349, BD Biosciences, NJ, USA 

cAMP #C3912, Sigma-Aldrich Inc., MO, USA 

Chloroform # AJA152-2.5L GL, Ajax Finechem, NSW, Australia 

Cholesterol, Sigma Grade, ≥99% #C8667, Sigma-Aldrich Inc., MO, USA 

Clarity Western ECL Substrate #170-5061, Bio-Rad Laboratories, CA, USA 
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Colchicine #C9754, Sigma-Aldrich Inc., MO, USA 

Compensation Beads (Rat/Hamster) #552843, BD Biosciences, NJ, USA 

Cytofix Fixation Buffer #554655, BD Biosciences, NJ, USA 

Dimethyl sulphoxide (DMSO) #D8418, Sigma Aldrich Inc., MO, USA 

DNA Gel Loading Dye (6x) # R0611, Invitrogen, ThermoFisher Scientific, CA, USA 

Dubelcco’s Phosphate-buffered Saline 10x #D1408, Sigma-Aldrich Inc., MO, USA 

Dubelcco’s Phosphate-buffered Saline 1x #D8537, Sigma-Aldrich Inc., MO, USA 

Dulbecco’s Modified Eagle’s Medium, High 

Modified (DMEM) 

Sigma Aldrich Inc., MO, USA 

Ethanol #E7023, Sigma Aldrich Inc., MO, USA 

Ethyl alcohol, Pure, for molecular biology #E7023, Sigma Aldrich Inc., MO, USA 

Fixable Viability Stain 700 #564997, BD Biosciences, NJ, USA 

Foetal Bovine Serum (FBS) #AU-FBS/PG, CellSera, NSW, Australia 

Formaldehyde #C004, ProSciTech, QLD, Australia 

Formalin #HT501128, Sigma Aldrich Inc., MO, USA 

GeneJET Gel Extraction Kit #K0691, ThermoFisher Scientific, MA, USA 

GoTaq® Hot Start Green Master Mix #M5122, Promega, WI, USA 

Hanks’ Balanced Salt Solution (HBSS) #H9394, Sigma Aldrich Inc., MO, USA 

High Cholesterol Diet #SF00219, Specialty Feeds, WA, Australia 

Human M-CSF #300-25, PeproTech, NJ, USA 

Hydrogen peroxide solution #216763, Sigma Aldrich Inc., MO, USA 

Iscove's Modified Dulbecco's Medium (IMDM) Sigma Aldrich Inc., MO, USA 

iScript cDNA Synthesis Kit #1708841, Bio-Rad Laboratories, CA, USA 

Isopraponol #I9516, Sigma-Aldrich Inc., MO, USA 

JAN-384 (eEF2K Inhibitor) Janssen Pharmaceutica NV (Beerse, Belgium) 

L-glutamine #G7513, Sigma-Aldrich Inc., MO, USA 

LabAssay™ Cholesterol kit #294-65801, Wako Diagnostics, VA, USA  

LabAssay™ Free Cholesterol kit #435-35801, Wako Diagnostics, VA, USA 
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LabAssay™ HDL Cholesterol kit #431-52501, Wako Diagnostics, VA, USA 

LabAssay™ Triglyceride kit #290-63701, Wako Diagnostics, VA, USA 

Liberase™ Research Grade #5401127001, Sigma-Aldrich Inc., MO, USA 

Lillie Mayer’s haematoxylin  #AHLM, Australian Biostain, VIC, Australia  

Lipofectamine 3000 #L3000015, ThermoFisher Scientific, MA, USA 

Lipopolysaccharides from E.coli O111:B4 #L4391, Sigma-Aldrich Inc., MO, USA 

MethoCult GF M343, 100mL #3434, StemCell Technologies, Vancouver, Canada 

Mouse Inflammation CBA kit #552364, BD Biosciences, NJ, USA 

Mouse Inflammation Standards #620290, BD Biosciences, NJ, USA 

Murine IFN-gamma #315-05-500, PeproTech, NJ, USA 

Murine IL-13 #210-13-50, PeproTech, NJ, USA 

Murine IL-4 #214-14-50, PeproTech, NJ, USA 

Murine M-CSF #315-02-500, PeproTech, NJ, USA 

Natural Human myeloperoxidase protein #ab91116, Abcam, Cambridge, UK 

NH125, ≥98% (HPLC), solid #N2162, Sigma-Aldrich Inc., MO, USA 

Normal Horse Serum #S2000, Vector Laboratories, CS, USA 

Normal Human Serum Red Cross, South Australia 

Nuclease free water #P1193, Promega, WI, USA 

NucleoSpin Plasmid Kit  #740588-250, Macherey-Nagel, Düren, Germany 

O.C.T. Compound #4583, Sakura Finetek, C.A., USA 

Oil red O #O0625, Sigma-Aldrich Inc., MO, USA 

Opti-MEM™ I Serum Reduce Media #31985070, Life technologies, CA, USA 

Paraformaldehyde (PFA) #C004, ProSciTech, QLD, Australia 

Penicillin-Streptomycin #P433, Sigma-Aldrich Inc., MO, USA 

Phenylmethylsulfonyl fluoride solution #93482, Sigma-Aldrich Inc., MO, USA 

Phosphate Inhibitor Cocktail #P5726, Sigma-Aldrich Inc., MO, USA 

Pierce™ BCA Protein Assay #23227, Thermo Scientific, IL, USA 

Pierce™ Streptavidin Poly-HRP #21140, Life Technologies, CA, USA 
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Ponceau S Solution  #P7170, Sigma-Aldrich, USA 

Precision Plus Protein Dual Colour Standards #1610374S, Bio-Rad Laboratories, CA, USA 

Prolong Gold Antifade Mountant with DAPI #P36935, Life Technologies, CA, USA 

Propidium Iodide #P4170, Sigma-Aldrich Inc., MO, USA 

Protease Inhibitor Cocktail #P8340, Sigma-Aldrich Inc., MO, USA 

Proteinase K #17916, ThermoFisher Scientific, MA, USA 

R&D Systems Mouse IL-1 beta/IL-1F2 ELISA #RDSMLB00C, Invitro Technologies, VIC, Australia 

R&D Systems Mouse IL-18/IL-1F4 ELISA #RDS7625, Invitro Technologies, VIC, Australia 

Restore™ PLUS Western Stripping Buffer #46430, ThermoFisher Scientific, MA, USA 

RNase A, DNase and protease-free #G9545, Sigma-Aldrich Inc., MO, USA 

RPMI 1640 Medium  #R7388, Sigma-Aldrich Inc., MO, USA 

Sodium Azide #SA189, Chem-supply, SA, Australia 

Sodium Bicarbonate #S5761, Sigma-Aldrich Inc., MO, USA 

Sodium Hypochlorite 8-12.5% #DT055-5L, ChemSupply, SA, Australia 

SsoAdvanced™ Universal SYBR® Green 

Supermix 

#1725275, Bio-Rad Laboratories, CA, USA 

Stain Buffer FBS #554656, BD Biosciences, NJ, USA 

Streptavidin, Alexa Fluor™ 647 conjugate #S32357, Life Technologies, CA, USA 

TRI® Reagent #T9424, Sigma-Aldrich Inc., MO, USA 

Tris hydrochloride # T3253, Sigma-Aldrich Inc., MO, USA 

Triton X-100  # X100, Sigma-Aldrich Inc., MO, USA 

Trypan Blue solution  # T8154, Sigma-Aldrich Inc., MO, USA 

Trypsin-EDTA  #15400054, ThermoFisher Scientific, MA, USA 

TWEEN® 20 #P9416, Sigma-Aldrich Inc., MO, USA 

Tween®-20  #P9416, Sigma-Aldrich Inc., MO, USA 

Urea  #AJA817, Ajax Finechem, NSW, Australia 

WST-1 Roche Applied Science, Mannheim, Germany 
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2.2 General solutions and media  

For the names of suppliers/manufacturers of reagents, materials and equipment, please refer to 

the preceding tables. 

 

2.2.1 Cell line Media 

RPMI-1640, 10% FBS, 1% antimycotic/antibiotic solution, 1% L-glutamine. Stored at 4C.  

 

2.2.2 IMDM+ 

IMDM supplemented with 10% FBS and 1% antimycotic/antibiotic solution. Stored at 4C.  

 

2.2.3 Mouse M0 Media 

RPMI-1640, 10% FBS, 1% antimycotic/antibiotic solution, 1% L-glutamine, 10 ng/mL Mouse 

M-CSF. Stored at 4C.  

 

2.2.4 Human M0 Media 

RPMI-1640, 10% FBS, 1% antimycotic/antibiotic solution, 1% L-glutamine, 100 ng/mL 

Human M-CSF. Stored at 4C.  
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2.2.5 Mouse M1 Media 

Primary Mouse Macrophage culture media with 25 ng/mL LPS and 5 ng/mL IFN-g. Stored at 

4C. 

 

2.2.6 Mouse M2 Media 

Primary Mouse Macrophage culture media with 5 ng/mL IL-4 and 5 ng/mL IL-13. Stored at 

4C. 

 

2.2.7 Freezing Media 

FBS with 10% DMSO. Filtered and stored at 4C. 

 

2.2.8 Oil Red O (ORO) stock solution 

30 mg of ORO powder dissolved in 10mL 99% isopropanol. Stored at RT for a maximum of 2 

w. 

 

2.2.9 ORO working solution 

3:2 dilution of ORO stock solution with endotoxin-free water, allowing it to stand for 10 min at 

RT and then filtered with number 1 filter paper. Stored at RT for a maximum of 2h. 

 

2.2.10 Western Lysis Buffer 

20mM Tris (pH 7.5), 500mM NaCl, 2% SDS. Stored at RT. 
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2.2.11 Genomic DNA lysis Buffer 

10 mM Tris (pH 8.0), 10 mM EDTA (pH 8.0), 100 mM NaCl, 0.5% sodium dodecyl sulphate. 

 

2.2.12 1xTAE Buffer 

40 mM Tris base, 20 mM glacial acetic acid, 10 mM EDTA, pH 8.0. Stored at RT. 

 

2.2.13 TBST Buffer 

20 mM Tris, 136 mM NaCl and 0.1% (w/v) Tween 20, pH 7.4. Stored at RT. 
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2.3 In vitro cells 

2.3.1 Cell lines culture 

2.3.1.1 Mouse cell lines 

Murine J774.2 and RAW 264.7 cells (ATCC, Middlesex, UK) were maintained using cell line 

media with 3-9x105 cells/mL, 5% CO2, 37°C in 75 cm2 CellBIND® Surface Cell Culture flasks. 

Medium was replaced every 2 to 3 days. Cells were passaged by scraping at 80% confluency. 

 

2.3.1.2 Human cell lines 

Human THP-1 cells (ATCC, Middlesex, UK) were maintained using cell line media with 2-

4x105 cells/mL, 5% CO2, 37°C in 75 cm2 CellBIND® Surface Cell Culture flasks. Medium 

was replaced every 2 to 3 days. Cells were passaged at 80% confluency. To differentiate THP-

1 monocytes into adherent macrophages, cells were incubated with 20 ng/mL PMA, for 24 h 

at 37°C.  

 

2.3.2 Primary cell culture 

2.3.2.1 Mouse bone marrow-derived macrophages (BMDMs) 

Mouse BMDMs were derived from C57BL/6 J, Eef2k-/- and Eef2k+/+ mice which were housed 

in the Bioresources facilities at SAHMRI (Adelaide, Australia).  

 

C57BL/6 J mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Eef2k-/- 

mice were generated by crossing Eef2kflox/flox and ubiquitous Cre-expressing mice. In-house 

generated Eef2kflox/flox mice had exons 7-10 of the Eef2k gene (encoding most of the kinase 
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catalytic domain) flanked by two loxP sites for recognition and removal by Cre recombinase 

to create a premature stop codon and complete loss of Eef2k expression. 

 

2.3.2.2 Human peripheral mononuclear cells-derived macrophages 

Blood was collected from human donors who were above 18 years with weight ≥ 50 kgs and 

able to provide consent. Their peripheral blood monocytes were isolated as explained366 in 

order to obtain blood monocyte derived macrophages. Briefly, 10 mL of blood was diluted 

with 10 mL of 1×PBS (1:1dilution). 10 mL of Ficoll-Paque PLUS was added to a new 50 mL 

Falcon® tube and the 10 mL of diluted blood was carefully layered on top of the Ficoll-Paque 

PLUS. The tube was centrifuged at 400 g for 30 min at 20 °C with minimal break settings 

(Acceleration=1, Deceleration=0). The upper-most layer (plasma) was carefully removed and 

separated leaving the peripheral blood mononuclear cell (PBMNC) layer undisturbed. Using a 

sterile pipette, PBMNC layer was transferred to a sterile 50 mL tube and was washed with 

1×PBS. 
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2.4 In vivo mice 

Apoe–/–, Ldlr–/–, Eef2k+/+/Ldlr–/– (referred to as SKO) and Eef2k–/–/Ldlr–/– (referred to as DKO) 

were used for in vivo atherosclerotic studies. All mice were housed in the Bioresources 

facilities at SAHMRI (Adelaide, Australia).  

 

Apoe–/– (B6.129P2-ApoEtm1Unc/J) and Ldlr–/– mice (B6.129S7-Ldlrtm1Her/J) on C57BL/6J 

background were purchased from Jackson Laboratory (Bar Harbor, ME, USA). SKO and DKO 

mice were generated in-house by crossing Eef2k+/+ with Ldlr–/– and Eef2k–/– with Ldlr–/– mice 

respectively. 

 

All in vivo mice were fed high cholesterol diet HCD containing 0.15% cholesterol and 21% fat 

(Specialty Feeds, Perth, Australia) for 4 w or 16 w, as specified in Chapters 3 to 5, starting 

from 8 w of age, to induce aortic atherosclerotic plaques.  

 

2.4.1 Animal ethics 

All experimental procedures and animal care were performed in accordance with the National 

Health and Medical Research Council (NHMRC) research guidelines and Australian Code for 

the Care and Use of Animals for Scientific Purposes.  

 

Ethics approval for Chapter 3 collaborative studies was obtained from SAHMRI (ID 

#SAM182) and AMREP (Alfred Medical Research and Education Precinct) (ID 

#7174,E/1904/2019B) animal ethics committees. 
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Ethics approval for Chapters 4 and 5 was obtained from SAHMRI (ID #SAM180, #SAM182, 

#SAM266) animal ethics committee.  

 

2.5 Human specimens 

Human blood was collected from patients undergoing cardiothoracic or vascular surgery at the 

Royal Adelaide Hospital. Clinical data were gathered from case notes and electronic patient 

records at the time of consent.  

 

2.5.1 Human ethics 

Specimen and data collection from human patients were in accordance with approved human 

ethics with Central Adelaide Local Health Network (HREC/18/CALHN/95). 
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2.6 Methods 

2.6.1 Generic methods 

2.6.1.1 Cryopreservation of cells 

The following technique of cryopreservation was universally applied for all cell types. Cells 

were suspended in freezing media. The cell suspension was then aliquoted quickly into 

cryoampoules (1-6x106 cells per 2 mL ampoule) which were placed in a cooled (4°C) freezer 

container, before transferring to -80°C for a minimum of 24 h. Once frozen, ampoules were 

stored in liquid nitrogen (-196°C). 

 

2.6.1.2 Resuscitation of cryopreserved cells 

Cell ampoules were removed from liquid nitrogen and thawed rapidly in a 37°C water bath for 

approximately 2 min. The thawed cell suspension was transferred quickly to a 50 mL Falcon® 

tube already filled with respective cell media (warmed to 37°C). Cells were then pelleted by 

centrifugation at 400 g, at 22°C for 5 min. The supernatant was aspirated, and cells were 

washed a further two times with cell media to remove any residual DMSO. 

 

2.6.1.3 Cell counts and viability  

Cell concentration was determined by diluting the cell suspensions in cell media, while cell 

viability was assessed by diluting samples with 0.1% trypan blue solution. 10 µL of these 

suspensions was transferred to a haemocytometer counting chamber. The average number of 

cells per square in the middle large square was then counted to calculate the concentration of 

cells as follows: 
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Cell concentration (cells/mL) = average number of cells per square × dilution factor × 104 

 

2.6.2 Preparation of single cells 

2.6.2.1 Isolation of mouse BM cells 

BM cells were isolated from tibias and femurs of C57BL/6J male and female adult mice and 

were cleaned thoroughly using gauze and 1xPBS to dispose of flesh. The attached bones were 

separated into the 4 bones (2 from each leg). Under sterile conditions, 2 mL Eppendorf tubes 

were inserted on top of a round bottom sterile polystyrene 5 mL tube. The 2 mL Eppendorf 

tube was then perforated with 4 holes at the bottom using 19 G needles. The top Eppendorf 

tube was filled with 500 µL of warmed 1×PBS (in 37°C water bath). The ends of each bone 

were cut using scissors and were placed in the top 2 mL tubes (2 bones/tube, 2 tubes/mouse) 

using tweezers. The caps were tightened, and cells were then pelleted by centrifugation at 800 

g, at 22°C for 5 min. Each mouse’s cells were then pooled into a 50 mL Falcon® tube and 9 

mL of cold (4°C) ammonium chloride was added and incubated for 8 min on ice to achieve 

lysis of RBCs. Ammonium chloride was then neutralised by 1×PBS which was added up to 30 

mL. Cells were again pelleted by centrifugation at 400 g, at 22°C for 5 min. Cells were washed 

once more with 1×PBS using the same centrifugation settings.  

 

For flow cytometry, BM cells were resuspended in IMDM+.  

 

2.6.2.2 Culturing mouse bone marrow cells 

BM cells were cultured at a density of 5x105 cells/well/2 mL in ultra-low binding 6-well plates 

in mouse macrophage culture media. Medium was changed every 3 days until day 7, following 



Chapter 2 – Materials and Methods 

 

  

 

96 

which BMDMs were formed and were harvested with warm 1×PBS and centrifuged at 400 g, 

at 22°C for 5 min.  

 

2.6.2.3 Treating mouse BMDMs 

Following harvesting, cells were then resuspended in mouse macrophage culture media.  

BMDMs were then re-seeded using the following densities. The type of plate used was 

determined depending on the experiment. 

 

Table 2 - 4: Culture plates and cell density used  

 

Plate type Growth area Number of cells/well mL/well 

6-well 9.5 cm2 1x106 2 mL 

24-well 1.9 cm2 2.5x105 1 mL 

96-well 0.32 cm2 2.5x104 100 µL 

Confocal plates 1 cm2 3x104 200 µL 

 

2.6.2.4 BMDM treating conditions 

To induce M1-like and M2-like macrophage polarisation, BMDMs were cultured in mouse M1 

and M2 media, respectively. To induce foam cell formation, mouse macrophage media was 

supplemented with 25 μg/mL native LDL (nLDL), MPO-oxidised LDL (oxLDL), acetylated 

LDL (acLDL), copper sulphate (CuSO4)-modified-LDL or cholesterol crystals (CCs) for 48 h. 

The specific atherogenic stimuli used for each experiment are detailed in Chapters 3 to 5. 
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2.6.2.5 Aortic cells  

Following euthanasia of mice, aortic single cell digests were prepared as previously 

published367. Briefly, aortas were dissected out intact along their entire length from aortic valve 

to iliac bifurcation and flushed extensively with 1×PBS using a 27 G needle. Using 

microscopic dissection, the aortas were cleaned with the removal of surrounding perivascular 

fat. Aortas were then cut into smaller pieces using sterile surgical blades which were then 

incubated for up to 2 h at 37°C (vortex mixing every 30 min) in a solution containing 

Liberase™ (50 μg/mL). Aortic digests were then neutralised in IMDM+ and washed, before 

performing cell counts. 

 

2.6.2.6 Blood cells  

Following sacrifice, 1 mL of blood was collected via cardiac puncture in ethylenediamine tetra 

acetic acid (EDTA) coated blood collection tubes. For any blood sample that did not reach 1 

mL, 1×PBS was added to make up the remaining volume. Samples were then incubated in 9 

mL of ammonium chloride on ice for 8 min following which the suspension was washed with 

1×PBS and then resuspended in IMDM+, before performing cell counts. 

 

2.6.2.7 Spleen cells  

Following sacrifice, single cell suspensions from spleen were prepared using published 

methods367. Briefly, this was achieved by forceful filtering of the intact spleen against a 40 μm 

cell-strainer following which the cells were washed with 1×PBS and then resuspended in 

IMDM+, before performing cell counts. 
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2.6.2.8 Peritoneal macrophages 

Macrophages were harvested from the peritoneal cavity of mice at the end of study by injecting 

5 mL of cold PBS intraperitoneally (this was performed before blood was taken via cardiac 

puncture). After the PBS injection, the mouse abdomen was massaged for 30 sec, following 

which the peritoneal cavity was opened and up to 5 mL of peritoneal fluid was collected using 

sterile Pasteur pipettes. Peritoneal isolates were centrifuged at 400 g at 22°C for 5 min. Cells 

were resuspended in mouse macrophage culture media, before performing cell counts for use 

in subsequent experiments (at a concentration of 5x105 cells/mL). 

 

2.6.3 Preparation of atherogenic stimuli 

2.6.3.1 nLDL 

nLDL (d = 1.019 to 1.063 g/mL) was isolated by sequential ultracentrifugation of EDTA- 

anticoagulated fasting plasma obtained from healthy normolipidemic volunteers as described 

previously368. Briefly, plasma was separated by centrifugation at 800 g at 4°C for 20 min. The 

density of plasma was adjusted to 1.020 g/mL using sodium bromide (NaBr) (d = 1.5 g/mL) 

and centrifuged at 50 000 rpm at 4°C for 18 h with no brake during deceleration using a Type 

50.2 Ti rotor. The bottom layer (d > 1.020 g/mL) was collected and re-adjusted to a density of 

1.065 g/mL. The solution was centrifuged again at 50,000 rpm at 4 °C for 18 h with no brake. 

The top layer (d < 1.065 g/mL) was collected and dialysed against 1×PBS containing 10μM 

EDTA for 3 overnights (O/Ns) (1×PBS was changed every day). After filtration through a 0.22 

µm filter, final protein concentration of LDL was determined using BCA protein assay. 
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2.6.3.2 oxLDL 

Myeloperoxidase (MPO) (1 μg/mL), sodium hypochlorite (NaOCl) (100 mmol/L), hydrogen 

peroxide (H2O2) (20 μmol/L) and diethylene-triamine-penta-acetic acid (DTPA) (100 μmol/L) 

were added to 10 mL of approximately 2 mg/mL nLDL and incubated at 37°C, strictly for 1 h 

(concentrations were adjusted accordingly depending on the concentration of nLDL). The tube 

was then transferred on to ice for 5 min to stop the oxidation reaction. The oxLDL was then 

dialysed against 1×PBS for 3 O/Ns (1×PBS was changed every day). After filtration through 

a 0.22 m filter, final protein concentration of oxLDL was determined using BCA protein 

assay. Thiobarbituric acid-reactive substances (TBARS, a marker of lipid peroxidation) was 

used to assess oxidation. 

 

2.6.3.3 acLDL 

nLDL was acetylated using published methods369. In brief, 1 mL of 0.15 M sodium chloride 

(NaCl) was added to 16 mg of nLDL total protein#. Then, 1 mL of sodium acetate (NaOAc) 

was added with continuous stirring in an ice-water bath. Next, acetic anhydride was added in 

multiple small aliquots (2 uL) over a period of 1h with continuous stirring. After the addition 

of a total mass of acetic anhydride$ equal to 1.5 times the mass of protein used, the mixture 

was stirred for an additional 30 min without further additions.  

# LDL total protein = ug/mL × total number of mL  

$ Mass of acetic anhydride = 1.5 × LDL total protein  

 The reaction solution was then dialysed overnight at 4°C against 1×PBS containing 0.15 

mol/L NaCI and 0.3 mmol/L EDTA, pH 7.4. After filtration through a 0.22 m filter, protein 

concentration of acLDL was determined using BCA protein assay. 
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2.6.3.4 CuSO4-modified-LDL 

Copper oxidation was performed by incubating nLDL (1 mg/mL) with 1 μmol/L copper sulfate 

(CuSO4) in 1×PBS at 37°C for 24 h. The modified LDL was then dialysed against 1×PBS with 

10 μmol/L EDTA O/N at 4°C. After filtration through a 0.22 m filter, protein concentration 

of CuSO4-modified-LDL was determined using BCA protein assay. 

 

2.6.3.5 DiI-bound LDL 

DiI stock solution was prepared by dissolving 100 μg of DiI in 1 mL of DMSO (1 μg/10μl). 15 

l of Dil (1 μg/10ul) per mL of lipoprotein was added to the lipoprotein while the solution was 

gently vortex mixed. The solution was filter sterilised and incubated at 37°C for 15 h. The 

density was raised to1.063 g/mL with potassium bromide (KBr). Lipoproteins were isolated at 

4°C by centrifugation for 20 h at 49,000 rpm in a Beckman 50.2 Ti rotor. Samples were 

collected by tube-slicing from the top of the centrifuge tube. Dil-labelled lipoproteins were 

dialysed against NaCl, 0.01% EDTA, and were filtered. 

 

2.6.3.6 Cholesterol Crystals (CCs) 

CCs were prepared as previously published169. Briefly, 100 mg of ultrapure cholesterol was 

dissolved in 50 mL of 99% isopropanol. The solution was mixed with endotoxin free water 

(1:1.5) and allowed to stand for 10 min for monohydrate crystals to stabilise. Isopropanol was 

removed by evaporation in a fume hood for a week. Subsequently, using a mortar and pestle, 

CC were pulverised to smaller particles measuring ~ ≤10 µm in size, resuspended in PBS and 

autoclaved before experimental use. 
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2.6.7 In vivo specific techniques 

2.6.7.1 Induction of stable atherosclerosis 

For the stable, de novo atherosclerosis study in Chapter 3, male Apoe–/– mice were maintained 

on an atherogenic HCD for 16 w from 8 w of age. Mice were randomly assigned to one of four 

treatments administered by daily oral gavage for the latter 12w of HCD: 1) PBS, 2) colchicine 

at 0.102 mg/kg, 3) atorvastatin at 2.05 mg/kg, or 4) the combination of colchicine and 

atorvastatin at these doses. Colchicine and atorvastatin doses for oral gavage were calculated 

to represent human equivalent doses of 0.5 mg/day and 10 mg/day respectively, based on body 

surface area as previously described370.  

 

For the stable, de novo atherosclerosis study in Chapter 5, male SKO and DKO mice were 

maintained on an atherogenic HCD for 16 w from 8 w of age. 

 

All mice were weighed weekly and blood samples were collected via lateral tail vein and 

cardiac puncture at the start and end of the study respectively. At the end of the treatment 

period, mice were humanely sacrificed, followed by flushing of aorta with cold PBS and 

harvesting of tissues. 

 

2.6.7.2 Induction of unstable atherosclerosis 

The tandem stenosis model of unstable plaque was induced as previously published300. Apoe-/- 

mice were commenced on HCD at 6 w of age. At 12 w of age they underwent surgery under 

isoflurane anaesthesia to create a tandem stenosis (150 μm outer diameter) around the right 

common carotid artery, with the distal point 1 mm from the carotid artery bifurcation and 
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proximal point 3 mm from the distal stenosis300. Immediately after surgery, mice were 

commenced on PBS or colchicine treatment which was added at a dose of 41 mg/L to drinking 

water ad libitum. Water consumption was monitored every 2 days. Mice continued HCD and 

treatment for a further 7 w until sacrifice and tissue harvest. The right carotid artery was divided 

into segments for analysis, with focus on segment I, proximal to the tandem stenosis, as 

previously published300. 

 

2.6.7.3 Oil Red O staining of aortas 

Aortas were collected intact from the base of the ascending aorta to the iliac bifurcation, with 

the aortic root collected separately attached to the heart. Whole aortas were dissected and fixed 

in 10% neutral buffered formalin (NBF) for at least 24 h and then stained with ORO working 

solution, after which they were opened longitudinally and pinned onto wax plates to detect and 

quantify ORO+ plaques under light microscopy.  

 

2.6.7.4 IHC of aortic sinuses 

Aortic sinuses were fixed in NBF, processed and embedded in optimum cutting temperature 

compound (OCT) or paraffin, before cutting into 5 μm sections on the aortic valve plane. To 

quantify lesion area, 3 sections were chosen from the base, middle and top of the aortic sinuses, 

being approximately 80 μm apart across a standardised 160 μm area.  

 

In order to stain, sections were rinsed in 1×PBS and nonspecific sites were blocked with 5% 

normal goat serum in 1×PBS supplemented with 0.1% Tween. They were stained with 

haematoxylin and eosin, Masson’s Trichrome or ORO for evaluation of lesion area, collagen 
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and lipid content, respectively. In addition to these stains in the carotid artery tandem stenosis 

study, we also performed Picrosirius red staining and defined plaque cap thickness as the 

positive Picrosirius red staining under polarised light. Fibrous cap-to-necrotic core ratio was 

defined as the ratio of the cap thickness divided by total necrotic core area371. For evaluation 

of plaque macrophage content, paraffin sections were stained with mouse anti-CD68 O/N at 

RT. This was followed by a secondary anti-rat horse radish peroxidase conjugated antibody. 

To assess smooth muscle cell content, proliferation and apoptosis, paraffin sections were 

incubated with alkaline phosphatase-conjugated anti-alpha-smooth muscle actin, Ki67 and 

TUNEL respectively. Following incubation, sections were rinsed with 1×PBS-T and visualised 

with Vector Red alkaline phosphatase substrate according to manufacturer’s instructions. 

Sections (n=3 per mouse) were scanned using NanoZoomer HT Digital Scanner at ×40 

magnification and quantified using digitised microscopic images with Image Pro-Plus 

software. The complete list of reagents used for immunohistochemistry is provided in Table 

2-5. 
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Table 2 - 5: Reagents for immunohistochemistry  

 

Antibody target Catalog #, Manufacturer 

Anti-Actin, α-smooth muscle - alkaline phosphatase #A5691, Sigma-Aldrich Inc., MO, USA 

Anti-CD68 antibody [FA-11] #ab53444, Abcam, Cambridge, UK 

Haematoxylin and Eosin (H&E) #MH-500 and EOA-1-500, Amber Scientific, WA, Australia 

Masson’s Trichrome #AMT.K, Australian Biostain, VIC, Australia 

Oil Red O  #O0625, Sigma-Aldrich Inc., MO, USA 

Picrosirius Red #365548, Sigma-Aldrich Inc., MO, USA 

Rabbit monoclonal [SP6] to Ki67 #ab16667, Abcam, Cambridge, UK 

TUNEL #M1875, Promega, Madison, WI, USA 

 

2.6.7.5 Detection of plasma lipids  

Plasma lipids were measured using enzymatic assays, LabAssay™ Cholesterol, Free 

Cholesterol, HDL Cholesterol kit and Triglyceride kits on EDTA coated blood plasma using 

according manufacturer’s instructions. 

 

2.6.7.6 Measurement of plasma cytokines 

IL-1 and IL-18 in mouse plasma (50 µL) were probed using ELISA kits following the 

manufacturer's instructions. Mouse plasma IL-6 and TNF-α were measured using CBA 

inflammation kit and flow cytometry following manufacturer's instructions. 
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2.6.8 Macrophage function assays 

2.6.8.1 Uptake assay 

After 7 days in culture, cells were incubated with fresh mouse M0 media for 1 h at 37°C. Then 

50 μg/mL DiI-oxLDL was added for 2 h. Cells were washed with 1×PBS and were harvested 

for analysis by Flow Cytometry. 

 

2.6.8.2 Cholesterol efflux assay 

Cholesterol efflux was performed as published previously372. BMDMs were incubated with 

complete medium containing [3H]-cholesterol (1μCi/well) for 24 h and thereafter equilibrated 

for 18h in serum-free RPMI-1640 medium. Cells were then incubated with 25 µg/mL HDL or 

10 µg/mL ApoA-1 as an acceptor for 4 h. Cell supernatants and lysates were harvested 

separately, and radioactivity was measured via scintillation using Scintillation Counter Tri-

Carb 2810R. 

 

2.6.8.3 Phagocytosis assay 

Colchicine (Chapter 3) or JAN-384 (Chapter 4) treated (for 24 h) BMDMs were incubated for 

a further 24 h with PE-conjugated (~300 nm) phagocytic beads (donated by Dr Alfonso Garcia-

Bennett, Macquarie University, Sydney) and analysed by flow cytometry.  
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2.6.8.4 Foam cell assay 

Macrophages were incubated with 25 μg/mL of nLDL, oxLDL, acLDL, CuSO4-modified-LDL 

or CC for 48h to generate foam cells. Following culture, non-adherent cells were removed by 

gently washing the cells with 1×PBS, and adherent cells were fixed with NBF for 30 min. 

After fixing, cells were washed with endotoxin-free water and stained with 0.3% ORO for 45 

min, washed again in endotoxin-free water and evaluated by light microscopy. Ten non-

overlapping images were captured per well (avoiding the edges of the wells) at ×40 

magnification using an Olympus CKX31 microscope. The percentage of ORO+ foam cells was 

determined from the total cell count of each well. The wells were then de-stained with 60% 

isopropanol for 15 sec and washed in endotoxin-free water 3 times. 99% isopropanol was added 

for 1 min to extract the intracellular ORO and the optical absorbance was measured at 405 nm 

using Promega GloMax® Discover plate reader. Cells with more than 6 lipid droplets were 

considered ‘foam cells’ and were counted using Fiji (Image J). 

 

2.6.8.5 WST-1 assay 

Cell growth inhibition was assessed by performing WST-1 assay according to manufacturer’s 

protocol. 
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2.6.9 Cytochemistry analysis 

2.6.9.1 Confocal microscopy 

BMDMs were seeded in 4-well chamber slides at a density of 3×104 cells/well. Following 

treatments, cells were washed twice with 1×PBS, fixed for 10 min with 4% paraformaldehyde 

and washed twice again. They were then incubated with Phalloidin-iFluor 488 for 20 min at 

RT, washed 3 times with 1×PBS and then counterstained with Hoechst. Slides were imaged 

using a Leica TCS SP8X/MP confocal microscope. Confocal reflection microscopy was used 

to detect intracellular CC in Chapter 3 as previously described168. Reflection was captured by 

placing the detector channel directly over the wavelength of the selected laser channel for 

reflection light capture and the Acousto-Optic Beam Splitter was set to allow 5–15% of laser 

light into the collection channel. The mean reflected light intensity was quantified for each 

image using Fiji (Image J). 

 

2.6.9.2 Flow cytometry 

Cell suspensions from the various tissue sources were resuspended in aliquots of ≤106 cells in 

100 µL of BD stain buffer. After blocking for 15 min at 4°C, cells were incubated for 30 min 

with fluorochrome-conjugated anti-mouse monoclonal antibodies to different surface markers. 

For non-conjugated antibodies, after blocking for 15 min at 4°C, cells were incubated for 30 

min at 4°C with primary antibodies. Cells were then washed with stain buffer and incubated 

with a fluorophore-conjugated secondary antibody for 30 min at 4°C. All samples were then 

washed and fixed in BD fixation buffer. A complete list of antibodies used for flow cytometry 

is provided in Table 2-6.  
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In Chapter 3 collaborative studies, proliferation of different cell populations was determined 

by in vivo labelling with bromodeoxyuridine (BrdU) by injecting 100 µL of BrdU 

intraperitoneally 2h before sacrifice. BrdU incorporation was measured using an APC-

conjugated anti-BrdU antibody according to the manufacturer’s instructions. In Chapters 3 and 

4, standard propidium iodide (PI) staining of cells was performed as described373. All samples 

were run on a BD LSRFortessa™ X-20 Analyser and list mode data files were analysed with 

FlowJo™ version 10.5.3 software. Gating was performed based on light scatter morphology to 

exclude cell debris and expression thresholds were set at fluorescence intensities of unstained 

and fluorescence minus one (FMO) controls.  

 

Table 2 - 6: Reagents for flow cytometry 

 

Reagent Catalog #, Manufacturer 

Conjugated primary antibodies  

6PerCp-CyTM5.5 Rat Anti-mouse CD19 #551001, BD Pharmingen™, NJ, USA 

APC Anti-BrdU #555627, BD Pharmingen™, NJ, USA 

APC Rat Anti-mouse CD36 #562744, BD Pharmingen™, NJ, USA 

APC-CyTM7 Rat Anti-CD11b #557657, BD Pharmingen™, NJ, USA 

BUV395 Mouse anti-mouse CD45.2 #564616, BD Horizon™, CA, USA 

BV605 Rat Anti-mouse Ly-6C #563011, BD Pharmingen™, NJ, USA 

BV650 Rat Anti-mouse CD86 #564200, BD Horizon™, CA, USA 

BV786 Rat Anti-mouse Ly-6A/E #563991, BD Horizon™, CA, USA 

FITC Anti-mouse F4/80 #123108, BioLegend, CA, USA 

PE Mouse Anti-mouse CD36 #562702, BD Pharmingen™, NJ, USA 

PE-CF594 Hamster Anti-mouse CD11c #562454, BD Pharmingen™, NJ, USA 

Pe/Cy7 Anti-mouse CD206 (MMR) #141720, BioLegend, CA, USA 
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Pe/Cy7 Anti-mouse F4/80 #123141, BioLegend, CA, USA 

PerCp-CyTM5.5 Mouse Anti-mouse NK-1.1 #55114, BD Pharmingen™, NJ, USA 

PerCp-CyTM5.5 Rat Anti-mouse CD3 #560527, BD Pharmingen™, NJ, USA 

PerCp-CyTM5.5 Rat Anti-mouse CD31 #562861, BD Pharmingen™, NJ, USA 

PerCp-CyTM5.5 Rat Anti-mouse CD45R/B220 #552771, BD Pharmingen™, NJ, USA 

PerCp-CyTM5.5 Rat Anti-mouse Ly-6G #560602, BD Pharmingen™, NJ, USA 

PerCp-CyTM5.5 Rat Anti-mouse Ter-119 #560512, BD Pharmingen™, NJ, USA 

Non conjugated primary antibodies  

Anti-ABCA1 #ab18180, Abcam, Cambridge, UK 

Anti-ABCG1 #ab218528, Abcam, Cambridge, UK 

Anti-LOX1 #ab60178, Abcam, Cambridge, UK 

Anti-SR-A1 #ab123946, Abcam, Cambridge, UK 

Anti-SR-B1 #ab106572, Abcam, Cambridge, UK 

Conjugated secondary antibodies  

Alexa-FluorTM 488 Goat Anti-Rabbit IgG #A11034, Life TechnologiesTM, CA, USA 

Alexa-FluorTM 594 Goat Anti-Mouse IgG2a #A21135, Life TechnologiesTM, CA, USA 

Others  

7-AAD #559925, BD Pharmingen™, NJ, USA 

BDTM Comp Beads Anti-Mouse Ig,  #51-90-9001229, BD Biosciences, CA, USA 

BDTM Comp Beads Anti-Rat and Anti-Hamster Ig,  #51-90-9000949, BD Biosciences, CA, USA 

BDTM Comp Beads Negative Control #51-90-9001291, BD Biosciences, CA, USA 

Brilliant Stain Buffer #566349, BD Biosciences, CA, USA 

CellTrace™ CFSE Cell Proliferation Kit #C34554, ThermoFisher Scientific, MA, USA 

Cytofix #554655, BD Pharmingen™, NJ, USA 

Fixable Viability Stain 700  #5649997, BD Horizon™, CA, USA 

Propidium Iodide (PI) #P4170, Sigma-Aldrich Inc., MO, USA 

Purified Rat Anti-mouse CD16/CD32 (Mouse BD Fc Block) #553142, BD Pharmingen™, NJ, USA 

Stain Buffer (FBS) #554656, BD Pharmingen™, NJ, USA 
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2.6.11 Molecular biology techniques 

2.6.11.1 RNA isolation from cells and tissues 

Following experimental treatments, cells were washed twice with cold 1×PBS. Total RNA was 

extracted by scraping cells in 500 µL of TRI reagent (per well in a 6-well plate) before 

transferring the lysates to autoclaved 1.5 mL Eppendorf tubes. Similarly, 500 µL TRI reagent 

was added to homogenised tissues in an autoclaved 1.5 mL Eppendorf tubes. 50 µL 1-bromo-

3-chloropropane (BCP) was added to each sample and the tubes were vigorously vortex mixed 

for 15 sec to ensure complete mixing of both aqueous and organic phases. Samples then 

underwent centrifugation at 14,000 rpm for 15 min at 4°C. The topmost aqueous layer was 

carefully transferred to a separate autoclaved 1.5 mL tube containing 250 µL of isopropanol 

prior to storing at –20°C at least O/N. The samples were then briefly vortex mixed and 

centrifuged at 14,000 rpm for 15 min at 4°C. The supernatant was carefully removed, and the 

remaining cell pellet was washed with 250 µL ice-cold 70% (v/v) molecular-grade ethanol. 

The samples were vortex mixed and centrifuged again at 14,000 rpm for 10 min at 4°C. The 

ethanol wash was removed, and the pellet allowed to air-dry in a fume hood for 5-10 min prior 

to dissolution in 20 µL of nuclease-free water pre-warmed to 60°C. To facilitate complete 

dissolution, samples were further agitated in a Thermoshaker at 300 rpm for 5 min at 60°C. 

The extracted RNA was kept on ice or stored at –80°C prior to quantitation. 

 

2.6.11.2 RNA quantification 

The quantity of RNA in each sample was determined using a spectrophotometer. Absorbance 

was measured at 260 nm (A260) and 280 nm (A280), and the purity of the extracted RNA was 

determined from the absorbance ratio (A260/A280), with a value between 1.7 to 2.0 considered 
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acceptable purity. All RNA samples were normalised to a concentration of 200 ± 5 ng/µL and 

stored at –80°C until further use. 

 

2.6.11.3 Reverse transcription 

Complementary DNA (cDNA) was synthesised by reverse transcription of 200 ng total RNA 

from each sample using the iScript cDNA Synthesis Kit, performed in triplicate as per the 

component volumes outlined in Table 2-7. The reactions were performed with a T100 Thermo 

Cycler, using a pre-set protocol for first-strand cDNA synthesis: annealing at 25°C for 5 min, 

extension at 42°C for 30 min, and inactivation at 95°C for 5 min. Triplicate cDNA samples 

were pooled and diluted 1:5 in nuclease-free water, then stored at –20°C until further use. 

Table 2 - 7: Reverse transcription reagents and quantities used. 

 

Reagent Volume / reaction (µL) 

Iscript 4  

Water 3 

RNA (200 ng/µL) 5  

 

2.6.11.3 Quantitative polymerase chain reaction (q-PCR) 

The mRNA expression levels of the genes of interest and reference housekeeper gene were 

measured in triplicate by quantitative real-time PCR (q-PCR) using the SYBR Green 

fluorophore in a Bio-Rad CFX96 thermocycler. All amplicons were amplified according to the 

reaction mix outlined in Table 2.8, which includes iQ SYBR Green Supermix and 20 pmol/L 

each of the forward and reverse primers. The primers were designed using the Primer-BLAST 

program (National Center Biotechnology Information, Bethesda, MD, USA) and then 



Chapter 2 – Materials and Methods 

 

  

 

112 

purchased (Table 2.9). All plates were centrifuged at 800 rpm for 1 min to ensure all contents 

were spun down prior to commencing real-time PCR. The PCR cycling protocol was comprised 

of initial denaturation and enzyme activation at 95°C for 3 min, followed by 40 cycles 

comprised of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec and extension at 

72°C for 30 sec. A non-template control was included to monitor contamination and primer-

dimer formation that could lead to false positive results. Relative changes in mRNA expression 

were calculated using the ΔΔCt method374, normalised to actin. Melt curve analysis was 

performed to confirm a single product in each reaction. 

 

Table 2 - 8: Components required for SYBR master mix to perform q-PCR 

 

Component Volume / reaction (µL) 

Forward Primer (10µM) 0.6  

Reverse Primer (10µM) 0.6  

SYBR Green 7.5  

RNAse-free water 3.3  

cDNA (from 1:5 dilution) 3.0  

 

Table 2 - 9: Interest and reference housekeeper gene sequences used for q-PCR. 

All primers were acquired from Sigma-Aldrich or Life Technologies. 

Primer  Sequence 

Abca1-F 5'- CGT GAA AGC AGA GAT GGA GC-3' 

Abca1-R 5'- CCA TAT TCC CCT GCG AGA GT-3' 

Abcg1-F 5'- GAT GAG TGT TTT CCT CCG GG-3' 

Abcg1-R 5'- CAG CTC CAA TCA GTA GGC CT-3' 
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Actb-F 5'- CTT TTC CAG CCT TCC TTC TTG G-3' 

Actb-R 5'- CAG CAC TGT GTT GGC ATA GAG G-3' 

Arg1-F 5'- CAT TGG CTT GCG AGA CGT AGA C-3' 

Arg1-R 5'- GCC TTT TCT TCC TTC CCA GCA G-3' 

Asc-F 5'- CTT GTC AGG GGA TGA ACT CAA AA-3' 

Asc-R 5'- GCC ATA CGA CTC CAG ATA GTA-3' 

Casp1-F 5'- CTT GGA GAC ATC CTG TCA GGG-3' 

Casp1-R 5'- AGT CAC AAG ACC AGG CAT ATA TTC T-3' 

Cd206-F 5'-GCA AGG AAG GTT GGC ATT TGT A-3' 

Cd206-R 5'- TCC TTT CAG TCC TTT GCA AGC-3' 

Cd36-F 5'- GGA TCT GAA ATC GAC CTT AAA G-3' 

Cd36-R 5'- TAG CTG GCT TGA CCA ATA TGT T-3' 

Fizz1-F 5'- ACT GCC TGT GCT TAC TCG TTG ACT-3' 

Fizz1-R 5'- AAA GCT GGG TTC TCC ACC TCT TCA -3' 

Il18-F 5'- GAC TCT TGC GTC AAC TT AAG G-3' 

Il18-R 5'- CAG GCT GTC TTT TGT CAA CGA-3' 

Il1a-F 5'- TCT CAG ATT CAC AAC TGT TCG TG-3' 

Il1a-R 5'- AGA AAA TGA GGT CGG TCT CAC TA-3' 

Il1b-F 5'- ACC TGT CCT GTG TAA TGA AAG ACG-3' 

Il1b-R 5'- TGG GTA TTG CTT GGG ATC C-3' 

Il6-F 5'- GGT GAC AAC CAC GGC CTT CCC-3' 

Il6-R 5'-AAG CCT CCG ACT TGT GAA GTG GT-3' 

Nlrp3-F 5'- ATC AAC AGG CGA GAC CTC TG-3' 

Nlrp3-R 5'- GTC CTC CTG GCA TAC CAT AGA-3' 

Nos2-F 5'- AGC CTT GCA TCC TCA TTG GGA CTG-3' 

Nos2-R 5'- ATG CGG CCT CCT TTG AGC CCT TTG-3' 

Rela-F 5'- GCT TAG GAG GGA GAG CCC AC-3' 

Rela-R 5'- TGG ATC ATC TTC TTC TGC CAT TGT-3' 
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Sra1-F 5'- AAG TAT CAG CAG AAG TCC AGT-3' 

Sra1-R 5'- TCC TTC AGT CTG AGG TCG TTG-3' 

Srb1-F 5'- CCC CGT CCC TTT CTA CTT GT-3' 

Srb1-R 5'- TGT CAG GCT GGA AAT GGA GG-3' 

Tnfa-F  5'- CGC TCT TCT GTC TAC TGA ACT T-3' 

Tnfa-R 5'- GAT GAG AGG GAG GCC ATT-3' 

 

2.6.11.4 Primer efficiency testing 

Primer pairs were assessed for amplification efficiency by generating a dilution series of cDNA 

covering four dilution points (undiluted, 1:5, 1:25, 1:125) and performing q-PCR analysis, as 

detailed above. Average Ct values were plotted against quantity (1, 0.2, 0.04, 0.008) on an X-

log scale. A linear regression was performed, and the slope of the curve was then used to 

determine amplification efficiency according to: 

Efficiency (%) = (10
-1

slope - 1) × 100 

Primers with efficiencies between 90-110% were considered efficient. 

 

2.6.11.5 Extraction of genomic DNA for characterisation of DKO mice 

To perform genotyping of animals from the SKO and DKO colonies, genomic DNA was 

extracted from the livers of a random selection of mice after euthanasia. Each tissue sample 

was digested by agitation on an Eppendorf Thermoshaker for 2 h at 950 rpm and 55°C in 100 

µL genomic DNA lysis buffer (10 mM Tris [pH 8.0], 10 mM EDTA [pH 8.0], 100 mM NaCl, 

0.5% sodium dodecyl sulfate) and 5 µL of 10 mg/mL Proteinase K in MilliQ water. After this, 

30 µL of 5 mol/L NaCl was added to each sample and the tubes were incubated for 5 min at 
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RT prior to centrifugation at 13,200 rpm for 15 min. 105 µL of supernatant was transferred to 

fresh tubes and an equal volume of isopropanol was added to each sample. This mixture was 

incubated for 10 min at RT then centrifuged again at 13,200 rpm for 30 min. The supernatant 

was discarded, and the cell pellet was incubated for 15 min at RT with 1 mL of 70% (v/v) 

molecular-grade ethanol prior to further centrifugation at 13,200 rpm for 30 min. The 

supernatant was again discarded, and the DNA pellet was dried on a heat block at 55°C for 5 

min before finally resuspending in 50 µL of MilliQ water. The extracted DNA was stored at –

20°C until further use. 

 

2.6.11.6 Amplification of Ldlr and Eef2k alleles by PCR 

PCR was performed to amplify Eef2k and Ldlr alleles in the extracted genomic DNA using 

GoTaq® Hot Start Green Master Mix together with the forward and reverse primers for mouse 

Eef2k and Ldlr using the reaction volumes detailed in Table 2-10. The PCR was performed on 

a BioRad T100 Thermal Cycler using the following protocol: 95°C for 3 min, then 45 cycles 

of 94°C for 30 sec, 63°C for 60 sec and 72°C for 90 sec, followed by 72°C for 5 min. The 

amplified DNA samples were stored at 4°C until further use. 

 

Table 2 - 10: Assembly of components for PCR 

 

Component Quantity / reaction 

Forward Primer (10µM) 200 nM 

Reverse Primer (10µM) 200 nM 

OneTaq Hot Start QuickLoad Mastermix (2x) 1x 

RNAse-free water 25 – 50 µL 

DNA template 10 – 100 ng 
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2.6.11.7 DNA gel electrophoresis 

The products of PCR amplification were characterised by agarose gel electrophoresis to 

determine the SKO and DKO genotype for each animal. A 1% (w/v) agarose gel was made by 

dissolving agarose in 1×TAE buffer. The fluorescent nucleic acid dye Biotium-GelRed™ was 

added at 1:10,000 dilution to facilitate the visualisation of bands. The agarose mixture was 

heated in a microwave for 2 min until fully dissolved, then poured into a gel electrophoresis 

tray with pre-placed gel combs. The agarose was allowed to solidify for at least 30 min then 

transferred to a gel tank and fully immersed in 1×TAE buffer. 10 µL of PCR product was 

loaded into each well of the agarose gel along with 1 µL of 1Kb Plus DNA Ladder to provide 

size standards for the bands. Each gel was run at 100 V for 30 min and then visualised on a 

Bio-Rad GelDoc XR+ using the GelRed™ filter. 

 

SKO animals were identified by a single band corresponding to 533 bp for Eef2k, while DKO 

that were homozygous for the mutant Eef2k allele were identified by a single band 

corresponding to about 229 bp. Both SKO and DKO mice were tested for a single band 

corresponding to Ldlr allele corresponding to 508 bp.  

 

2.6.11.8 Extraction of protein from cells and tissues 

After experimental treatments, cells were washed twice with 1×PBS. Cells were scraped in 

100 µL TNS lysis buffer containing phenylmethanesulfonyl fluoride solution (PMSF; 1:100 

dilution), protease inhibitor cocktail (PIC; 1:100 dilution) and phosphatase inhibitor. (1:100 

dilution). The cell lysates were transferred to autoclaved 1.5 mL Eppendorf tubes and were 

immediately heated at 95°C for 5 min. Samples were then cooled on ice for 5 min and each 
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sample was sonicated for 10 sec at 20% amplitude, spun down briefly, supernatant transferred 

to a new tube and was then stored at –80°C until further use. Similarly, for tissues, after 

homogenisation, tissue sample was transferred into autoclaved 1.5 mL Eppendorf tubes with 

the said lysis buffer and the steps were followed as mentioned above. 

 

2.6.11.9 Protein estimation  

An estimate of protein concentration for each sample was determined using the Pierce BCA 

Protein Assay Kit. In a 96-well plate, 10 µL of each standard solution was loaded in triplicate 

wells along with 10 µL of each sample in singlet wells. BCA reagent mix was prepared by 

combining 50 parts of reagent A with 1 part of reagent B (copper (II) sulfate), and 200 µL of 

this mixture was added to each standard or sample well. The plate was incubated at 37°C for 

30 min, after which the absorbance of each well was measured at 595 nm using GloMax for 

data acquisition and analysis. The standard curve was constructed by linear regression in 

GraphPad Prism and the unknown protein concentrations of each sample was interpolated from 

this standard curve. 

 

2.6.11.10 Western immunoblotting 

Equal amounts of protein (ranging between 5-20 μg in various experiments) from each whole 

cell lysate were prepared and loaded onto gels for Western blotting. To prepare samples, the 

required volume of protein was combined with 8 µL Bolt™ LDS Sample Buffer (4×) and 3 

µL Bolt™ Reducing Agent (10×) diluted 1:10 in distilled water from the stock provided. Each 

sample was made up to 30 µL with distilled water. Where the required volume of protein 

exceeded 30 µL, the volume was adjusted to accommodate the lowest concentration sample, 
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and the Bolt™ LDS Sample Buffer and diluted Bolt™ Reducing Agent were added in 1:4 and 

1:10 proportions respectively of the total protein plus distilled water volume. The samples were 

subsequently denatured by heating at 95–99°C for 5 min then immediately cooled on ice prior 

to loading onto pre-cast polyacrylamide Bolt™ 4-12% Bis-Tris Plus gels (10-, 12- or 17-wells). 

8 µL of Precision Plus Protein™ Dual Colour Standard was also loaded onto each gel as a 

ladder before running at 120 V for 75 min in 1× Bolt™ MES SDS Running Buffer that was 

diluted from 20× stock in distilled water. Proteins were then transferred onto nitrocellulose 

membranes using either regular or mini iBlot™ 2 Transfer Stacks on an iBlot™ 2 Gel Transfer 

Device running at 20-25V for 7 min. Successful protein transfer was confirmed by staining 

with Ponceau S solution (0.1% [w/v] Ponceau S in 5% [v/v] acetic acid). 

 

Membranes were then incubated in 5% (w/v) BSA in TBS buffer (no tween) on a rocking 

platform at RT to block non-specific binding sites for at least 1h. The membranes were then 

washed in TBST for 3×5 min each prior to probing with primary antibodies directed against 

the protein of interest made up in 1-2% (w/v) BSA in TBST. The membranes were incubated 

with primary antibody O/N on a rocking platform at 4°C, then washed again in TBST for 3×5 

min each before probing with the appropriate secondary antibodies made up in 1% (w/v) BSA 

in TBST on a rocking platform at RT for 2 h. Details of the antibodies used is provided in 

Table 2-11. 
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Table 2 - 11: Reagents used for western immunoblotting. 

 

Reagent Catelog#, Manufacturer 

Anti-Caspase-1  # ab138483, Abcam, Cambridge, UK 

Anti-GAPDH #G9545, Sigma-Aldrich Inc., MO, USA 

Anti-NLRP3  #15101, Cell Signalling Technology®, MA, USA 

Anti-SRA1 #ab123946, Abcam, Cambridge, UK 

CD36 Polyclonal Antibody #PA1-16813, Thermofisher Scientific, CA, USA 

Goat anti-mouse IgG/IgM. H/L Chains antibody [HRP] #NOVNBP230347H In Vitro Tech, VIC, Australia 

Goat anti-Rabbit IgG, H/L Chains Antibody [HRP] #NOVNBP230348h, In Vitro Tech, VIC, Australia 

Mouse monoclonal [AB.H10] to ABCA1 #ab18180, Abcam, Cambridge, UK 

Rabbit monoclonal [EP1366Y] to ABCG1 #ab52617, Abcam, Cambridge, UK 

Rabbit monoclonal [EP1556Y] to SR-BI #ab52629, Abcam, Cambridge, UK 

Rabbit polyclonal to IL-1β  #ab9722, Abcam, Cambridge, UK 

Rabbit polyclonal to LAMP1 #ab24170, Abcam, Cambridge, UK 

Rabbit polyclonal to LOX1 #ab60178, Abcam, Cambridge, UK 

Rabbit polyclonal to Mannose Receptor CD206 # ab64693, Abcam, Cambridge, UK 

Rabbit polyclonal to β-Actin  #ab8227, Abcam, Cambridge, UK 

 

2.6.11.11 Re-probing membranes 

Following incubation with secondary antibody, the membranes were again washed in TBST 

for 3×5 min each then developed by chemiluminescence using the ChemiDoc MP Imaging 

System by incubating each membrane for 3 min with 2 mL of Clarity Western Enhanced 

Chemiluminescence (ECL) Substrate, made up in a 1:1 ratio with Clarity Western Peroxide 

Reagent and Clarity Western Luminol/Enhancer Reagent. Images of the membranes were 

recorded with Image Lab Software (v.5.0, 170-9692, Bio-Rad). After this, membranes were 
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immersed in 10 mL of Restore™ Western Blot Stripping Buffer for 15 min on a rocking 

platform to remove all bound antibodies. After a single wash in TBST for 5 min, each 

membrane was blocked with 5% (w/v) BSA in TBST for at least 1h at RT prior to incubating 

with the next primary antibody.  

 

2.6.11.12 Routine PCR 

Routine PCR reactions were assembled using OneTaq HotStart QuickLoad MasterMix with 

Standard Buffer according to the manufacturer’s instructions using same quantities of 

components as mentioned previously in Table 2-10. The cycling conditions outlined in Table 

2-12 were used and all reactions were performed in a thermocycler.  

 

Table 2 - 12: Thermocycling conditions for PCR 

 

Step Temp (C) Time Cycles 

Initial denaturation  94 30 sec Hold 

Denaturation  94 30 sec 

30 Annealing 55 15 – 30 sec 

Extension 68 1 min/kb2 

Final Extension 68 5 min 1 

Final hold 4 Indefinite Hold 
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2.6.11.13 Agarose gel electrophoresis 

UltraPure Agarose powder was dissolved 1% (w/v), in 1×TAE buffer with heating in a 

microwave oven. GelRed™ Nucleic Acid Gel Stain was diluted 1:10,000 in the molten agarose 

solution just prior to casting. Once set, wells were loaded with nucleic acid sample either 

directly (if using QuickLoad PCR Mastermix) or mixing with 6×DNA Gel Loading Dye. 

Samples were run alongside a 100 bp DNA Ladder, for products less than 2,500 bp. Gels were 

run for the required duration, usually for 60 min at 100V, then visualised using the ChemiDoc 

XRS+ system. 

 

2.6.11.14 Sanger sequencing 

Purified DNA template (plasmid or PCR product) was pre-mixed with the appropriate 

sequencing primer and nuclease-free water to a final volume of 12 µL, according to Table 2-

13. Samples were submitted to the Australian Genome Research Facility (AGRF, Adelaide) 

for Sanger sequencing. 

 

Table 2 - 13: Assembly of components required for sanger sequencing of purified DNA 

 

Component Quantity / reaction 

PCR product 200 – 400bp 6 – 12 ng 

Sequencing Primer 10 pmol/L 

RNAse-free water Up to 12 µL 
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2.6.11.15 Bacterial transformation 

Chemically competent DH5a Escherichia coli were thawed on ice, gently mixed by flicking, 

then aliquoted into pre-chilled microfuge tubes (50 µL per transformation). The required 

volume of DNA (2-5 µL ligation mixture, 10-100 ng plasmid DNA) was pipetted into the cell 

suspension, mixed by gentle flicking and incubated on ice for 30 min. Cells were then heat-

shocked at 42°C for exactly 30 sec and immediately returned to ice for 2-5 min; 950 µL of 

Luria Broth (LB) was added to each sample prior to incubation at 37°C with shaking for up to 

60 min. Varying volumes (50-200 µL) of the outgrowth broth were spread over LB-agar plates 

supplemented with 50 μg/mL carbenicillin, then incubated at 37°C for 16-18 h O/N. 

 

2.6.11.16 Mini preparation of plasmid DNA 

Colonies were picked from LB-agar plates and used to inoculate polypropylene round-bottom 

capped tubes containing 5 mL LB and 50 μg/mL carbenicillin. Tubes were incubated at 37°C 

with rotation for 16-18 h O/N. Purified plasmid DNA was prepared using the NucleoSpin 

Plasmid Kit, following the manufacturer’s recommendations. Plasmid DNA was eluted in 50 

µL of Milli-Q water, then purity and quantity were assessed using the Nanodrop 8000. 
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2.7 Statistical analysis 

Statistical analyses were performed with Excel (Microsoft) and Prism version 8 (GraphPad 

Software, Inc.).  Data sets were tested for normality of distribution by Shapiro-Wilk test.  

Statistical comparisons were performed with parametric or non-parametric unpaired or paired 

two-sample t-tests or ANOVA (with post-test multiple comparisons), as specified. Results are 

expressed as mean ± standard deviation of multiple experiments. In all cases, statistical 

significance was established at two-tailed p < 0.05.  
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3.1 Introduction  

Inflammation underpins all stages of atherosclerosis and its complications, with macrophages 

playing a central role375. Conventional treatments for ASCVD, including cholesterol-lowering 

statins, often do not adequately control plaque inflammation, leaving residual risk of disease 

progression, morbidity and mortality376. Consequently, numerous pharmacological agents have 

been developed to inhibit specific inflammatory pathways in atherosclerosis, most notably the 

anti-IL-1β monoclonal antibody, canakinumab. Although the positive results for canakinumab 

in the CANTOS trial255 provided a major stimulus to the field, more affordable, accessible and 

safer alternatives are now sought-after.  

 

Given the multifarious nature of plaque inflammation, another emerging strategy is to 

repurpose established, less expensive drugs that have broad anti-inflammatory properties for 

atheroprotection179. One such example is colchicine, which binds to un-polymerised tubulin 

heterodimers to form a stable complex that inhibits cytoskeletal microtubule dynamics266. 

Approved for use in gout and Familial Mediterranean Fever, several studies have reported 

colchicine’s benefits in different CVDs240, 272. In stable CAD, the LoDoCo studies (LoDoCo 

16 and 2242) found that low-dose colchicine (0.5 mg/day) led to significant reductions in adverse 

cardiovascular events in patients who were also taking aspirin and a statin. The COLCOT trial 

also demonstrated that this same dose of colchicine reduced its primary composite efficacy 

endpoint by 23% over median follow-up of 23 months, when initiated within 30 days of a 

MI241. Following MI, colchicine has also been shown to suppress production of inflammasome-

dependent cytokines273, reduce infarct size377 and modify the composition of coronary plaques 

by reducing low attenuation plaque volume, as measured by serial coronary computed 

tomography angiography277.  
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Pending the results of other outcome trials179, the successful repurposing of colchicine for 

ASCVD will also benefit from a better understanding of how it works. Previous studies that 

have directly examined colchicine’s effects on atherosclerosis have provided limited insights 

with conflicting results277, 378-380. Although several mechanisms for its anti-atherosclerotic 

potential have been proposed381, systematic mechanistic investigations are lacking. 

 

This chapter therefore set out to provide a deeper mechanistic understanding of colchicine’s 

potential anti-atherosclerotic properties. For the purpose of transparency in this thesis, it is 

divided into “Collaborative” and “Main” experimental sections. The former summarises the 

methods and data from in vivo studies to which I contributed during my PhD candidature, but 

that were primarily conducted by post-doctoral fellows, Dr Nisha Schwarz (SAHMRI; stable 

atherosclerosis model) and Dr Yung Chen (Baker IDI; ‘unstable’ atherosclerosis tandem 

stenosis model). Following this, the “Main Experimental” section describes the mechanistic in 

vitro and ex vivo studies that I was exclusively responsible for performing.  
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3.2 Methods overview 

3.2.1 Collaborative experiments 

Apoe–/– mice on a C57BL/6J background (B6.129P2-ApoEtm1Unc/J) were purchased from 

Jackson Laboratory (Bar Harbor, ME) and housed in the bioresources facilities SAHMRI and 

Baker IDI. Apoe–/– mice were maintained on HCD (0.15% cholesterol and 21% fat, Specialty 

Feeds, Australia) for 16 w to induce de novo “stable” atherosclerosis, or 13 w in the “unstable” 

model of atherosclerosis induced by carotid artery tandem stenosis surgery382. In both 

experiments, mice were randomly assigned to daily oral administration of PBS or colchicine 

at the human equivalent dose of 0.5 mg/day. Additional groups in the “stable atherosclerosis” 

study received atorvastatin (Pfizer, Australia) (human equivalent dose 10 mg/day) or the 

combination of colchicine and atorvastatin. Ethics approval was obtained from SAHMRI (ID 

#SAM182) and AMREP (Alfred Medical Research and Education Precinct) (ID 

#7174,E/1904/2019B) animal ethics committees. All experimental procedures and animal care 

were performed in accordance with the National Health and Medical Research Council of 

Australia research guidelines and Australian Code for the Care and Use of Animals for 

Scientific Purposes.  

 

3.2.2 Main experiments 

C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME) and housed in the 

bioresources facility at SAHMRI. BMDMs from these mice were prepared and used for various 

assays, including cell viability, polarisation, foam cell formation, cholesterol uptake and efflux, 

phagocytosis and inflammasome activation with or without addition of colchicine in vitro.  
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3.2.3 Statistical Analysis 

Statistical analyses were performed with Excel (Microsoft) and Prism version 8 (GraphPad 

Software, Inc.). Data sets were tested for normality of distribution by Shapiro-Wilk test.  

Statistical comparisons were performed with parametric or non-parametric unpaired or paired 

two-sample t-tests or ANOVA (with Tukey’s multiple comparisons), as specified. Results are 

expressed as mean ± standard deviation of multiple experiments. In all cases, statistical 

significance was established at two-tailed p < 0.05.  
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3.3 Results from collaborative experiments 

This first section describes the key findings from the in vivo studies led by Dr Nisha Schwarz 

and Dr Yung Chen, to which I contributed to daily treatment of mice, tissue harvesting, sample 

processing and data analysis. It provides important context for the complementary, mechanistic 

in vitro and ex vivo experiments that I performed. The results of both of these experimental 

sections have been prepared in a single manuscript, on which I am co-first author and which is 

currently undergoing revision for the journal Circulation. 

 

3.3.1 Colchicine reduces lipidic lesions in stable atherosclerosis 

Given its beneficial outcome effects in patients with stable CAD in the LoDoCo studies 240, 242, 

we first examined colchicine’s ability to modify de novo, stable atherosclerosis that is induced 

in Apoe-/- mice by feeding HCD for 16 w. Treatments were administered by daily oral gavage 

for 12 w, starting 4 w into HCD. Colchicine was given both as monotherapy and in combination 

with atorvastatin (Figure 3-1A). We confirmed colchicine uptake into aorta by mass 

spectrometry. Colchicine had no significant effect on weight gain, or plasma total cholesterol 

or triglyceride levels compared to PBS control (data not shown). Colchicine treatment alone 

reduced total aortic plaque burden by 50% compared to PBS, as quantified from en face oil 

ORO staining (Figure 3-1B). Although atorvastatin achieved a similar magnitude of effect, the 

combination of colchicine and atorvastatin provided no incremental reduction in plaque 

formation. Analysis of lesions at the aortic sinus (Figure 3-2A) showed no significant inter-

group differences for cross-sectional plaque area (Figure 3-2B), collagen content (Figure 3-

2C), or for cells positive for smooth muscle alpha-actin (𝛼-SMA) staining (Figure 3-2D). 

However, compared to PBS, colchicine significantly decreased aortic sinus lesion lipid content 

by ~13% (Figure 3-2E).  



Chapter 3 – Effects of Colchicine in Macrophage Foam Cell Formation 

 

  

 

130 

 

 

Figure 3 - 1: Colchicine reduces en face lipidic plaques in stable atherosclerosis 

This figure is the first out of three figures presented in this chapter which were generated from 

the work I performed in collaboration with Dr Nisha Schwarz. 

(A) Study design for the de novo stable atherosclerosis study. 8 w old Apoe-/- mice commenced 

a HCD and 1 month later were randomly assigned to four treatment groups, receiving the 

treatment by oral gavage for a further 3 months. PBS = phosphate-buffered saline; COL = 

colchicine; ATO = atorvastatin; ATO + COL = atorvastatin and colchicine. (B) Examples of 

en face ORO staining of aortas from each group, with adjacent graph showing summarised 

results for % ORO+ plaque area (p=0.001 by one-way ANOVA, with P-values from Tukey’s 

comparison shown in graph, n=11-15). Scale bar = 500μm. Data are summarised as 

mean±standard deviation, with each data point representing one mouse. 
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Figure 3 - 2: Colchicine reduces lipidic content on aortic sinus lesions without altering 

plaque area  

(A) Examples of cross-sectional staining of aortic sinus lesions with haematoxylin and eosin 

(H&E), Masson’s trichrome (MT) and immunohistochemistry to detect alpha-smooth muscle 

actin (𝛼-SMA). There were no significant differences between treatments for (B) plaque area 

(p=0.11 by one-way ANOVA, n=7-12), (C) collagen content (p=0.12 by one-way ANOVA, 

n=9-16) or (D) 𝛼-SMA staining (p=0.11 by one-way ANOVA, n=10-14). P-values from 

Tukey’s comparison shown in graphs. (E) Staining of aortic sinus lesions with ORO revealed 

significant reduction in lipid content with colchicine compared to PBS (Unpaired t-test, n=9-

11). Aortic sinus lesions are outlined by dashed lines. Data are summarised as mean±standard 

deviation, with each data point representing one mouse. 
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Colchicine exerts pleiotropic effects on myeloid cell biology in gout and other inflammatory 

conditions266. Therefore, its anti-atherosclerotic effects could be mediated by reduced 

accumulation of leukocytes in plaque and/or dampening of their inflammatory response to the 

hyperlipidaemia induced by HCD. Compared to PBS, colchicine-treated mice showed no 

differences in BM haematopoiesis or the presence of different leukocyte subsets (neutrophils, 

Ly6CHi and Ly6CLo monocytes, T- and B-lymphocytes) in BM, spleen or peripheral blood (data 

not shown). With respect to plaque itself, colchicine also had no effect on lesional CD68+ 

cellularity (Figure 3-3B), the aorta’s overall content of neutrophils or macrophages, or the 

relative proportions of CD86+ (M1-like) and CD206+ (M2-like) macrophages (data not shown). 

However, aortic sinus lesions in the colchicine group displayed 43% less staining with the 

proliferative marker, Ki67 (Figure 3-3C), and a non-significant trend for fewer TUNEL+ 

(apoptotic) cells than the PBS group (Figure 3-3D). To specifically evaluate colchicine’s effect 

on macrophage cell cycle, mice were injected intraperitoneally with bromodeoxyuridine 

(BrdU) 24 h before the study end-point to label actively proliferating cells. Flow cytometry 

analysis of aortic digests revealed that colchicine caused 50% reductions in both the proportion 

of macrophages in S-phase of cell cycle and those that were apoptotic (Figure 3-3E-G). This 

anti-proliferative effect was also evident in macrophages obtained from the peritoneal cavity 

of colchicine-treated mice (Figure 3-3H).  
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Collectively, these results show that when introduced 4 w after commencement of HCD in 

Apoe-/- mice, colchicine reduced the overall formation of lipidic plaques in aorta and led to a 

modest but significant reduction in lipid content of aortic sinus lesions, where plaques tend to 

be most advanced in this model. It did so without affecting circulating leukocyte numbers or 

the recruitment and accumulation of myeloid cells in the aortic wall. Colchicine’s dual 

inhibition of macrophage proliferation and apoptosis may help explain its lack of overall effect 

on macrophage accumulation in plaque and aorta.  
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Figure 3 - 3: Colchicine has anti-proliferative and anti-apoptotic effects on macrophages 

without affecting their accumulation in plaque. 

(A) Representative low (inset) and higher magnification images from CD68, Ki67 and TUNEL 

staining of aortic sinus lesions from PBS and colchicine treated mice. (B) There was no 

significant difference in CD68+ cellularity (indicated by yellow circles) between groups 

(Unpaired t-test, n=13-16). (C) Colchicine reduced the presence of proliferating Ki67+ cells 

(indicated by yellow circles) in aortic sinus lesions (Unpaired t-test, n=12-13). (D) There was 

no significant difference between groups for TUNEL+ staining (Mann-Whitney test, n=10-11). 

(E). Flow cytometry dot plots from aortic digests for BrdU and 7-aminoactinomycin D (7-

AAD) showing CD45+CD11b+F4/80+ macrophages that are in S-phase (black box) or apoptotic 

(red box). Colchicine reduced the percentages of aortic macrophages that were (F) in S-phase 

(Mann-Whitney test, n=8) and (G) apoptotic (Unpaired t-test, n=8). (J) Peritoneal 

macrophages from colchicine-treated mice also displayed significant reduction in S-phase 

activity compared to PBS (Mann-Whitney test, n=13-16). Data are summarised as 

mean±standard deviation, with each data point representing one mouse. 
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3.3.2 Colchicine stabilises unstable plaque 

Uncontrolled inflammation may result in plaque rupture, which leads to athero-thrombosis and 

MI179. Hallmark features of rupture-prone, “unstable” plaques include thin fibrous cap, high 

plaque volume, large necrotic core and high lipid and macrophage content. In collaborative 

work with Dr Yung Chen and Prof Karlheinz Peter at Baker IDI, we therefore studied 

colchicine’s effectiveness in Apoe-/- mice that had undergone carotid artery tandem stenosis 

surgery to locally induce a plaque phenotype that reflects the central features of plaque 

instability, including accelerated and localised inflammation, as seen in patients300. Mice 

underwent right-sided carotid surgery 6 w after commencing HCD, and then had colchicine 

(41 mg/L) or PBS added to their drinking water for a further 7 w. Once again, colchicine was 

not associated with significant differences in weight gain or plasma lipid levels compared to 

PBS control (data not shown). However, it resulted in 48% smaller lesions (Figure 3-4A, B), 

38% less necrotic (Figure 3-4C) and 20% smaller lipid burden (Figure 3-4D), and 73% higher 

fibrous cap-to-necrotic core ratio (Figure 3-4E, F). In keeping with our stable atherosclerosis 

study (Figure 3-1 to 3-3), it achieved this without affecting plaque content of CD68+ (Figure 

3-4G) or α-SMA+ cells (Figure 3-4H). These findings indicate that colchicine’s anti-

atherosclerotic capacity might be accentuated in the more inflammatory setting of unstable 

plaque and results in desirable changes to plaque composition that are consistent with a 

stabilising effect.  
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Figure 3 - 4: Colchicine stabilises unstable plaque in the tandem stenosis model 

(A) Representative H&E staining of carotid plaques in the tandem stenosis model. NC denotes 

necrotic core. (B) Colchicine (COL) significantly reduced plaque area, along with (C) necrotic 

core area and (D) ORO+ lipid area. (E) Picrosirius red (PSR) staining with quantitative analysis 

showing a non-significant trend for increased collagen in tandem stenosis lesions of colchicine-

treated mice. (F) Fibrous cap-to-necrotic core ratio was significantly higher in the colchicine 

group, suggesting greater plaque stability. (G, H) Immunohistochemical staining showing that 

colchicine had no effect on either (G) CD68+ or (H) α-SMA+ cellularity of carotid plaques. 

Dashed lines in histological images separate the arterial lumen from the intimal surface of 

plaque. Scale bar=100 µm. Data are summarised as mean±standard deviation, with each data 

point representing one mouse. 
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3.4 Main experimental results 

3.4.1 Colchicine inhibits macrophage-to-foam cell transformation with 

reduction of CD36 surface expression 

As colchicine reduced the accumulation of lipid in plaque in both murine atherosclerosis 

models, I examined whether it modifies macrophage handling of cholesterol and 

transformation into foam cells. Peritoneal macrophages were harvested from Apoe-/- mice after 

16 w of HCD and 12 w of treatment and were incubated with nLDL or oxLDL for 48 h without 

further addition of colchicine or PBS in vitro. Macrophages from the colchicine group formed 

44% fewer ORO+ foam cells than the PBS group when incubated with oxLDL, without a 

significant difference after culture with nLDL (Figure 3-5). 
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Figure 3 - 5: Foam cell formation is reduced from peritoneal macrophages of colchicine-

treated mice 

Peritoneal macrophages (PMs) from colchicine (COL)-treated Apoe-/- mice formed fewer 

ORO+ foam cells (arrows) when incubated with oxLDL compared to the PBS group (Mann-

Whitney test, n=10), with no difference when incubated with nLDL (Unpaired t-test, n=6-7). 

Data are summarised as mean±standard deviation, with each data point representing one 

mouse. 
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Next I performed in vitro studies of macrophages and macrophage-derived foam cells in the 

presence or absence of colchicine. Dose titration experiments showed colchicine-induced 

toxicity at concentrations above 10nM for murine J774.2 monocyte-macrophages, whereas at 

10nM, colchicine did not adversely affect differentiation or viability of primary BMDMs from 

C57BL/6J mice (Figure 3-6). We therefore used this concentration of 10nM, which has been 

used previously 383, for all subsequent in vitro experiments. Incubation of BMDMs with 

colchicine did not alter their polarisation into M1- or M2-like macrophages under inductive 

stimuli assessed via flow cytometric analysis (Figure 3-7A-C). Similarly, we found no effect 

of colchicine on cytokine-induced polarisation of BMDMs using q-PCR to measure mRNA 

expression of the M1-like genes Il1b, Tnfa and Nos2 (Figure 3-7D) or the M2-like genes, 

Fizz1, Cd206 and Arg1 (Figure 3-7E).  
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Figure 3 - 6: Colchicine does not modify the differentiation of BM-derived macrophages 

(BMDMs) in vitro 

(A) Results from WST-1 assay showing that colchicine was toxic to murine J774.2 cells when 

used at concentrations greater than 10 nM (n=4 independent experiments, p=0.003 by 

Friedman repeat measures ANOVA, with P-values from Tukey’s comparison shown in graph). 

(B) BM cells from C57BL/6 mice were cultured in differentiation media in the presence or 

absence of colchicine for 7 days to generate CD11b+F4/80+ BMDMs, (C) which were analysed 

by flow cytometry. (D, E) Colchicine did not significantly affect the (D) viability or (E) 

percentage of BMDMs formed at either 1 nM or 10 nM (n=6 donor mouse experiments, 

parametric repeat measures ANOVA). Data are summarised as mean±standard deviation, with 

each data point representing one mouse.  
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Figure 3 - 7: Colchicine does not modify polarisation of BMDMs in vitro  

(A) Day 7 BMDMs were cultured for a further 48 h to induce M1-like or M2-like phenotypes.  

Co-treatment with 10nM colchicine (COL) did not significantly alter surface expression of (B) 

CD86 or (C) CD206, nor expression of (D) M1-like or (E) M2-like genes. For the 

representative flow cytometry histograms in (B) and (C), colchicine treatment is depicted by 

the coloured histogram, no colchicine by the grey histogram and FMO controls by the dotted 

line. For q-PCR results in (D) and (E), mRNA expression of indicated genes was first 

normalised to Actb (β-actin). Graphs show normalised mRNA expression as a % relative to the 

basal “M0” condition, which contained no inductive stimuli and no colchicine and is 

represented by red dotted lines at 100% [n=7 donor mouse experiments for (B) and (C) and 

n=3-4 for (D) and (E)]. Paired t-tests used in (B-E), except for Tnfa and Cd206 gene expression 

which were analysed by Wilcoxon signed-rank tests. Data are summarised as mean±standard 

deviation, with each data point representing one mouse. 
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However, in keeping with our previous results, colchicine significantly reduced formation of 

ORO+ foam cells by 27% when BMDMs were cultured with oxLDL for 48 h, with no such 

effect seen with nLDL (Figure 3-8A-B). This result was confirmed by extraction and 

measurement of ORO absorbance using a plate reader (Figure 3-8C). Colchicine also inhibited 

oxLDL induced foam cell formation from macrophages differentiated from human THP-1 cells 

(Figure 3-8D). Consistent with its anti-proliferative effect on macrophages in vivo (Figure 3-

3), colchicine also decreased the proportion of oxLDL treated BMDMs that were in S-phase of 

cycle, as measured using propidium iodide (Figure 3-8E).  
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Figure 3 - 8: Colchicine inhibits oxLDL-induced foam cell transformation in vitro 

(A) BMDMs from C57BL/6J mice were exposed to 25 μg/mL of  nLDL or oxLDL for 48 h to 

induce foam cell formation. (B) Co-treatment with colchicine 10 nM reduced ORO+ foam cell 

formation in the presence of oxLDL, but had no nLDL (Paired t-tests, n=10). (C) This was 

verified by reduced ORO absorbance read at 405 nm using a plate reader (Paired t-test, n=4). 

(D) Colchicine also inhibited ORO+ foam cell formation from oxLDL treated human THP-1 

macrophages (Paired t-test for oxLDL and Wilcoxon signed-rank test for nLDL, n=4). (E) 

Propidium iodide (PI) staining of BMDMs treated with oxLDL and colchicine confirmed fewer 

cells in S-phase of cell cycle, compared to no colchicine control (Wilcoxon signed-rank test, 

n=16). Scale bar=500μm. Data are summarised as mean±standard deviation, with each data 

point representing one mouse. 

 

  



Chapter 3 – Effects of Colchicine in Macrophage Foam Cell Formation 

 

  

 

150 

Cholesterol enters macrophages by macropinocytosis and scavenger receptor (SR)-dependent 

endocytosis81. The scavenger receptors, CD36 and SR-A1, account for more than 90% of the 

lipid accumulation in macrophages exposed to oxLDL384. Despite conflicting data164, both have 

been implicated in foam cell formation and atherogenesis81. Using flow cytometry, we found 

lower median fluorescence intensity (MFI) for surface CD36 expression on CD206+ (M2-like) 

peritoneal macrophages from colchicine-treated Apoe-/- mice (Figure 3-9A), and C57BL/6J 

BMDMs treated with colchicine under oxLDL, but not other inductive conditions (Figure 3-

9B). Western blotting showed that colchicine reduced the expression of glycosylated CD36 

protein in lysates of BMDM-derived foam cells (Figure 3-9C, D). The glycosylated form of 

CD36 is expressed on the surface membrane of cells385. In contrast, colchicine did not alter 

expression of non-glycosylated CD36 (Figure 3-9C, E). Notably, q-PCR measurement of 

mRNA transcripts in oxLDL treated BMDMs did not show downregulation of Cd36 (Figure 

3-9F). Unlike CD36, colchicine did not significantly alter the expression of other oxLDL 

uptake receptors, namely SR-A1 or LOX-1, at either mRNA or total protein level, or on the 

cell membrane (Figure 3-10).  

 

In summary, colchicine inhibited oxLDL induced foam cell formation from different sources 

of macrophages, with an associated reduction in surface CD36 expression that appears to be 

mediated post-transcriptionally and -translationally.  
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Figure 3 - 9: Colchicine reduces CD36 protein expression 

(A) Flow cytometry histograms show CD36 expression on the surface of peritoneal 

macrophages (PMs) from Apoe-/- mice treated with PBS (grey) or colchicine (blue) (FMO 

control shown as dotted histogram). CD36 median fluorescence intensity (MFI) was lower on 

the CD206+ subset of PMs from the colchicine group (Unpaired t-test for total PMs and Mann-

Whitney test for CD86+ and CD206+ subsets, n=8-10). (B) In vitro treatment of C57BL/6J 

BMDMs with colchicine reduced surface CD36 expression in cells incubated with oxLDL, but 

not under basal (M0), M1 or M2 differentiation conditions or in the presence of nLDL (Paired 

t-tests for all, n=7). (C) Western blotting for glycosylated (Gly) and non-glycosylated (Non-

Gly) forms of CD36 in lysates of BMDMs cultured under M0, nLDL or oxLDL conditions in 

the presence or absence of colchicine. Band densities were normalised to GAPDH. (D, E) 

Graphs summarise expression of glycosylated (Paired t-test, n=8) (D) and non-glycosylated 

(Wilcoxon signed-rank test, n=8) (E) CD36 in the presence of oxLDL, with colchicine results 

expressed as relative % compared to no colchicine control. (F) mRNA expression of Cd36 was 

normalised to Actb (βactin) in colchicine-treated cells relative to no colchicine control, where 

no change was observed (Wilcoxon signed-rank test, n=7). Data are summarised as 

mean±standard deviation, with each data point representing one mouse. 
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Figure 3 - 10: Colchicine does not alter SR-A1 or LOX1 expression on the surface of 

oxLDL loaded BMDMs 

Mouse BMDMs were incubated with oxLDL in the presence or absence of 10nM colchicine 

(COL). (A) mRNA expression of cholesterol uptake genes was normalised to Actb (β-actin). 

Graph shows normalised expression for Cd206 and Sra1 in colchicine-treated cells relative to 

no colchicine control (Wilcoxon signed-rank tests for Sra1 and Paired t-test for Cd206, n=7). 

(B) Western blotting for CD206, SR-A1 and pro- and mature forms of LOX1 from lysates of 

oxLDL loaded BMDMs in the presence or absence of colchicine. Band density for each protein 

was normalised to β-actin. Graph shows normalised expression of these proteins in colchicine-

treated cells relative to no colchicine control (Wilcoxon signed-rank test for CD206 and paired 

t-tests for SR-A1 and mature LOX1, n=6-8). (C, D) Colchicine had no effect on the expression 

of SR-A1 (C) or LOX1 (D) on the surface membrane of oxLDL loaded BMDMs, as determined 

by median fluorescence intensity (MFI) using flow cytometry. Expressions were normalised in 

colchicine-treated cells relative to no colchicine control (Paired t-tests, n=6-7). Data are 

summarised as mean±standard deviation, with each data point representing one mouse. 
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3.4.2 Colchicine promotes cholesterol efflux from macrophages 

In addition to cholesterol uptake, another important determinant of foam cell development is 

the efflux of free cholesterol to apolipoprotein A1 or HDL through interactions with cholesterol 

transporters, ABCA1 and ABCG1, or the scavenger receptor SR-B1. Using published 

methods386, cholesterol efflux capacity was assessed using [3H]-cholesterol in the presence and 

absence of colchicine (Figure 3-11A). Colchicine caused a 23% increase in the capacity of 

BMDMs to efflux [3H]-cholesterol to HDL (Figure 3-11B). This was not associated with 

differences in Abca1, Abcg1 or Srb1 at mRNA level (Figure 3-11C). However, we found that 

colchicine selectively upregulated surface expression of ABCG1 in oxLDL loaded BMDMs 

(Figure 3-11D-E), without altering ABCA1 or SR-B1 (Figure 3-11F-G). The absence of a 

significant change in total ABCG1 protein as measured by western blotting of cell lysates 

(Figure 3-11H), suggests that colchicine’s effect on surface expression of ABCG1 is mediated 

post-translationally.  
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Figure 3 - 11: Colchicine increases cholesterol efflux from macrophages 

(A) Methodology used to carry out functional cholesterol efflux assays. (B) Addition of 

colchicine 10 nM increased the capacity of C57BL/6J BMDMs to efflux [3H]-cholesterol to 

high-density lipoprotein (Wilcoxon signed-rank test, n=7). (C) mRNA levels of key cholesterol 

transporter genes in oxLDL loaded BMDMs were normalised to Actb (β-actin). Graph shows 

normalised expression for Abca1, Abcg1 and Srb1 in colchicine-treated cells relative to no 

colchicine control (Paired t-tests, n=4). (D) Representative flow cytometry histograms and (E) 

summarised data showing that colchicine increased ABCG1 expression on the surface of 

oxLDL loaded BMDMs (blue histogram) compared to no colchicine control (grey histogram). 

FMO control shown as dotted histogram (Paired t-tests, n=5). (F) However, colchicine had no 

effect on surface expression of SR-B1 and ABCA1 (Wilcoxon signed-rank tests, n=3-6) or the 

total protein levels of any efflux transporter when assessed via western immunoblots 

(Wilcoxon signed-rank tests, n=4-8). MFI = median fluorescence intensity. Data are 

summarised as mean±standard deviation, with each data point representing one mouse. 
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3.4.3 Colchicine inhibits CC-induced priming and activation of NLRP3  

Mechanistic speculation around colchicine’s anti-atherosclerotic potential has mostly focused 

on its ability to dampen monosodium urate crystal-elicited activation of NLRP3 in gout, and 

the expectation that this would also apply to CC-induced inflammation in atherosclerosis168, 

169, 273, 381. NLRP3 is unique among the NLR inflammasomes, as it typically needs a two-check-

point activation mechanism. This involves genetic priming usually in response to TLR 

agonism, and a second stimulus to activate intracellular assembly of the NLRP3 multiprotein 

complex. Several well-known activators of NLRP3 are prominent in atherosclerotic plaques, 

including CCs and modified LDL387. 

 

To test the effects of colchicine on LPS primed, CC-activated NLRP3 inflammasome, mouse 

BMDMs were used (Figure 3-12A). We first established that colchicine had no effect on 

BMDM expression of inflammasome-related (Nlrp3, ASC, Casp1, Il1b, Il18) or other 

inflammatory (Rela, Tnfa, Il1a, Il6) genes following a 2 h priming stimulus with the TLR4 

agonist, lipopolysaccharide (LPS) (Figure 3-12B-C). Addition of CCs, but not oxLDL, to LPS-

primed BMDMs increased mRNA levels of Nlrp3 and Il1b compared to LPS alone, indicating 

that CCs have an incremental priming effect on NLRP3 (Figure 3-12D-E). This was dampened 

by colchicine, which significantly down-regulated transcriptional expression of Nlrp3, Il1b 

(Figure 3-12F), as well as the non-inflammasome cytokine Il1a (Figure 3-12G).  
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As a possible explanation for this, we found that colchicine reduced the intracellular 

accumulation of crystalline material as assessed by reflectance microscopy (Figure 3-12H) 

and formation of ORO+ foam cells (Figure 3-12I) by BMDMs incubated with CCs. This was 

accompanied by reduction in lysosomal-associated membrane protein 1 (LAMP-1) in lysates 

of CC-treated BMDMs, indicating reduction in the size of the lysosomal compartment(Figure 

3-12J), and probably relates to colchicine’s anti-phagocytic capacity as evident by its inhibition 

of BMDM uptake of fluorochrome-conjugated beads (Figure 3-12K).  
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Figure 3 - 12: Colchicine attenuates CC-induced priming and activation of the NLRP3 

inflammasome 

(A) C57BL/6 BMDMs were primed with LPS and then exposed to CCs in the presence or 

absence of 10 nM colchicine (COL). In a first set of experiments, mRNA transcripts were 

quantified after 2h of LPS priming alone, with or without colchicine for (B) genes associated 

with the NLRP3 inflammasome and (C) other inflammation-related genes, with results 

normalised to Gapdh. Graphs show normalised mRNA expression as a % relative to the LPS-

only condition. (D, E) Results for mRNA expression of (D) Nlrp3 and (E) Il1b after the 

addition of oxLDL or CCs to LPS-primed BMDMs, showing that CCs but not oxLDL had an 

incremental priming effect on NLRP3-related genes compared to LPS alone (Wilcoxon signed-

rank tests, n=6) (F, G) mRNA transcripts were finally measured in LPS-primed, CC-stimulated 

BMDMs with or without colchicine for (F) genes associated with the NLRP3 inflammasome 

and (G) other inflammation-related genes, with results normalised to Gapdh. Graphs show 

normalised mRNA expression for LPS-primed CC-exposed BMDMs as a % relative to the 

LPS-only condition which is represented by red dotted lines at 100%.  Colchicine significantly 

downregulated Nlrp3, Il1b and Il1a (Paired t-tests, n=3-7). (H) Representative reflectance and 

confocal microscopy images of mouse BMDMs incubated with CCs in the presence or absence 

of colchicine for 24 h. Internalised CCs are depicted as red. Scale bar = 25 µm. Quantitative 

results are derived from the mean reflectance intensity per image (Unpaired t-test, n=13 images 

from 3 different donor mouse experiments). (I) Colchicine reduced ORO+ foam cell formation 

from BMDMs incubated with CCs (Paired t-test, n=8). (J) Western blot analysis of the 

lysosomal marker LAMP1 from lysates of BMDMs under the same experimental conditions. 

Graph summarises total LAMP1 band density which was summed from the glycosylated (Gly) 

and non-glycosylated (Non-Gly) bands and then normalised to GAPDH. Graph shows 
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normalised total LAMP1 expression with colchicine expressed relative to no colchicine control 

(Paired t-test, n=6). (K) Flow cytometry gating strategy used to identify CD11b+F4/80+ 

BMDMs and their phagocytic ingestion of phycoerythrin (PE)-conjugated beads. Pink 

histogram indicates colchicine-treated cells, grey histogram no colchicine control and dotted 

histogram FMO control for beads. Colchicine reduced the percentage of macrophages that 

phagocytosed beads (Paired t-test, n=4). Data are summarised as mean±standard deviation, 

with each data point representing one mouse. 
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We next studied the effect of colchicine on NLRP3 inflammasome activation at the protein 

level. Western blot analysis (Figure 3-13A) of cell lysates showed that it reduced expression 

of mature IL-1β in LPS-primed BMDMs that were stimulated with CC for 24 h, with a trend 

toward lower NLRP3 also (Figure 3-13B-C). IL-1β was also decreased in the supernatant of 

colchicine-treated cells (Figure 3-13D), along with IL-18 (Figure 3-13E) and TNF-α (Figure 

3-13G), without significant reduction in IL-6 (Figure 3-13F). We also measured plasma 

cytokine levels from the HCD-fed colchicine-treated Apoe-/- mice described above. As has been 

reported previously388, we could not reliably detect IL-1β in mouse plasma after 16 w of HCD. 

However, in our stable atherosclerosis study colchicine-treated mice had 23% lower plasma 

concentrations of IL-18 (Figure 3-13H) and 14% lower IL-6 (Figure 3-13I) compared to the 

PBS group. More strikingly, in our unstable atherosclerosis model, we saw a 75% reduction in 

plasma IL-18 concentration with colchicine (Figure 3-13J).  

 

Together, these results show that colchicine attenuates CC-induced inflammatory responses in 

macrophages, inhibiting both NLRP3 priming and activation to reduce production and 

secretion of mature IL-1β and IL-18. 
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Figure 3 - 13: Colchicine inhibits inflammasome-related protein and cytokine expression 

(A) Western blotting for NLRP3, pro- and cleaved forms of caspase-1 (CASP-1) and mature 

IL-1β in lysates from BMDMs that were primed with LPS and then incubated with or without 

oxLDL or CCs, in the presence or absence of colchicine. Band densities were normalised to β-

actin. (B, C) Graphs show results for (B) NLRP3 (Paired t-test, n=6) and (C) IL-1β (Wilcoxon 

signed-rank test, n=6) in LPS-primed, CC-exposed BMDMs with results for colchicine 

expressed relative to no colchicine control. (D-G) Supernatants from LPS-primed, CC-exposed 

BMDMs were collected after 24 h. Colchicine significantly reduced secreted levels of (A) IL-

1β (Paired t-test, n=12), (B) IL-18 (Wilcoxon signed-rank test, n=7) and (D) TNF-α (Paired t-

test, n=5) but not (C) IL-6 (Paired t-test, n=5). (H,I) Circulating levels of (H) IL-18 (Unpaired 

t-test, n=14) and (I) IL-6 (Mann-Whitney test, n=8) were reduced in colchicine-treated Apoe-/- 

mice compared to the PBS group after 12 w of treatment and 16 w of HCD. (J) Colchicine also 

markedly reduced plasma IL-18 concentration in the tandem stenosis mouse study of unstable 

atherosclerosis (Unpaired t-tests, n=14-17 per group). Data are summarised as mean±standard 

deviation, with each data point representing one mouse. 
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3.4 Discussion 

New anti-atherosclerotic drugs, in particular those that mitigate plaque inflammation and 

stabilise high-risk plaques, are highly sought-after. Colchicine as one of the oldest anti-

inflammatory drugs has attracted major interest for repurposing as a potential plaque-

stabilising agent. Several clinical trials exploring biomarker and clinical outcomes have 

recently been reported and several others are ongoing179, 240, 273, 277, 389. This chapter provides 

unique mechanistic insights for the effects of colchicine in vitro which complement our in vivo 

results showing that colchicine modified plaque formation and composition in two 

complementary murine Apoe-/- models of atherosclerosis. Most strikingly, using the carotid 

tandem stenosis model we were able to show that colchicine stabilised plaques by decreasing 

necrotic core size and increasing fibrous cap-to-necrotic core ratio, the latter being a strong 

indication for the translational relevance of our findings. In keeping with its attenuation of lipid 

deposits in murine atherosclerotic plaques, we show for the first time that colchicine inhibits 

foam cell transformation of macrophages in the presence of oxLDL. Mechanistically, this was 

underpinned by reduced cholesterol uptake in association with decreased surface expression of 

CD36, as well as increased efflux capacity of cholesterol to HDL. Our results also directly 

confirm the ability of colchicine to mitigate CC-induced inflammation. It inhibited the uptake 

of CCs by macrophages and in turn dampened both the priming and activation of the NLRP3 

inflammasome elicited by CCs, with downstream reduction of secreted IL-1β and IL-18.  

 

Previous preclinical evaluation has yielded discrepant outcomes concerning colchicine’s anti-

atherosclerotic properties. Studies from more than thirty years ago found that its intraperitoneal 

administration inhibited plaque development in rabbits when commenced together with 

cholesterol feeding379, but had no effect on plaque severity or lipid content if started after 
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cholesterol-induced lesions were already established390. Interestingly, colchicine application 

resulted in a modest increase in aortic atherosclerosis in a pig model that combined endothelial 

balloon injury with hypercholesterolemic diet380, and exacerbated early plaque formation in 

another rabbit study when given orally at high dose (2 mg/kg/day)378. Similarly, studies after 

balloon angioplasty or stent placement have demonstrated both favourable391 and neutral392 

effects of colchicine on intimal hyperplasia and restenosis.  

 

Although Apoe-/- mice develop foam cell-rich lesions on HCD characteristic of human 

atherosclerosis, they have important limitations393. Among these, their plasma cholesterol is 

predominantly carried on lipoprotein remnants rather than the LDL typical of humans, while 

deficiency in Apoe is known to impact plaque formation through pleiotropic actions on 

macrophage biology and immune function that are independent of plasma lipid levels. The 

composition and duration of diet, along with dose, route and timing of drug administration can 

each influence the anti-atherosclerotic effects of pharmacological agents tested in Apoe-/- mice, 

such that even statins have achieved inconsistent effects on cholesterol lowering and plaque 

development in different preclinical studies393. The oral doses of colchicine used in our in vivo 

studies simulated the 0.5 mg/day regime used with clinical outcome benefits in the LoDoCo240, 

242 and COLCOT studies389. By the time we started drug treatment 4 w into HCD in the model 

of stable atherosclerosis, it is likely that lesions were already present in the aortic sinus. It is 

therefore not surprising that while colchicine caused striking reduction in the formation of 

plaques throughout the entire aorta length, its effect on aortic sinus lesions was more modest. 

In the presence of severe hypercholesterolaemia and without significant lowering of plasma 

cholesterol, colchicine displayed a similar but not incremental capacity to reduce plaque lipid 

content compared to atorvastatin. However, given the nature of the Apoe-/- model, it does not 

necessarily follow that the combination of colchicine and statins will have no additional benefit 
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over statin monotherapy in human atherosclerosis. In fact, clinical data suggest otherwise240, 

277, 389, 242. 

 

In the absence of prior definitive evidence, mechanistic rationale for colchicine's anti-

atherosclerotic potential has been based on its diverse actions on different immune and vascular 

cells381. Its ability to mitigate activation of the NLRP3 inflammasome in neutrophils and 

macrophages in response to urate crystals in gout is of central interest172 and has led to the 

assumption that it can also reduce CC-induced inflammation in atherosclerotic plaques. While 

our in vivo studies did not find any significant effect of colchicine on myelopoiesis, circulating 

leukocyte numbers, monocyte or neutrophil recruitment to plaque, or plaque macrophage 

accumulation or polarisation (some data not shown), we observed other potentially favourable 

effects on macrophage biology in vitro that were both expected and unexpected. 

 

Macrophage proliferation is an important contributor to plaque expansion and cellularity, 

especially in advanced lesions, as shown previously using Apoe-/- mice394. Recent data have 

suggested that the anti-atherosclerotic properties of statins include their ability to inhibit plaque 

macrophage division395. Inhibition of microtubule dynamics is well known to disrupt cell cycle. 

We found complementary evidence of colchicine’s anti-proliferative effect on plaque, aortic 

and peritoneal macrophages in vivo and observed that this also applied to oxLDL induced foam 

cells in vitro. Macrophage apoptosis also mediates plaque progression and destabilisation and 

has a double-edged effect depending on stage of atherosclerosis91; in early atherogenesis, it 

may reduce the accumulation of macrophages within the artery wall and thereby limit plaque 

expansion. In contrast, in established plaque, apoptosis, particularly of foam cells, results in 

extracellular lipid build-up and CC formation leading to secondary necrosis, which drives 

formation of the necrotic core. Although colchicine and colchicine-like drugs have been tested 
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for their pro-apoptotic effects in some disease settings, our in vivo data suggest an anti-

apoptotic effect in atherosclerotic mice, that may help limit necrotic core formation and 

stabilise established and high-risk plaques, as seen in our tandem stenosis study.  

 

The type 1 scavenger receptor class A (SR-A1, also known as Msr1) has previously been 

implicated in mediating macrophage and foam cell proliferation 394. While we did not find a 

convincing effect of colchicine on SR-A1, it did reduce surface expression of the class B 

scavenger receptor, CD36, which accounts for up to 60-70% of oxLDL loading of macrophages 

and is important for foam cell formation81, 384, 396. Although incompletely understood, the 

regulation of CD36 involves endoplasmic reticular stress397, and it is heavily modified post-

translationally by N-linked glycosylation, which is necessary for its trafficking to the plasma 

membrane385. Colchicine’s downregulation of CD36 was mediated post-transcriptionally and 

post-translationally, given reduced levels of its glycosylated but not non-glycosylated form on 

immunoblots. Microtubules are involved in organisation of the Golgi apparatus where 

glycosylation of proteins occurs, and colchicine has been shown to disrupt the integrity of this 

complex in macrophages398. This likely results in reduced trafficking of CD36 to the surface 

membrane of macrophages. The affinity of CD36 for oxLDL also depends on its diffusion and 

clustering on the cell membrane, which is mediated by the intracellular cytoskeleton via 

integrins399, and this may be another target by which colchicine reduces surface expression of 

CD36 and oxLDL binding. 

 

To our knowledge, our study is the first to show a colchicine-induced reduction of foam cell 

formation, which would account for the decreased ORO staining seen in plaques of Apoe-/- 

treated mice in both the stable and unstable models of atherosclerosis. In addition to modifying 

CD36 levels, colchicine also increased efflux of cholesterol to HDL in both BMDMs and 
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BMDM-derived foam cells, commensurate with an upregulation of ABCG1 on the cell surface. 

Deficiency of ABCG1 (which effluxes cholesterol to mature HDL) and/or ABCA1 (which 

effluxes cholesterol to Apo-A1) results in increased cholesterol accumulation in macrophages 

and foam cell transformation400. ABCG1 appears to have a more potent role in modulating 

macrophage inflammatory response than ABCA1 and has also been shown to protect 

macrophage viability (e.g. during efferocytosis)400. Our results again indicate post-

transcriptional and post-translational regulation of ABCG1 expression, as its mRNA and total 

protein expression were not significantly affected by colchicine. The mechanism underlying 

this is currently unclear. ABCG1 undergoes ubiquination by E3 ubiquitin ligases and 

subsequent degradation via the ubiquitin proteasome system 401. Whether colchicine inhibits 

this degradation process requires further study.  

  

In addition to lipoproteins, CC deposits are also potent triggers of inflammatory responses in 

plaque. Although previously thought to arise as a late consequence of advanced plaque 

inflammation due to the release of intracellular cholesterol after foam cell death, more recent 

studies have shown an earlier role of CCs in atherogenesis whereby they act as an endogenous 

danger signal sensed by innate immune cells168. Phagocytosis is responsible for the uptake of 

CCs by macrophages, which induce lysosomal damage and in turn activate intracellular 

inflammasomes, most notably NLRP3168, 169. NLRP3 activation and downstream secretion of 

the pro-inflammatory cytokines, IL-1 and IL-18, have been strongly linked to murine and 

human atherosclerosis168, 402-404; however, some studies have downplayed the pathogenic 

importance of NLRP3, suggesting a greater role for CC-induced IL1α, especially in advanced 

plaque development in Apoe-/- mice under extreme and prolonged hypercholesterolaemia178, 

405. Activation of the NLRP3 inflammasome by CCs has also been shown to enhance 

macrophage foam cell formation and migration406 and trigger the release of neutrophil 
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extracellular traps (NETs) which prime macrophages in plaque176. Our gene expression data 

show an additive effect of CCs in priming certain components of NLRP3, namely Nlrp3 itself 

and Il1b, above that induced by TLR4 agonism alone. To our knowledge this has not previously 

been described. Colchicine inhibited the internalisation of CCs in macrophages probably as a 

direct consequence of microtubule inhibition, and in turn attenuated CC-mediated priming of 

Nlrp3 and Il1b at a transcriptional level. As expected from the published literature relating to 

monosodium urate crystals172, we have also demonstrated colchicine’s ability to dampen CC-

induced NLRP3 activation. Mechanistically, this likely relates to inhibition by colchicine of 

microtubule-mediated assembly of the NLRP3 complex407, while our results show that 

colchicine also reduces lysosomal accumulation in macrophages after exposure to CC. It is also 

possible that colchicine dampens NLRP3 activation by acting through other known regulators, 

such as by downregulating CD36408 or reducing intracellular accumulation of endosomal and 

membrane cholesterol409. 

 

Unlike our in vitro experiments which used sequential and timed stimulation of NLRP3 

priming and activation, exposure of macrophages to stimuli for NLRP3 is much more complex 

and diverse in atherosclerotic plaques. The relatively modest anti-atherosclerotic effect that 

colchicine exerted in the de novo, stable Apoe-/- model is compatible with previous research 

that has downplayed the pathogenic importance of NLRP3 in advanced plaques in these mice 

after prolonged hypercholesterolaemia405. In this setting, our data suggest that colchicine’s 

main actions are to inhibit foam cell formation and thereby reduce plaque lipid deposits. 

Activation of NLRP3 and its downstream effectors (IL-1β, IL-18) is higher in unstable 

coronary atherosclerosis compared to stable disease, and this has been shown to be dampened 

even by short-term administration of colchicine in patients with MI273. Importantly, the 

outcomes of the recent COLCOT trial highlight colchicine’s ability to mitigate the risk of 
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recurrent cardiovascular events post-MI389. Aligned with this, our findings in the tandem 

stenosis model indicate that the scope of colchicine’s anti-atherosclerotic potential is more 

substantial in unstable than in stable atherosclerotic plaques. In particular, the positive effect 

of colchicine on the cap-to-core ratio, as one of the most important indicators of clinical plaque 

stability, is of central importance as a potential mechanism by which it may achieve a reduction 

in cardiovascular events. These results are also consistent with clinical evidence from serial 

coronary computed tomography angiography showing that colchicine can favourably modify 

high risk plaques after MI277. 

 

There were several limitations in this study. While we focused on colchicine’s effects on 

macrophages, further work should look at the mechanistic actions of colchicine on other 

cellular mediators in atherosclerosis, such as lymphocytes, neutrophils, platelets and SMCs, 

which are now understood to contribute to the foam cell pool in plaque. Although we 

demonstrated a reduction of foam cell formation in human THP1-macrophages, it will also be 

important to replicate these findings using human monocyte-derived macrophages, especially 

from patients with CAD. Finally, this chapter has assumed that the main driver of colchicine’s 

actions on macrophage biology is through its effects on tubulin. Little is known yet about how 

tubulin is modified by cholesterol loading in macrophages, or what role it plays in CD36 

expression, oxLDL endocytosis or cholesterol efflux. Experiments are currently ongoing in our 

laboratory to investigate whether colchicine’s anti-tubulin effects are responsible for the novel 

observations made in this chapter.  
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3.5 Conclusion 

This chapter highlights how colchicine dampens macrophage responses to oxLDL and CCs in 

vitro, that translate to reduced atherosclerotic lesion formation and more stable plaques in mice 

in vivo. These new insights provide an important mechanistic framework to help explain the 

positive results of the LoDoCo1, LoDoCo2 and COLCOT studies and lend further support to 

the repurposing of colchicine for the treatment of ASCVD, including the clinically sought-after 

stabilisation of vulnerable plaques. 
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4.1 Introduction 

A novel and somewhat unexpected finding from Chapter 3 relates to the ability of colchicine 

to inhibit macrophage uptake of oxLDL and produce foam cells. This effect was found to be 

associated with specific downregulation of CD36 surface expression, with colchicine having 

no effect on Cd36 gene expression or on other scavenger receptors at gene or protein level. 

CD36 is well established to be an integral macrophage scavenger receptor of modified LDL, 

responsible for the majority of cholesterol loading81, 161. Genetic mutations in CD36, and 

changes in protein expression have been observed in patients with CAD410, metabolic 

syndrome and obesity411, malaria412, and tumour metastases413. Beyond genetic variants of 

CD36, epigenetic and post-transcriptional regulation are also thought to modify its expression 

and function, although they have been inadequately explored106. 

 

Eukaryotic elongation factor 2 kinase (eEF2K) is an atypical calcium/calmodulin-dependent 

kinase which plays pivotal roles in controlling cellular protein synthesis, survival and 

proliferation. It phosphorylates eEF2 at Thr56, thereby inhibiting eEF2’s function. This 

inhibits the elongation phase of mRNA translation414, reducing cellular demand for energy and 

nutrients. eEF2K is not essential for survival415, 416; instead it comes into play under diverse 

stress conditions, such as nutrient deprivation, hypoxia, acidosis or DNA damage. Recent 

studies have reported that eEF2K can control the translation of specific mRNAs such that 

polysomal recruitment of these mRNAs is favoured, consistent with its ability to promote the 

expression of the corresponding proteins414, 417. How eEF2K regulates translation of specific 

mRNAs warrants further study.  
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Although relatively little is known about eEF2K’s role in immune cells, one previous study 

reported that eEF2K is rapidly activated by cholesterol loading in BMDMs, via the 

mobilisation of intracellular Ca2+ ions and inactivation of its negative regulator p38 MAPK304. 

In turn, eEF2K phosphorylated and inhibited eEF2 and reduced both macrophage protein 

synthesis and macrophage apoptosis during growth factor deprivation. In this study, the anti-

apoptotic effect of oxLDL was reversed by eEF2K inhibitors, and the p38 MAPK activator, 

anisomycin, which decreased macrophage viability304. Notably, agonists and inhibitors of 

mTORC1 (upstream of eEF2K) did not have this same effect. Since then, there has been 

relatively little follow-up evaluation of eEF2K in the context of either inflammation338, 418, 419 

or atherosclerosis420. 

 

Considering eEF2K’s known ability to regulate the translation of some mRNAs, and its 

reported upregulation in macrophages after cholesterol loading304, this chapter set out to 

comprehensively investigate the role of eEF2K in responses of macrophages to different 

proatherogenic stimuli in vitro, including oxLDL and CCs.  

 

4.2 Methods overview 

BMDMs from C57BL/6J were prepared to investigate the effects of inhibiting eEF2K in 

murine macrophages. A potent eEF2K inhibitor, JAN-384, was added to BMDMs as described 

in the Results section. In parallel, BMDMs from Eef2k-/- and Eef2k+/+ mice were also prepared 

to explore the effects of disabling eEF2K in murine macrophages. Both these aspects were 

studied using cultured BMDMs in various in vitro assays including cell viability, macrophage 
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polarisation, foam cell formation, scavenger receptor expression, cholesterol efflux, 

proliferation, phagocytosis, and efferocytosis.  

 

Statistical analyses of the data in this chapter were performed with Excel (Microsoft) and Prism 

version 8 (GraphPad Software, Inc.). Data sets were tested for normality of distribution by 

Shapiro-Wilk test. Statistical comparisons were performed with parametric or non-parametric 

unpaired or paired two-sample t-tests or ANOVA (with Tukey’s multiple comparisons), as 

specified. Results are expressed as mean ± standard deviation of multiple experiments. In all 

cases, statistical significance was established at two-tailed p < 0.05.  

 

4.3 Results 

4.3.1 Pilot work to establish dosing with JAN-384 

JAN-384 (Janssen Pharmaceutica, NV) is a highly selective and potent eEF2K inhibitor which 

has been previously validated in human lung carcinoma A549 cell lines and murine embryonic 

fibroblasts by Moore et al.362. As this agent had not previously been studied in macrophages, 

Mr Jonar Zareh from our laboratory performed dose titration assays to determine the optimal 

concentrations to be used for subsequent experiments. C57BL/6 BMDMs were treated for 48 

h with different concentrations of JAN-384, in the presence or absence of the mTOR inhibitor, 

AZD8055 (1 μM) (Proud lab, SAHMRI, Australia) which is known to cause activation of 

eEF2K, resulting in phosphorylation of its substrate, eEF2. Western Blot analysis showed that 

JAN-384 inhibited eEF2 phosphorylation in the presence of AZD8055, beginning at a 

concentration of 3 μM (Appendix 1). Hence, 3 μM was used in all subsequent in vitro 

experiments. 
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4.3.2 Effect of disabling eEF2K on the viability of BMDMs and foam cells  

4.3.2.1 Inhibiting eEF2K with JAN-384 has no effect on viability 

BMDMs were derived from C57BL/6J mice BM cells following 7 days of culture in the 

presence of M-CSF (Figure 4-1A). BMDMs were then exposed to 3 μM JAN-384 for 15 min, 

2 h or 48 h. Flow cytometry was used to confirm macrophage differentiation, during which cell 

viability was assessed using a fixative viability stain (FVS) (Figure 4-1B). JAN-384 had no 

significant effect on BMDM viability compared to no JAN-384 control for any of the 

incubation periods tested (Figure 4-1C-E).  

 

Similarly, after 7 days of culture with M-CSF, BMDMs were incubated in 25 g/mL oxLDL 

for varying time periods to induce foam cell formation (Figure 4-1F). Viability was assessed 

in the presence or absence of 3 μM JAN-384 for 15 min, 2 h or 48 h with no significant 

differences between the groups observed (Figure 4-1G-I).  
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Figure 4 - 1: 3µM JAN-384 has no significant effect on macrophage viability  

(A) C57BL/6J mice were humanely euthanised to collect tibia and femur. Bone marrow (BM) 

cells were extracted from the collected bones. BM cells were exposed to 7 days (d) of M-CSF 

to form BMDMs. (B) Flow cytometric gating used to obtain % viable cells. FVS=Fixative 

viability stain. At 3 µM, JAN-384 had no effect on BMDM viability after (C) 15 min, (D) 2 h 

and (E) 48 h of treatment, as determined by flow cytometry using FVS (Paired t-tests, n=4-5). 

(F) BMDMs were cultured and then exposed to 25 µg/mL oxLDL with or without 3 µM JAN-

384 for various time periods to initiate foam cell formation. Once again JAN-384 had no 

significant effect on cell viability after (G) 15 min, (H) 2 h or (I) 48 h of treatment (Paired t-

tests, n=4-6). Data are summarised as mean ± standard deviation, with each data point 

representing one mouse. 
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4.3.2.2 Genetic knock-out of eEF2K has no effect on viability 

In addition to the eEF2K inhibitor studies, parallel studies were conducted comparing BMDMs 

from Eef2k-/- and Eef2k+/+ mice to assess the effects of complete genetic knock-out of eEF2K. 

eEF2K phosphorylates eEF2, thereby inhibiting eEF2’s function. Therefore, eEF2K genetic 

knock-outs were first confirmed by assessing their p-eEF2 levels via western immunoblots in 

BMDMs, treated with basal macrophage media (M0), 25 g/mL nLDL or 25 g/mL oxLDL 

for 48 h. p-eEF2 was absent in all 3 conditions in Eef2k-/- BMDMs compared to Eef2k+/+ 

controls (Figure 4-2A). Similar to the inhibitor studies, we observed no differences in the 

viability of freshly isolated BM cells (Figure 4-3B), culture-derived BMDMs (Figure 4-3C) 

or oxLDL-induced foam cells (Figure 4-3D) from Eef2k-/- and Eef2k+/+ mice.  

 

Taken together, unlike previous studies421 we could not demonstrate an effect of disabling 

eEF2K on BMDM or foam cell viability. 
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Figure 4 - 2: Genetic knock-out of eEF2K has no effect on macrophage viability 

(A) Representative western blot showing that BMDMs from Eef2k-/- mice exposed to M0, 

nLDL or oxLDL for 2 h had an absence of p-eEF2 protein (and therefore no eEF2K activity), 

compared to BMDMs from Eef2k+/+ wild type mice under the same conditions. Representative 

of n=2 experiments. (B) BM cells, (C) BMDMs or (D) oxLDL-induced foam cells obtained 

from Eef2k-/- mice showed no difference in viability compared to Eef2k+/+ mice, as determined 

by flow cytometry using FVS (Unpaired t-tests, n=3-6). Data are summarised as mean ± 

standard deviation, with each data point representing one mouse. 
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4.3.3 Effect of eEF2K on macrophage polarisation 

4.3.3.1 JAN-384 has no effect on macrophage polarisation  

After 7 days of culture, C57BL/6J BMDMs were polarised to naïve M0, M1-like or M2-like 

macrophages in the presence of M-CSF, 25 ng/mL LPS and 5 ng/mL IFN-γ, or 10 ng/mL IL-

4 and 10 ng/mL IL-13, respectively with or without JAN-384 (Figure 4-3A). While 

macrophage heterogeneity is complex, in vitro transformation of macrophages into different 

phenotypes using the above mentioned cytokines is well described76. M1-like or classically 

activated macrophages are traditionally thought to be more inflammatory than M2-like or 

alternately activated macrophages. mRNA levels of the M1-like inflammatory cytokines, Il1a, 

Tnfa and Nos2, were not significantly altered by addition of JAN-384 under basal M0, or 

cytokine-induced M1-like BMDMs (Figure 4-3B-D). Similarly, JAN-384 had no significant 

effect on mRNA levels of the M2-like cytokines, Arg1, Tgfb and Fizz1 under M0 or M2-like 

culture conditions (Figure 4-3E-G).  

 

Flow cytometric analysis of M0, polarised M1-like and M2-like macrophages in the presence 

or absence of JAN-384 demonstrated, firstly, that JAN-384 had no overall effect on the 

differentiation of BM cells into CD45+CD11b+F4/80+ macrophages (Figure 4-4A-B). CD86 

and CD206 are surface markers conventionally used to phenotype CD86+ CD206- M1-like and 

CD86-CD206+ M2-like macrophages in vitro76, 422, 423 (Figure 4-4C). In keeping with our q-

PCR results, the addition of JAN-384 made no difference to the percentage of CD86+CD206- 

or CD86-CD206+ macrophages under any of the inductive culture conditions (Figure 4-4D-E). 

Therefore, we could not demonstrate a clear effect of eEF2K inhibition on macrophage 

polarisation in vitro at either mRNA or protein level. 



Chapter 4 - eEF2K regulates macrophage foam cell formation via CD36 in vitro 

 

  

 

184 

 

  



Chapter 4 - eEF2K regulates macrophage foam cell formation via CD36 in vitro 

 

  

 

185 

Figure 4 - 3: JAN-384 has no significant effect on mRNA transcripts associated with 

macrophage polarisation 

(A) Methodology used to obtain M1-like and M2-like polarised macrophages. After 7 d of 

culture in M-CSF, BMDMs were exposed to either basal M0 conditions, LPS/IFN-γ or IL-

4/IL-13 to obtain M0, M1-like and M2-like macrophages respectively. (B-D) mRNA levels of 

M1 macrophage-secreted cytokine genes, (B) Il1a (C) Tnfa and (D) Nos2 normalised to Actb 

(β-actin) in M0 and M1-like macrophages after 48 h of transformation showed a trend for 

reduced Nos2 in M1-like cells with JAN-384 (Wilcoxon singed-rank test for M0 and Paired t-

tests for M1, n=5). (E-G) mRNA levels of M2 macrophage-secreted cytokine genes, (E) Arg1 

(F) Tgfb and (G) Fizz1 normalised to Actb (β-actin) in M0 and M2-like macrophages after 48 

h of transformation also showed no significant difference between JAN-384 treatment and no 

treatment control (Wilcoxon signed-rank tests for M0 and Wilcoxon signed-rank test for M2 

in E and F and Paired t-test for M2 in G, n=5). Results are expressed as relative % compared 

to basal M0 condition of each mouse. Data are summarised as mean ± standard deviation, with 

each data point representing one mouse. 
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Figure 4 - 4: JAN-384 has no effect on surface markers associated with macrophage 

polarisation 

(A) Flow cytometry gating schematic for obtaining viable CD45+CD11b+F4/80+ macrophages. 

(B) JAN-384 had no overall effect on the % of CD45+ macrophages (CD11b+ F4/80+) obtained 

under any M0, M1 or M2 culture conditions (Paired t-tests for M0, M1 and Wilcoxon signed-

rank test for M2, n=4) (C) Representative dot plots for CD86 and CD206 expression under 

M0, M1 and M2 conditions, highlighting M1-like (CD86+CD206-) and M2-like (CD86-

CD206+) populations. (D) JAN-384 had no effect on the % of M1-like macrophages (Paired t-

tests for M0, M2 and Wilcoxon signed-rank test for M1, n=4) or (E) M2-like macrophages 

(Wilcoxon signed-rank test for M0 and Paired t-tests for M1, M2, n=4) obtained from 

C57BL/6J BMDMs cultured in any of the transformed conditions (M0, M1, M2) described in 

Figure 4-3. Data are summarised as mean ± standard deviation, with each data point 

representing one mouse. 
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4.3.4 Effect of eEF2K on macrophage-to-foam cell transformation 

4.3.4.1 JAN-384 reduces macrophage foam cell formation 

As it had been previously reported that eEF2K is activated in macrophages in response to 

oxLDL304, we set out to confirm this in our own experimental setting. Differentiated C57BL/6 

BMDMs were treated with 25 g/mL of nLDL or 25 g/mL oxLDL for 2 h. Eef2k mRNA 

expression increased by 2-fold in response to oxLDL but not to nLDL (Figure 4-5A), while 

western immunoblotting also showed that exposure to oxLDL for 2 h resulted in a 1.5-fold 

increase in p-eEF2 which is the result of increased eEF2K activity (Figure 4-5B). This effect 

of oxLDL [Mean±SD; 1.5±0.2 arbitrary units (au)] was markedly abrogated with the addition 

of JAN-384362 (0.31±0.2 au) where JAN-384 was added as a 1 h pre-treatment and then co-

incubated with oxLDL for the remainder of the time. 

 

We next tested the effect of inhibiting eEF2K in cholesterol loaded macrophages. JAN-384 

significantly reduced formation of ORO+ foam cells by 33% when C57BL/6J BMDMs were 

cultured for 48 h with oxLDL, 27% with acLDL and 59% with CuSO4-modified-LDL, with a 

downward trend also observed with nLDL (Figure 4-6A-B). This result was confirmed by 

extraction and measurement of ORO absorbance using a plate reader for the nLDL and oxLDL 

conditions (Figure 4-6C). Moreover, ELISA-based quantification also showed trends for 

reduced lipid content in JAN-384 treated cells (Figure 4-6D). Although JAN-384 reduced 

foam cell formation in the presence of all 3 types of modified LDL (oxLDL, acLDL, CuSO4-

modified-LDL), oxLDL was chosen for subsequent experiments, as it is thought to be the most 

physiologically relevant to in vivo81 and human424 atherosclerotic plaques.  



Chapter 4 - eEF2K regulates macrophage foam cell formation via CD36 in vitro 

 

  

 

189 

 

 

  



Chapter 4 - eEF2K regulates macrophage foam cell formation via CD36 in vitro 

 

  

 

190 

Figure 4 - 5: OxLDL increases eEF2K expression and activity 

(A) C57BL/6J BMDMs incubated with oxLDL for 2 h showed an increase in Eef2k mRNA 

expression compared to basal M0 condition (p=0.03 by Friedman test; p-values by Dunn’s 

comparison test shown in graph, n=5). (B) Representative western blot showing that oxLDL 

also increases eEF2K activity, as assessed by increased p-eEF2 levels in BMDM lysates. This 

effect was abrogated by the addition of 3 M JAN-384. Summarised data from western blots 

(p=0.05 by Repeated Measured ANOVA; p-values shown by Tukey’s multiple comparison test 

in graph, n=4). Data are summarised as mean ± standard deviation, with each data point 

representing one mouse. 
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Figure 4 - 6: JAN-384 inhibits macrophage foam cell formation in the presence of 

modified LDL 

(A) Representative images of ORO staining showing BMDM foam cell formation under 

various atherogenic stimuli. acLDL=acetylated LDL, CuLDL=Copper sulphate modified LDL. 

Arrows denote examples of ORO+ foam cells. (B) BMDMs treated with JAN-384 formed 

fewer ORO+ foam cells from C57BL/6J BMDMs co-incubated for 48 h with various modified 

LDL types (oxLDL, acLDL, CuLDL), with a non-significant trend with nLDL also (Paired t-

tests, n=4). (C) This was verified by reduced ORO absorbance in oxLDL loaded BMDMs read 

at 405 nm using a plate reader (Paired t-tests, n=4).  (D) Graph showing non-significant trends 

for reduced lipid content with JAN-384 assessed by a lipid extraction ELISA kit (Paired t-tests, 

n=4). Data are summarised as mean ± standard deviation, with each data point representing 

one mouse. 
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In view of the observed reduction in foam cell formation, the ability of BMDMs to take up 

fluorescently labelled LDL (DiI-LDL) was measured using flow cytometry (Figure 4-7A-B). 

As was expected, BMDM uptake of DiI bound oxLDL (DiI-oxLDL) was higher than that of 

DiI-nLDL (Figure 4-7C). JAN-384 significantly reduced the uptake of both DiI-nLDL (Figure 

4-7D) and DiI-oxLDL (Figure 4-7E), as determined by the % of DiI+ cells and the MFI of DiI. 

In the case of DiI-oxLDL, this was a 17% reduction compared to no treatment for % DiI+ cells 

and a 30% reduction for DiI MFI, consistent with the size of the effect seen for ORO+ staining 

and ORO absorbance (Figure 4-6). 
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Figure 4 - 7: JAN-384 inhibits uptake of oxLDL by macrophages 

(A) BMDMs were treated for 1 h with JAN-384 after which they were treated with DiI 

fluorophore bound LDL, DiI-LDL (DiI-nLDL or DiI-oxLDL) for 2 h before harvesting for 

flow cytometric analysis. (B) Flow cytometric gating schematics used to obtain viable CD45+ 

CD11b+F4/80+ macrophages. (C) Flow cytometry histograms showing increased DiI uptake by 

C57BL/6J BMDMs treated with oxLDL (red) compared to nLDL (green) (Paired t-test, n=4). 

(D) Both the % and MFI of DiI-nLDL+ BMDMs were lower in the JAN-384 treated BMDMs 

(Paired t-tests, n=4). (E) Flow cytometry histograms showing reduced DiI-oxLDL uptake by 

BMDMs treated with JAN-384 (blue) compared to no JAN-384 control (grey). Both the % and 

MFI of DiI-oxLDL+ BMDMs were lower in the JAN-384 treated BMDMs (Paired t-tests, n=4). 

Data are summarised as mean ± standard deviation, with each data point representing one 

mouse. 
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4.3.4.2 Knocking out eEF2K reduces foam cell formation 

In addition to these effects observed for JAN-384, we observed an even stronger reduction of 

foam cell formation in eEF2K deficient cells. Eef2k-/- BMDMs formed 64% fewer ORO+ foam 

cells than Eef2k+/+ controls (Figure 4-8A-B), which was again corroborated quantitatively after 

extraction of ORO and measurement of its absorbance using a plate reader (Figure 4-8C). This 

was further supported by findings that Eef2k-/- BMDMs also showed significantly reduced 

uptake of DiI-oxLDL: 24% relative reduction compared to Eef2k+/+ cells for % DiI+ cells, and 

a 16% reduction for DiI MFI (Figure 4-8D). 

 

Therefore, we have identified a consistent and striking reduction of oxLDL uptake and foam 

cell transformation by BMDMs both with pharmacological inhibition of eEF2K and genetic 

knock-out of Eef2k. This indicates, for the first time, a role for eEF2K in promoting foam cell 

formation in macrophages loaded with modified LDL cholesterol. 
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Figure 4 - 8: Eef2k -/- macrophages have a diminished ability to form foam cells 

(A) Representative images of BMDMs from Eef2k-/- mice and their wildtype Eef2k+/+ 

littermates forming ORO+ foam cells (arrows). (B) Eef2k-/- mice formed fewer ORO+ foam 

cells when incubated with oxLDL for 48 h compared to Eef2k+/+ mice (Mann Whitney test for 

nLDL, Unpaired t-test for oxLDL, n=6). (C) This was verified by reduced ORO absorbance 

read at 405 nm using a plate reader (Unpaired t-tests, n=3). (D) Flow cytometry histograms 

showing DiI-oxLDL uptake by Eef2k-/- BMDMs (green) compared to Eef2k+/+ BMDMs (grey). 

Both the % and MFI of DiI+ BMDMs were lower in Eef2k (Unpaired t-tests, n=4). Data are 

summarised as mean ± standard deviation, with each data point representing one mouse. 
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4.3.5 Effect of eEF2K on CD36 expression in macrophages 

4.3.5.1 JAN-384 reduces CD36 protein expression 

Cholesterol enters macrophages both by macro-pinocytosis and by SR-dependent 

endocytosis81. The SRs, CD36 and SR-A1, account for more than 90% of the lipid 

accumulation in macrophages exposed to oxLDL384
, with other uptake receptors such as LOX-

1 also playing a minor role81. All have been implicated in foam cell formation and 

atherogenesis425, 426. Using flow cytometry, C57BL/6J BMDMs treated with JAN-384 were 

found to have a 19% reduction in the MFI for surface CD36 expression in the presence of 

oxLDL, but not under other inductive conditions (Figure 4-9A-B), with no such effect 

observed for other cholesterol uptake receptors (Figure 4-9C-D). Similarly, western 

immunoblotting showed that JAN-384 reduced expression of CD36 protein in lysates of 

BMDM-derived foam cells by 24% while having no significant effect on other SR protein 

levels (Figure 4-10A-E). In contrast, JAN-384 had no significant effect on Cd36 mRNA levels 

(Figure 4-10F). The levels of mRNAs for other uptake receptors were also not affected by 

JAN-384 (Figure 4-10G-H).  
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Figure 4 - 9: JAN-384 reduces surface expression of CD36 on macrophages 

(A) Flow cytometry gating schematics used to obtain viable CD11b+ F4/80+ BMDMs. (B) Flow 

cytometry histograms show CD36 expression on the surface of oxLDL-loaded BMDMs from 

C57BL/6J mice treated with 3 µM JAN-384 (blue) compared to no JAN-384 control (grey). 

Graph summarises CD36 MFI as relative % compared to basal M0 condition of each mouse. 

CD36 MFI was significantly lower in oxLDL loaded BMDMs treated with JAN-384, with non-

significant trends observed under M0 and nLDL treated conditions (Paired t-tests, n=6). 

Representative flow cytometry histograms for (C) SR-A1 and (D) LOX1 expression in oxLDL 

loaded BMDMs treated with JAN-384 (blue) compared to no JAN-384 control (grey). 

Accompanying graphs summarise the data for MFI normalised to the basal M0 condition for 

each mouse.  Unlike for CD36, JAN-384 had no significant effect on the surface expression of 

either SRA1 (C) or LOX1 (D) (Paired t-tests, n=7). FMO controls are shown as dotted 

histograms. Data are summarised as mean ± standard deviation, with each data point 

representing one mouse.  
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Figure 4 - 10: JAN-384 selectively reduces CD36 protein but not mRNA levels  

(A) Western blotting for CD36, SRA1, LOX1 in lysates of C57BL/6J BMDMs cultured under 

M0, nLDL or oxLDL conditions in the presence or absence of JAN-384 for 48 h. Band densities 

were normalised to GAPDH. (B) Graph summarises the protein levels for CD36 as a relative 

% compared to the basal, untreated M0 condition for each mouse (Wilcoxon signed-rank test 

for M0 and nLDL, Paired t-test for oxLDL, n=4). Summarised data for (C) SRA1 (Wilcoxon 

signed-rank test for M0 and Paired t-tests for nLDL and oxLDL), (D) Pro-LOX1 (Wilcoxon 

signed-rank test for M0 and Paired t-tests for nLDL and oxLDL) and (E) Mature-LOX1 

(Wilcoxon signed-rank test for M0, nLDL and oxLDL) proteins, which were not significantly 

altered by eEF2K inhibition via JAN-384 under any condition. (F) mRNA levels of Cd36, (G) 

Sra1 and (H) Cd206 genes normalised to Actb (β-actin) in oxLDL loaded BMDMs after 2 h 

(Paired t-tests, n=6). All quantitative data are expressed as normalised % compared to basal, 

untreated M0 condition for each mouse, and are summarised as mean ± standard deviation, 

with each data point representing one mouse. 
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4.3.5.2 Knocking out eEF2K in mice reduces CD36 protein expression 

Similarly, Eef2k-/- BMDMs treated with oxLDL showed a striking 68% reduction in CD36 MFI 

(Figure 4-11A) as well as a 48% reduction in total protein expression of CD36 in BMDM 

lysates (Figure 4-11B) compared to Eef2k+/+ BMDMs under the same conditions, with no such 

effect observed at an mRNA level (Figure 4-11C).  

 

Collectively, these results suggest that eEF2K selectively promotes CD36 expression under 

oxLDL loading conditions and that it does so at a post-transcriptional level. 
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Figure 4 - 11: Eef2k -/- macrophages express lower levels of CD36 protein under oxLDL 

loading 

(A) Representative flow cytometry histograms and summarised data showing CD36 expression 

on the surface of oxLDL loaded Eef2k-/- BMDMs (green) compared to Eef2k+/+ BMDMs (grey) 

(Unpaired t-test, n=3-5). FMO control is shown as a dotted histogram. (B) Western blotting for 

CD36 in lysates of Eef2k-/- and Eef2k+/+ BMDMs cultured under M0, nLDL or oxLDL 

conditions for 48 h. Band densities were normalised to GAPDH. Graph summarises expression 

of CD36 as relative % compared to basal M0 condition for Eef2k+/+ mice (Unpaired t-tests, 

n=3). (C) mRNA levels of Cd36 gene normalised to Actb (β-actin) in BMDMs cultured under 

M0, nLDL or oxLDL conditions for 2 h. Results expressed as relative % compared to basal 

M0 condition for Eef2k+/+ mice (Unpaired t-tests, n=4). Data are summarised as mean ± 

standard deviation, with each data point representing one mouse.  
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4.3.6 eEF2K controls the translation of CD36 under oxLDL loading in 

macrophages 

Previous research has indicated that modulation of translation elongation can indirectly 

regulate the expression rates of certain proteins427,292, 428. eEF2K regulates the rate of translation 

elongation as its phosphorylation of eEF2 on Thr56429 impedes the binding of eEF2 to 

ribosomes and hence impairs translation elongation284, 430. Since we observed that disabling 

eEF2K results in the reduction of CD36 expression at a protein but not mRNA level, it was 

relevant to study whether eEF2K affected the translation of the Cd36 mRNA. C57BL/6J 

BMDMs were incubated with oxLDL with or without JAN-384 and ribosomal fractions were 

resolved by centrifugation through sucrose gradients, from which fractions were collected 

corresponding to active polysomes and more slowly-sedimenting translationally inactive non-

polysomal (untranslated) material (Figure 4-12A-B). We observed no difference in the overall 

proportion of ribosomes in translationally active polysomal fractions versus translationally 

inactive sub-polysomal/monosomal fractions (P/M ratio) in cells when eEF2K was inhibited 

by JAN-384 (Figure 4-12C). However, JAN-384 significantly increased the amount of the 

Cd36 mRNA that was associated with inactive monosomal fractions (Control 32.3±8.8% vs 

JAN-384 55.2±13.5%, p=0.02) while decreasing its association with active polysomes (Control 

67.7±8.8% vs JAN-384 44.8±13.5%, p=0.02) (Figure 4-12D-E). By comparison, the P/M 

distribution of the Sra1 mRNA was unchanged (Figure 4-12F-G) further suggesting that the 

effect of inhibiting eEF2K specifically affects translation of Cd36 mRNA.  
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Figure 4 - 12: eEF2K regulates translation of Cd36 mRNA 

(A) Methodology used to separate polysome fractions with varying numbers of ribosomes 

attached to mRNA. A linear sucrose gradient was prepared overnight, and lysates were overlaid 

on top before ultracentrifugation. (B) Representative sedimentation absorbance graph of 

polysome analysis from lysates of C57BL/6J oxLDL loaded BMDMs treated with JAN-384 

(blue) compared to no JAN-384 control (grey). (C) Polysome/monosome ratio from (A) was 

calculated by measuring the areas under the fractions (Wilcoxon signed-rank test, n=6, 

p=0.69). (D) mRNA levels of Cd36 gene normalised to Gapdh in individual fractions collected 

from the lysates of oxLDL loaded BMDMs with or without JAN-384 (Multiple t-tests, n=5). 

(E) Summarised mRNA levels of Cd36 gene in monosomes (pooled 1-5 fractions) and 

polysomes (pooled 6-10 fractions) (Paired t-tests, n=5). (F) mRNA levels of Sra1 gene 

normalised to Gapdh in individual fractions collected from the lysates of oxLDL loaded 

BMDMs with or without JAN-384. (Multiple t-tests, n=5). (G) Summarised mRNA levels of 

Sra gene in monosomes (pooled 1-5 fractions) and polysomes (pooled 6-10 fractions) (Paired 

t-tests, n=5). Data are summarised as mean ± standard deviation, with each data point 

representing one mouse. 
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4.3.7 Effect of eEF2K on cholesterol efflux capacity 

4.3.7.1 Disabling eEF2K augments cholesterol efflux capacity 

The accumulation of cholesterol in foam cells can be removed through active transfer out of 

the cell, mediated by cholesterol transporters or by passive trans-membrane diffusion431. HDL 

or ApoA-1 then capture the released cholesterol. Since inhibition or knock-out of eEF2Kled to 

a reduction in lipid accumulation within BMDMs, we also examined whether this may be 

mediated by changes in cholesterol efflux. BMDMs and oxLDL-induced foam cells were 

exposed to 1 h of JAN-384 pre-treatment and then were loaded with tritiated cholesterol (3H-

cholesterol) for 24 h. Medium was changed to serum free in the presence of JAN-384 for 

another 18 h, after which ApoA-1 or HDL was added to promote efflux (Figure 4-13A). JAN-

384 increased BMDM efflux capacity by 30% and foam cell efflux capacity by 92% when 

HDL was added as the cholesterol acceptor but not when ApoA-1 was the cholesterol acceptor 

(Figure 4-13B-C). The same method was used to assess cholesterol efflux capacity of Eef2k-/- 

BMDMs and foam cells compared to Eef2k+/+ controls (Figure 4-13D). Efflux to HDL was 

increased by 33% for foam cells obtained from Eef2k-/- mice, with a non-significant trend also 

seen for increased efflux capacity from Eef2k-/- BMDMs compared to control BMDMs (Figure 

4-13E, F). Since cholesterol transporters, such as ABCA1, ABCG1 and SR-B1, play major 

roles in active free cholesterol efflux from macrophages, their mRNA levels were assessed 

using q-PCR and total protein levels were evaluated using immunoblots. Neither the mRNA 

levels (Figure 4-14A-C) nor the protein levels (Figure 4-14D-G) of any of these three 

cholesterol transporters were significantly affected by the addition of JAN-384. Thus, further 

studies are needed to examine the mechanism by which eEF2K inhibition increases the 

functional cholesterol efflux capacity of macrophages and foam cells. 
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Figure 4 - 13: Disabling eEF2K increases cholesterol efflux capacity 

(A) Methodology used for the cholesterol efflux functional assay. Macrophages or foam cells 

were pre-treated with JAN-384 for 1 h. [3H]-cholesterol was added for 24 h. Medium was 

changed to serum free medium for another 18 h with or without JAN-384. Acceptors, Apo-A1 

or HDL were added and incubated for 4 h to facilitate efflux. (B) Addition of JAN-384 

increased BMDM efflux capacity in the presence of HDL as an acceptor while there was no 

significant effect of JAN-384 when Apo-A1 was added as an acceptor (Wilcoxon signed-rank 

test for Apo-A1 and Paired t-test for HDL, n=10). (C) Foam cell efflux capacity was also 

increased in the presence of JAN-384 when HDL was the acceptor, with a trend towards an 

increase with Apo-A1 (Paired t-tests, n=4). (D) Similar methodology was used to conduct 

functional cholesterol efflux assays using Eef2k-/- and Eef2k+/+ BMDMs. (E) At low 

experimental numbers, Eef2k-/- BMDMs had a trend towards an increased efflux capacity 

compared to Eef2k+/+ BMDMs (Mann Whitney test, n=2-3). (F) Foam cells derived from Eef2k-

/- BMDMs had increased efflux capacity when HDL was added as the acceptor (Mann Whitney 

test for Apo-A1 and Unpaired t-test for HDL, n=4-6). Data are summarised as mean ± standard 

deviation, with each data point representing one mouse. 
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Figure 4 - 14: JAN-384 has no significant effect on expression of cholesterol efflux 

transporters  

(A-C) JAN-384 had no effect on mRNA levels for the key efflux transporters, (A) Abca1, (B) 

Abcg1 or (C) Srb1 in either M0, nLDL or oxLDL loaded BMDMs. Results are normalised to 

Actb (β-actin), with mRNA expression also normalised to the basal, untreated M0 condition 

for each mouse (Wilcoxon signed-rank test for M0 and Paired t-tests for nLDL and oxLDL, 

n=4). (D-E) At low experimental numbers, JAN-384 had no effect on the MFI of (D) ABCA1 

and (E) ABCG1 as assessed via flow cytometry (Wilcoxon signed-rank tests, n=3). (F) 

Representative western blots for ABCA1, ABCG1, SRB1 in lysates of BMDMs cultured under 

M0, nLDL and oxLDL loaded conditions for 48 h in the presence or absence of JAN-384. (G) 

Summarised protein expression for ABCA1 (Wilcoxon signed-rank test for M0, Paired t-tests 

for nLDL and oxLDL, n=4), (H) ABCG1 (Wilcoxon signed-rank tests for M0 and nLDL, 

Paired t-test for oxLDL, n=4) and (I) SR-B1 (Wilcoxon signed-rank tests for M0 and oxLDL, 

Paired t-test for nLDL, n=4), normalised to GAPDH and shown as relative % to the basal, 

untreated M0 condition for each mouse. Data are summarised as mean ± standard deviation, 

with each data point representing one mouse. 
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4.3.8 Effect of eEF2K on cell cycle 

Cholesterol loading is known to stimulate macrophage proliferation432, which is a driver of 

plaque expansion and cellularity in atherosclerosis394. M0, nLDL and oxLDL loaded 

macrophages were stained with propidium iodide (PI) after co-treatment with JAN-384 and 

assessed by flow cytometry to determine cell cycle status (Figure 4-15A). JAN-384 inhibited 

the proportion of M0 and oxLDL-treated BMDMs that were in active S-phase (Figure 4-15B) 

and G2-M phase (Figure 4-15C) of cell cycle, as measured by PI incorporation. However, it 

had no effect on apoptosis (Figure 4-15D). In separate experiments, we used the alternative 

method of BrdU uptake and 7AAD staining to assess the cell cycle and apoptotic status of 

oxLDL induced foam cells from Eef2k-/- and Eef2k+/+ BMDMs (Figure 4-15E). There was an 

approximately 50% reduction in the percentage of S-phase cells from Eef2K-/- mice (Figure 4-

15F), with a much smaller but statistically significant reduction in the proportion in G2-M 

phase (Figure 4-15G), but with no difference in the percentages of apoptotic cells (Figure 4-

15H).  

 

Therefore, in addition to promoting lipid uptake and foam cell transformation, eEF2K also 

appears to regulate macrophage and foam cell proliferation but not apoptosis.  
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Figure 4 - 15: Disabling eEF2K reduces macrophage and foam cell proliferation 

(A) Representative flow cytometry gating schematic used to determine apoptosis (A) and cell 

cycle status (G0/1, S, G2/M) for PI stained C57BL/6J BMDMs and foam cells. Blue histogram 

indicates with JAN-384 treatment and grey indicates no JAN-384 control. (B) BMDMs treated 

under M0 or oxLDL conditions with JAN-384 showed fewer cells in S-phase of cell cycle, 

compared to no JAN-384 control while nLDL showed no such effect (Paired t-tests, n=10). (C) 

Addition of JAN-384 also reduced cells in G2-M phase of cell cycle under M0, nLDL and 

oxLDL treated conditions (Paired t-tests, n=10), (D) however, had no effect on the proportion 

of apoptotic cells (Paired t-tests, n=10). (E) Representative flow cytometry histograms for 

BrdU staining of oxLDL loaded Eef2k-/- (blue histogram) and Eef2k+/+ (grey) BMDMs. FMO 

control is shown as dotted histogram. (F-H) Graphs summarising results for the percentages of 

Eef2k+/+ and Eef2k-/- foam cells that were in (F) S-phase (Unpaired t-test, n=4), (G) G2/M phase 

(Unpaired t-test, n=4) or (H) apoptotic (Mann-Whitney test, n=4). Data are summarised as 

mean ± standard deviation, with each data point representing one mouse. 
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4.3.9 Effect of eEF2K on macrophage phagocytosis 

Although macrophages take up most modified cholesterol via SR-mediated endocytosis, 

phagocytosis is responsible for their uptake of CCs, which are well known to deposit in 

atherosclerotic plaques as a result of increased high local concentration of esterified cholesterol 

especially after foam cell death433. Intracellular ingestion of crystalline material in turn induces 

lysosomal damage and activation of inflammasome complexes, including NLRP3, which 

results in the activation of the mature forms of the proatherogenic cytokines, IL-1β and IL-

18168, 169. M1-like and M2-like polarised macrophages are known to have enhanced phagocytic 

capacity compared with that of naive M0 macrophages434, 435. We therefore tested the effect of 

eEF2K inhibition on the phagocytic capacity of different subtypes of BMDMs by using flow 

cytometry to measure uptake of PE-conjugated phagocytic beads (Figure 4-16A-C). While 

M1-like macrophages showed the greatest phagocytic capacity, JAN-384 had no significant 

effect on the % of PE+ cells or their MFI for any of the macrophage phenotypes tested (Figure 

4-16D-E). 

 

In addition to its lack of effect on phagocytosis, JAN-384 also failed to alter activation of the 

NLRP3 inflammasome when LPS-primed BMDMs were incubated with CCs (Figure 4-17A). 

In particular, western immunoblotting of CC-stimulated BMDMs showed no differences in 

protein expression of NLRP3, Pro/Mature Caspase-1 or Pro/Mature IL-1β in the presence or 

absence of JAN-384 (Figure 4-17B-G). When combined with the earlier finding that inhibiting 

eEF2K had no effect on cytokine-induced macrophage polarisation (Figures 4-3 and 4-4), 

these results provide a consistent narrative that argues against eEF2K significantly regulating 

the inflammatory status of macrophages in vitro.  
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Figure 4 - 16: JAN-384 has no significant effect on macrophage phagocytosis 

(A) Methodology used to conduct the functional phagocytosis assay. BMDMs cultured under 

different inductive culture conditions (M0, M1, M2, nLDL, oxLDL) were exposed to PE-

conjugated phagocytic beads in the presence or absence of 3µM JAN-384 for 24 h. (B) Flow 

cytometric gating schematics used to obtain viable CD45+CD11b+F4/80+ macrophages. (C) 

Representative flow histogram showing how PE+ cells were assessed. Summarised data show 

JAN-384 has no effect on the (D) % of phagocytotic cells (Paired t-tests, n=7) or their (E) MFI 

in M0, nLDL and oxLDL loaded BMDMs or M1-like and M2-like macrophages (Paired t-tests, 

n=7). FMO controls are shown as dotted histograms. Data are summarised as mean ± standard 

deviation, with each data point representing one mouse.  
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Figure 4 - 17: JAN-384 has no effect on CC-induced NLRP3 inflammasome activation 

(A) Methodology used to test inflammasome activation in JAN-384 treated BMDMs. BMDMs 

were exposed to LPS priming for 1 h after which JAN-384 was co-incubated with LPS for 

another 1 h. Cells were washed and fresh basal M0 media with CCs were added for another 24 

h with or without JAN-384. (B) Western blotting was performed for NLRP3, Pro-Caspase-1, 

Mature-Caspase-1, Pro-IL-1β and Mature- Pro-IL-1β in harvested lysates from LPS-primed 

CC-activated BMDMs in the presence or absence of JAN-384. (C) Summarised data for 

NLRP3 (Paired t-test, n=6), (D) Pro-Caspase-1 (Paired t-test, n=6), (E) Mature-Caspase-1 

(Paired t-test, n=6), (F) Pro-IL-1β (Paired t-test, n=6) and (G) Mature-IL-1β (Paired t-test, 

n=3). Band densities were normalised to β-actin. Data shown in graphs are further normalised 

to the no JAN-384 control condition, and are summarised as mean ± standard deviation, with 

each data point representing one mouse.  
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4.3.10 Effect of eEF2K on macrophage efferocytosis 

Phagocytic macrophages not only ingest CCs and other pathogenic material, but are also 

essential for clearing dead and dying host cells436. The process of engulfing apoptotic cells is 

called efferocytosis and has long been appreciated for its role in the resolution of 

inflammation437. Hence, we also investigated transformed macrophage ability to efferocytose 

dead macrophages. BMDMs were either loaded with cholesterol (nLDL or oxLDL) or were 

transformed into M1-like or M2-like macrophages. In parallel, naïve M0 macrophages were 

exposed to ultraviolet light to cause cell death and labelled with carboxyfluorescein 

succinimidyl ester (CFSE) according to the manufacturer’s instructions. CFSE-labelled dead 

M0 macrophages were then exposed to the transformed foam cells or polarised macrophages 

and their ability to efferocytose the dead cells was analysed by measuring uptake of the CFSE 

label using flow cytometry (Figure 4-18A-C). While oxLDL loaded macrophages showed the 

greatest efferocytic capacity, JAN-384 did not significantly alter efferocytosis for any of the 

transformed macrophage subgroups (Figure 4-18D-E). Therefore, as with phagocytosis, we 

could not demonstrate a role for eEF2K in the control of efferocytosis in vitro. 
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Figure 4 - 18: JAN-384 has no effect on macrophage efferocytosis of necrotic cells 

(A) Methodology used to conduct the functional efferocytosis assay. (B) Representative flow 

cytometry gating schematics used to obtain viable CD45+ CD11b+ F4/80+ macrophages. (C) 

Representative flow cytometry histogram showing how efferocytic uptake of CFSE+ dead cells 

was assessed. Negative control for CFSE uptake is shown as a dotted histogram. (D-E) 

Summarised data showing that JAN-384 had no effect on (D) the % of CFSE+ efferocytic cells 

(Paired t-tests, n=7) or (E) CFSE MFI in any of the macrophage subgroups tested (Paired t-

tests, n=7). Data are summarised as mean ± standard deviation, with each data point 

representing one mouse. 
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4.4 Discussion 

This chapter explores the regulation of macrophage and foam cell biology by eEF2K in vitro, 

by using the complementary approaches of a potent and highly selective inhibitor, JAN-384, 

and complete gene knock-out through ubiquitous Eef2k-/- mice. Notably, both of these 

strategies for disabling eEF2K’s activity have only become recently available362, 438, and 

represent methodological advances on previously used techniques339, 420. Our main findings are 

that eEF2K gene expression and protein activity are augmented in murine macrophages 

following oxLDL cholesterol loading, and that disabling eEF2K reduces oxLDL uptake and 

lipid accumulation in macrophages and their transformation into foam cells. This is 

accompanied by reduction in the proliferative, S-phase status of foam cells. For the first time, 

we also show that eEF2K selectively promotes the translation of Cd36 mRNA into its protein 

and its expression on the surface of macrophages following exposure to oxLDL. Inhibition or 

gene knock-out of eEF2K both also augment the cholesterol efflux capacity of macrophages 

and foam cells, which may promote the removal of lipid from these cells, although the 

mechanisms for this need further study. In contrast to previous reports304, 419, 420, 439, we found 

no evidence that eEF2K regulates the viability of foam cells or the cytokine-induced 

polarisation of macrophages. Moreover, our results do not indicate a role for eEF2K in the 

phagocytic or efferocytic capacity of macrophages or the CC-induced activation of the NLRP3 

inflammasome. 

 

To inhibit eEF2K activity, a novel and specific eEF2K inhibitor, JAN-384 (IC50 = 5 nM) was 

used362. JAN-384 is highly selective, having at least an 80–200 fold greater potency toward 

eEF2K than any other kinase which was assessed in a screen against 243 kinases289. In 2009 

Chen et. al304 suggested that eEF2K is activated in murine macrophages in response to oxLDL, 
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an effect that was reversed by the inhibition of eEF2K using TS-4 and TX-1918, two early 

eEF2K inhibitors. The authors suggested that this eEF2K inhibition reversed the pro-survival 

effect of oxLDL and resulted in cellular apoptosis. In this chapter, while we confirmed that 

eEF2K is indeed upregulated and activated in response to oxLDL with reversal of this effect 

by JAN-384, we did not observe a pro-apoptotic effect with eEF2K inhibition or genetic knock-

out, adding to the controversial literature on eEF2K and apoptosis that has also been observed 

for other cell types, particularly different cancer cell lines358, 439, 440. However, a limitation of 

this study was that, beside the use of flow cytometry viability dyes and apoptosis read-outs 

from PI and BrdU/7AAD uptake, we did not investigate apoptotic pathways more 

comprehensively using other methods, such as by measuring Annexin-V staining or Caspase 3 

and 9 expression.  

 

Macrophage polarisation refers to the process by which macrophages produce distinct 

functional phenotypes as a reaction to specific microenvironmental stimuli and signals441. 

Macrophages in vitro undergo classical M1-like macrophage transformation under LPS and 

IFN-γ cytokine activation, or alternative M2-like macrophage transformation when stimulated 

with IL-4 and IL-13442. When explored in the presence of JAN-384, eEF2K inhibition had no 

effect on macrophage polarisation into these phenotypes, as determined by either gene or 

protein expression of key markers. This was contrary to a previous study, which reported that 

M1-like macrophages cultured from mice with kinase-defective eEF2K (Eef2k-KI) showed a 

reduction in the pro-inflammatory cytokine, TNF-α in their supernatant420. Although not shown 

in results, when we assessed TNF-α in the supernatants from the Eef2k-/- mice, we observed no 

such effect. One of the main reasons for this discrepancy could be that we used Eef2k+/+ 

littermates as our control when comparing effects to Eef2k-/- mice. In the other aforementioned 

study, the control group used for comparison was C57BL/6J mice. Initial experiments 
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performed in our study also utilised C57BL/6J mice as an additional control group. However, 

we observed major differences in the expression of various cytokines between C57BL/6J with 

Eef2k+/+ mice (data not shown). We therefore used the latter as a more appropriate comparison 

to Eef2k-/- mice throughout all our experiments.  

 

This study found for the first time that, when eEF2K was inhibited or knocked out, macrophage 

foam cell formation was significantly reduced in the presence of modified LDL, including 

oxLDL. Cholesterol enters macrophages by macropinocytosis (nLDL) and SR-dependent 

endocytosis (oxLDL)81. Accumulation of oxLDL creates a foamy appearance in macrophages 

(foam cells). Eventually these foam cells accumulate to create fatty streaks in vivo and 

contribute to the architecture of advanced plaques. Macrophage foam cells also produce a 

variety of cytokines and growth factors443, such as IL-1444, TNF-α445, heparin-binding 

epidermal growth factor (HB-EGF), TGF-β, fibroblast growth factor (FGF) and ROS446 that 

promote infiltration of leukocytes into plaque, further enhancing foam cell accumulation447. 

While multiple SRs are responsible for the uptake of modified LDL, of the receptors studied 

here, eEF2K only regulated the expression of CD36. In keeping with its canonical functions, it 

did so at a protein but not at an mRNA transcript level. While CD36 accounts for up to 60-70% 

of oxLDL loading81, 384, SRA-1 and LOX-1 are also known to be important SRs for the uptake 

of modified LDL particles 432 but these were unaffected by disabling eEF2K. It has previously 

been reported that CD36 protein expression can be modified by epigenetic changes and post-

transcriptional interferences from non-coding RNAs106. Other specific molecular mediators 

that could potentially affect post-transcriptional regulation of CD36 are largely unexplored. 

We observed that eEF2K inhibition reduced the translational efficiency of the Cd36 mRNA as 

evidenced by the reduced amounts of ribosomes occupying the Cd36 mRNA, thus decreasing 

the synthesis of CD36. eEF2K has been previously reported to have regulated several other 
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mRNAs post-transcriptionally, namely X-linked inhibitor of apoptosis protein (XIAP)448, heat 

shock protein 90 (HSP90)449, and B-cell lymphoma 2 (Bcl-2)414, 417, 450, 288. However, how and 

why eEF2K only affects the translation of certain mRNAs is not clearly understood. 

 

In an effort to understand why eEF2K might have targeted CD36 mRNA, we also examined 

its 5′ untranslated region (UTR). Translational efficiency can be regulated by features of the 5′ 

UTR of mRNAs, such as their length, specific sequence motifs, secondary structural features 

and the presence of upstream open-reading frames (uORFs)451. The interaction between these 

elements and the translational cofactors can provide precise control over the translation of 

individual types of transcripts. eEF2K is reported to influence the efficiency of translation of 

mRNAs that contain regulatory elements in their 5′-untranslated regions, such as internal 

ribosome entry sites or upstream uORFs287. It was found that Cd36 transcript has a 5′-UTR 

length of more than 200 nucleotides which contains several uORFs (Figure 4-19), which could 

be a target for eEF2K. All these features are consistent with tight regulation of CD36 

translation122. While it has been reported that glucose regulates expression of the CD36 mRNA 

by acting on its uORF122, little is known about effects of cholesterol loading. A future direction 

for this study would be to examine whether Cd36 uORFs are affected by eEF2K inhibition thus 

leading to its reduced incorporation with ribosomes hindering its translation efficiency. 

Although initial studies towards this hypothesis were started, these experiments could not be 

completed at the time of this thesis submission. These initial studies showed that Cd36 mRNA 

variant 557 is highly expressed in murine BMDMs after oxLDL incubation. As the next step, 

a vector construct has been designed with the variant 557 uORF inserted upstream of a standard 

Firefly luciferase reporter vector (staCFluc). These reagents will allow us to assess the effects 

of eEF2K inhibition with JAN-394 on the translation of Cd36-uORF-staCFluc using standard 

luciferase assays (Figure 4-20)
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Figure 4 - 19: Variants of murine Cd36 transcript comprising distinctive uORFs 

The illustration highlights the 5 different variants of murine Cd36 that is present with various uORF regions, which can affect the translational 

capacity of the mRNA. nt = nucletides; TSS = transcriptional start site; uORF = untranslated open reading frame. 
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Figure 4 - 20: Standard Fluc reporter vector (staCFluc) 

The reporter vector used to create the Cd36-uORF-staCFluc construct. We will be using the 

HindIII restriction enzyme site (red box), to cut the parental vector and insert the constructed 

variant 557 uORF. 
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Macrophages have mechanisms to efflux surplus intracellular cholesterol to extracellular 

acceptors to prevent excess lipid accumulation. Interestingly, we found that both the inhibition 

and knock-out of eEF2K increased efflux capacity from foam cells in the presence of HDL, 

which is a well-known cholesterol acceptor. Unlike the reduction in CD36 which could account 

for decreased oxLDL uptake, we could not find a significant upregulation of efflux transporters 

to account for the augmented efflux. This therefore requires further mechanistic evaluation.  

 

Macrophage proliferation contributes to the accumulation of cells within expanding 

atherosclerotic plaques394, 452 and arrested macrophage proliferation has been shown to reduce 

lesion size394, 453. OxLDL has been shown to promote macrophage proliferation, with some 

evidence suggesting that this may be mediated via SRs 368, 454 especially SR-A1394. In keeping 

with reduced uptake of oxLDL, this chapter provides complementary evidence to show that 

disabling eEF2K also exerts anti-proliferative effects on foam cells, which could in turn have 

in vivo relevance for plaque growth during atherogenesis. Previous studies have similarly 

described a role for eEF2K in promoting the proliferation of SMCs in spontaneously 

hypertensive rats455, with reversal of this effect achieved by the less-specific and potent eEF2K 

inhibitor, A‐484954. On the contrary, eEF2K has been found to have opposing effects on the 

proliferation of different cancer cell lines. In one such study, knock-down of Eef2k using small 

hairpin RNA (shRNA) increased proliferation of the A549 lung cancer cell line456. Moreover, 

pharmacological activation of eEF2K using nelfinavir, an HIV aspartyl protease inhibitor, has 

also been shown to decrease proliferation of HeLa cells421. Taken together, it appears that 

eEF2K’s regulation of the cell cycle is probably both cell type- and condition-specific.  

 

Cholesterol is known to accumulate in atherosclerotic plaques not only in the form of 

intracellular cholesterol esters in foam cells but also as intra- and extracellular crystalline 
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material457. Crystalline cholesterol can be found in all stages of atherogenesis and is present in 

early atherosclerotic lesions169, 458. Abela and colleagues investigated the role of crystalline 

cholesterol in advanced atherosclerotic lesions459. They observed that crystallisation of 

cholesterol led to volume expansion and could result in sharp-edged CCs with the potential to 

penetrate biological membranes. Moreover, two independent studies showed that CCs can be 

phagocytosed by murine or human macrophages. In phagocytic cells that engulf abundant 

amounts of CCs, lysosomal damage is induced, which results in the activation of the NLRP3 

inflammasome with subsequent activation of caspase-1 and activation and secretion of IL-1β 

family cytokines168, 169. In addition, oxLDL can activate macrophage TLRs and SRs and 

mediate cellular priming resulting in NLRP3 and pro-IL-1β expression, which are prerequisites 

for NLRP3 inflammasome mediated IL-1β secretion168. In the current study, phagocytic 

capacity of macrophages revealed that JAN-384 had no effect on the phagocytic capacity of 

naïve and polarised M1-like and M2-like macrophages or cholesterol loaded macrophages. 

This was further confirmed by the lack of effect of JAN-384 on the activation of the NLRP3 

inflammasome. Sheedy et al. suggested that the heterotrimeric CD36–TLR4–TLR6 signalling 

complex, acting via NF-κB and reactive oxygen species, primes the NLRP3 inflammasome in 

response to oxLDL460. Thus, the reduction of CD36 via JAN-384 inhibition or genetic knock-

out of Eef2k may have been expected to cause inactivation of the NLRP3 inflammasome in the 

presence of oxLDL, but this was also not the case (data not shown). This could be related to 

complementary mechanisms that switch on the TLR4-TLR6 signalling pathway even when 

CD36 is downregulated, or alternatively because the extent to which CD36 is reduced by 

disabling eEF2K is not large enough to affect the NLRP3 inflammasome. 

 

Another important function of macrophages is the efficient clearance of apoptotic cells, or 

efferocytosis. Defective uptake of apoptotic cells results in chronic and unresolved 
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inflammation, as seen in advanced stage atherosclerosis461. Macrophage CD36 receptors are 

also thought to mediate efferocytosis following tissue injury and thereby prevent excessive 

inflammation that could compromise tissue repair462. Although a role for CD36 in efferocytosis 

has been described, there are also other receptors thought to be more centrally involved in 

efferocytosis such as MerTK. However, in this chapter, no role for eEF2K in regulating the 

efferocytosis of different macrophage phenotypes was seen, and consistent with this, also no 

effect on the expression of key efferocytic markers (e.g. CD206, MerTK) (data not shown). 

Together, the fact that eEF2K does not appear to regulate macrophage polarisation, 

phagocytosis or efferocytosis speaks further to the specificity of its translational control of 

CD36 in macrophages under loading with modified cholesterol. 

 

4.5 Conclusion  

This chapter highlights that eEF2K is upregulated and activated in macrophages loaded with 

modified LDL and in this setting promotes lipid uptake and foam cell formation, with the most 

likely mechanism being mediated via the selective translation of Cd36 mRNA due to altered 

translation elongation. These novel findings also provide broader insights into the post-

transcriptional regulation of CD36 that may have implications for several disease processes, 

most notably atherosclerosis.
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5.1 Introduction 

A novel role for eEF2K was discovered in Chapter 4, whereby inhibiting or knocking out 

eEF2K led to the specific downregulation of CD36 surface expression and its protein levels 

without affecting Cd36 gene expression. Type B scavenger receptor, CD36 has been identified 

as a crucial macrophage SR of modified LDL, mainly oxLDL81, 161. Previous studies have 

shown that macrophages from Cd36-/- mice are deficient in their capacity to form foam cells in 

vitro153, 158 and in vivo396. However, the role of CD36 in regulating atherosclerosis has been 

controversial, with some studies showing that its genetic knock-out in proatherogenic mice 

results in less plaque development154, 155, 160, 396, whereas others have not463.  

 

Although eEF2K has been studied extensively in cancer models, its potential role in 

atherosclerosis is not well reported. One study published in 2014, used a targeted knock-in (KI) 

mouse model in which a mutation (D273A) was introduced into the kinase domain of eEF2K, 

decreasing its activity by >99%420, 333. BM from either wild type or Eef2k-kinase inactive 

(Eef2k-KI) mice were transplanted into irradiated Ldlr-/- mice and their atherosclerotic plaque 

development was assessed after 16 w of HCD. While these mice showed a reduction in 

atherosclerotic plaque development, this study had several limitations: (1) it did not evaluate 

eEF2K’s effects on plaque composition; (2) it used Eef2k-KI, rather than Eef2k-/- mice, with 

incomplete loss of eEF2K activity; (3) Ldlr-/- mice were irradiated and received BM cells that 

were not Ldlr-/-, which itself may have limited plaque size; (4) eEF2K was only inactive in 

donor BM cells and not ubiquitously, which may also have influenced the development of 

plaque.  
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With the novel in vitro findings obtained from Chapter 4, we set out to investigate whether 

eEF2K regulates atherosclerosis in vivo, by using a ubiquitous mouse knock-out model of 

eEF2K, crossed onto an atherogenic Ldlr-/- background. Moreover, with a longer-term view to 

the possibility of using small molecular inhibitors of eEF2K to treat ASCVD in the clinic, this 

chapter also examined the role of eEF2K in human patients with advanced atherosclerotic 

CAD. 

 

5.2 Methods overview 

Ldlr–/– mice were purchased from Jackson Laboratory (Bar Harbor, ME) and housed in the 

bioresources facility at SAHMRI. Ldlr–/– and in house generated Eef2k-/- or Eef2k+/+ mice were 

crossed to obtain Eef2K-/- Ldlr-/- (DKO) mice and Eef2K+/+ Ldlr-/- (SKO) mice, respectively. All 

mice were maintained on HCD (0.15% cholesterol and 21% fat) for up to 16 w to induce 

atherosclerosis. Ethics approval was obtained from SAHMRI animal ethics committee 

(SAM180, SAM266). All experimental procedures and animal care were performed in 

accordance with the National Health and Medical Research Council of Australia research 

guidelines and Australian Code for the Care and Use of Animals for Scientific Purposes.  

 

Human blood samples were collected from patients undergoing coronary artery bypass surgery 

at the Royal Adelaide Hospital. Clinical data were obtained from case notes and electronic 

patient records at the time of consent. Specimen and data collection were in accordance with 

human ethics approval (HREC reference number HREC/18/CALHN/95, CALHN ethics 

number R20180206). 
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Statistical analyses were performed with Excel (Microsoft) and Prism version 8 (GraphPad 

Software, Inc.). Data sets were tested for normality of distribution by Shapiro-Wilk test. 

Statistical comparisons were performed with parametric or non-parametric unpaired or paired 

two-sample t-tests or ANOVA (with Tukey’s multiple comparisons), as specified. Results are 

expressed as mean ± standard deviation of multiple experiments. In all cases, statistical 

significance was established at two-tailed p < 0.05.  

 

5.3 Results 

5.3.1 Generation of Eef2k-/- Ldlr-/- (DKO) mice  

5.3.1.1 p-eEF2 is present in atherosclerotic plaques 

With limited mechanistic insight, it has been previously reported that eEF2K mutant 

haematopoetic chimeras develop less atherosclerotic plaques420. To further investigate if, and 

how, eEF2K regulates atherosclerosis in vivo, we first verified the presence of eEF2K activity 

in atherosclerotic plaques induced by 16 w of HCD in Ldlr-/- mice. Since eEF2K 

phosphorylates eEF2, the presence of p-eEF2 was studied as a measure of eEF2K activity. p-

eEF2 was abundant in cross-sectional aortic sinus lesions and colocalised with CD68+ 

macrophages (Figure 5-1), confirming that eEF2K is functionally active in plaque 

macrophages. 
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Figure 5 - 1: Co-localisation of p-eEF2 with CD68+ macrophages in murine plaque 

Representative confocal microscopy images of immunofluorescent staining of p-eEF2 (red) 

and CD68 (green) in a cross-section of an aortic sinus lesion from an atherogenic Ldlr-/- mouse 

maintained on HCD for 16 w. Arrows indicate colocalised p-eEF2 and CD68 staining in cells 

within plaque. Nuclei are stained with DAPI. Dotted lines indicate the outline of the plaque. 

Low magnification images are shown on the left with the boxed region corresponding to the 

higher magnification images to the adjacent right. The bottom far-right images show the no 

antibody and IgG isotype control staining for both p-eEF2 and CD68. Representative images 

from n=3 mice. Scale bar=100 µm. 
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5.3.1.2 Confirmation of eEF2K deficiency in DKO mice 

Taking into account the limitations that were present in the previously published study420, we 

generated ubiquitous eEF2K knock-out mice (Eef2K-/-), as discussed in Chapter 4. These mice 

were then crossed with Ldlr-/- mice to obtain eEF2K and Ldlr deficient, Eef2K-/- Ldlr-/- mice, 

referred to as DKO mice. In parallel, Eef2K+/+ littermates were also crossed onto the Ldlr-/- 

background to obtain Eef2K+/+ Ldlr-/- mice, referred to as SKO mice. Firstly, a random selection 

of SKOs and DKOs were PCR genotyped which confirmed the successful generation of both 

strains (Figure 5-2A). These mice were then fed HCD for 4 w or 16 w. At the end of 16 w 

HCD, mouse aortic sinuses were probed for p-eEF2 by immunohistochemistry. This again 

showed the presence of eEF2K activity in the plaques of SKO mice, and confirmed its complete 

absence in DKO mice. (Figure 5-2B). We also verified complete eEF2K deficiency in 4 w 

HCD fed DKO aortas, by both western blotting for p-eEF2 (Figure 5-2C), and qPCR for Eef2k 

mRNA (Figure 5-2D).  
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Figure 5 - 2: Confirmation of Eef2k deficiency in Eef2k-/- Ldlr-/- (DKO) mice 

(A) Genotyping of Eef2k-/- Ldlr-/- (DKO) and Eef2k+/+ Ldlr-/- (SKO) mice confirmed the 

successful generation of DKO mice. The upper blot represents a random selection of SKO and 

DKO mice being PCR genotyped using Eef2k specific primers. The lower blot represents the 

same SKO and DKO mice being PCR genotyped using Ldlr specific primers. A previously 

confirmed heterozygous Eef2k+/- Ldlr+/- mouse sample was used as the positive (+ve) control. 

(B) Complete knock-out of eEF2K was verified by the absence of p-eEF2 

immunohistochemical staining in cross-sectional aortic sinus lesions of DKOs compared to 

SKO mice. p-eEF2 positive cells appear brown in the SKO section and are highlighted by 

yellow circles. Images are representative of n=3 per strain. Scale bar=100 m. (C) This was 

also confirmed by the absence of p-eEF2 protein expression (and therefore eEF2K activity) in 

lysates of DKO aorta compared to SKO with western immunoblotting (Unpaired t-test, n=3). 

(D) Finally, Eef2k was absent in the aortas of DKO mice at mRNA level compared to SKOs. 

Gene expression is normalised to Actb (β-actin) (Mann Whitney Test, n=9). Data are 

summarised as mean ± standard deviation, with each data point representing one mouse. 
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5.3.2 eEF2K deficiency has no significant effect on weight gain or serum 

cholesterol 

Mouse weights of DKO and SKO mice were recorded weekly during 16 w of HCD. DKO mice 

were on average 1.8 g lighter compared to SKO mice before commencing HCD and 4.4 g 

lighter at the end of 16w HCD (Figure 5-3A). No other overt physical differences were 

observed between the groups. Although weight gain in DKOs appeared to plateau earlier during 

HCD (Figure 5-3B), the overall weight gain achieved after 16 w HCD still did not differ 

significantly between the two groups (Figure 5-3C). Similarly, there were no significant 

differences in the weight of select organs at the end of the study (Figure 5-3D-G).  

 

No significant differences were observed in total serum cholesterol levels, triglycerides, HDL 

and non-HDL cholesterol in DKOs compared to SKOs (Figure 5-4), suggesting the absence 

of a major effect of eEF2K on overall lipid metabolism.  

 

Taken together, the newly generated DKO mice gained reasonable weight on HCD and 

displayed no major differences in basic serum lipid levels. 
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Figure 5 - 3: Absence of eEF2K on the Ldlr-/- background does not significantly affect 

weight gain 

(A) DKOs had a lower weight before commencing HCD (Pre-HCD) (Unpaired t-test, n=26-

27) and after 16 w HCD (Post-HCD) (Mann Whitney test, n=15-18) compared to SKOs. (B) 

The distribution of weight over 16 w in the advanced atherosclerotic DKO mouse model. (C) 

Despite weighing less at baseline and after 16 w of HCD, the amount of weight gained by DKO 

mice did not differ significantly from SKOs (Unpaired t-test, n=15-18). (D-G) Weights of 

various organs, including (D) heart (Mann Whitney test, n=7-8), (E) liver (Unpaired t-test, 

n=7-8), (F) pancreas (Unpaired t-test, n=7-8) and (G) spleen at the end of the study also did 

not differ significantly between the two groups. Data are summarised as mean ± standard 

deviation, with each data point representing one mouse in A, C-G and in B, each data point 

represents the mean. 
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Figure 5 - 4: eEF2K has no effect in serum lipid levels 

(A) Total plasma cholesterol levels (Pre-HCD Mann Whitney test, n=15; Post-HCD Unpaired 

t-test, n=11), (B) triglyceride levels (Pre-HCD Mann Whitney test, n=15; Post-HCD Unpaired 

t-test, n=11), (C) HDL cholesterol levels (Pre-HCD Unpaired t-test, n=9-12; Post-HCD 

Unpaired t-test, n=9-12) and (D) non-HDL cholesterol levels (Pre-HCD Mann Whitney test, 

n=9-12; Post-HCD Unpaired t-test, n=9-12) of SKO and DKO mice after 16 w of HCD did not 

show a significant difference before or after HCD. Data are summarised as mean ± standard 

deviation, with each data point representing one mouse. 
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5.3.3 Haematopoietic stem cells and myeloid cells 

5.3.3.1 Absence of eEF2K has no effect on haematopoietic stem cells 

Mammalian target of rapamycin complex 1 (mTORC1) and its down-stream effector S6K1 

signalling have been identified as important regulators of haematopoietic stem/progenitor cells 

(HSPCs)464. HSPC functions require regulation of key cellular processes including 

proliferation, metabolism, and autophagy, all important aspects of atherosclerotic progression. 

eEF2K lies downstream of the mTORC1 pathway and when S6K1 is activated, it 

phosphorylates eEF2K, rendering it inactive. Using flow cytometric analysis, we found no 

short- (Figure 5-5B) or long-term (Figure 5-5C) effect of eEF2K deficiency on the presence 

of Lin-Sca-1+c-Kit+ HSPCs in BM in DKO mice during HCD. This was consistent with a 

previous study which reported Eef2k+/+ and Eef2k−/− BM having similar abilities to generate 

haematopoietic colonies in stem cell culture medium465. 
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Figure 5 - 5: eEF2K has no effect on haematopoiesis 

(A) Flow cytometric gating schematic used to assess frequency of Lin- Sca-1+ c-Kit+ 

haematopoietic stem and progenitor cells (HSPCs) in freshly isolated BM. No difference was 

observed in % HSPCs after (B) 4 w HCD (Unpaired t-test, n=6-8) or (C) 16 w HCD (Unpaired 

t-test, n=8-13) in DKO mice compared to SKO controls. Data are summarised as mean ± 

standard deviation, with each data point representing one mouse. 
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5.3.3.2 Absence of eEF2K has no effect on circulating myeloid cells 

In the past 20 years, atherosclerosis has gained tremendous interest as an inflammatory disorder 

of the vasculature466. Myeloid cells, particularly monocytes, macrophages and neutrophils 

participate critically in all phases of atherosclerosis from initiation through progression, and 

ultimately in thrombotic consequences of this disease467. It has also been reported that one such 

myeloid cell type, macrophages from eEF2K mutant Ldlr-/- mice produce decreased levels of 

the inflammatory cytokine TNF-α420. In another study, p38γ/δ in myeloid cells was reported to 

promote TNF-α production by activating its translation without changes in mRNA levels419. 

This was found to be via the phosphorylation of eEF2K, releasing the inhibitory action of this 

kinase on eEF2. As no other studies of eEF2K regulation of myeloid cell biology have been 

reported, we investigated whether knocking out eEF2K on the Ldlr-/- background leads to any 

changes in myeloid cell subpopulations. Using multicolour flow cytometry, BM (Figure 5-6), 

spleen (Figure 5-7) and blood (Figure 5-8) of SKOs and DKOs were extensively studied for 

their content of neutrophils (CD45+CD11b+Ly6G+Gr-1+), macrophages 

(CD45+CD11b+F4/80+), monocytes (CD45+CD11b+Ly6G-) and different monocyte subsets 

(pro-inflammatory: CCR2+, CCR2hi, Ly6Chi; patrolling: Ly6Clo, CX3CR1+)468, 469. We detected 

no differences between SKO and DKO mice in any of these leukocyte subpopulations in BM, 

spleen or blood after feeding with HCD (Figure 5-6 to 5-8). 

 

Overall, these results suggested that absence of eEF2K had no effect on myeloid cells as well 

as their inflammatory and patrolling monocyte subsets.  



Chapter 5 – eEF2K regulation of atherosclerosis in vivo 

 

  

 

249 
 



Chapter 5 – eEF2K regulation of atherosclerosis in vivo 

 

  

 

250 

Figure 5 - 6: eEF2K has no effect on BM myeloid cell subpopulations  

(A) Flow cytometric gating schematics used to quantify neutrophils, macrophages, monocytes 

and monocyte subsets in the BM of SKO and DKO mice after 16 w HCD. For histograms, 

samples are shown in blue and FMO controls as dotted lines. No difference was observed in 

the % of viable (B) BM cells overall (Unpaired t-test, n=8-9), (C) neutrophils (Unpaired t-test, 

n=8-9), (D) macrophages (Unpaired t-test, n=8-9) or (E) monocytes (Mann Whitney test, n=8-

9) between SKO and DKO. (F) There were also no differences in the various subsets of 

monocytes indicated. Unpaired t-test was used for CCR2hi cells (n=8-9) and Mann-Whitney 

test was used for CCR2+, CX3CR1+, Ly6Clo and Ly6Chi subsets (n=8-9). Data are summarised 

as mean ± standard deviation, with each data point representing one mouse. 
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Figure 5 - 7: eEF2K has no effect on splenic subpopulations 

(A) Flow cytometric gating schematics used to quantify neutrophils, macrophages, monocytes 

and monocyte subsets in the spleen of SKO and DKO mice after 16 w HCD. For histograms, 

samples are shown in blue and FMO controls as dotted lines. No difference was observed in 

the % of viable (B) spleen cells overall (Mann-Whitney test, n=4-5), (C) neutrophils (Unpaired 

t-test, n=4), (D) macrophages (Unpaired t-test, n=4-5) or (E) monocytes (Unpaired t-test, n=8-

9) between SKO and DKO. (F) There were also no differences in the various subsets of 

monocytes indicated. Unpaired t-test was used for CCR2+, CCR2hi, CX3CR1+ and Ly6Clo 

subsets (n=4-5) and Mann-Whitney test was used for Ly6Chi subset (n=4-5). Data are 

summarised as mean ± standard deviation, with each data point representing one mouse. 
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Figure 5 - 8 eEF2K has no effect on blood cell subpopulations 

(A) Flow cytometric gating schematics used to quantify neutrophils, macrophages, monocytes 

and monocyte subsets in the blood of SKO and DKO mice after 16 w HCD. For histograms, 

samples are shown in blue and FMO controls as dotted lines. No difference was observed in 

the (B) % viable blood cells (Unpaired t-test, n=11-12), (C) neutrophils (Unpaired t-test, n=7-

9) (D) macrophages (Unpaired t-test, n=11-12) or(E) monocytes(Unpaired t-test, n=7-9). (F) 

There were also no differences in the various subsets of monocytes indicated. Unpaired t-test 

was used for CCR2+, CCR2hi and CX3CR1+ subsets (n=7-9) and Mann-Whitney test was used 

for Ly6Clo and Ly6Chi subsets (n=7-9). Data are summarised as mean ± standard deviation, 

with each data point representing one mouse. 
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5.3.4 eEF2K deficiency reduces the size of atherosclerotic lesions at the aortic 

sinus 

Importantly, we observed a significant 30% reduction in the cross-sectional area of aortic sinus 

lesions in DKO compared to SKO mice (Figure 5-9A). This was associated with non-

significant trends suggesting possible reductions in lesional content of CD68+ macrophages 

(Figure 5-9B-C) and Ki67+ proliferating cells (Figure 5-9B, D). The latter aligned with our 

previous observation that disabling eEF2K in murine foam cells in vitro reduced the proportion 

of cells undergoing the active S-phase of cell cycle (Chapter 4). 
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Figure 5 -9: Knocking out eEF2K in atherogenic Ldlr-/- mice reduces plaque area 

(A) Representative low (5x) magnification images of cross-sectional staining of aortic sinus 

lesions of SKOs and DKOs with H&E with the quantified graph showing a reduction in plaque 

area (Unpaired t-test, n=9-10). (B) Representative low (5×) and high (40×) magnification 

images of cross-sectional staining of aortic sinus lesions with CD68 and Ki67. Examples of 

positive cells are indicated by yellow circles. (C) CD68+ macrophage content (Unpaired t-tests, 

n=7-9) and (D) proliferating Ki67+ cellularity (Unpaired t-tests, n=8-9) both showed trends 

towards a reduction in DKO aortic sinus lesions, but neither reached statistical significance. 

Scale bar=100m. Data are summarised as mean ± standard deviation, with each data point 

representing one mouse.  
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5.3.5 eEF2K deficiency had no effect on lipid content in atherosclerotic 

plaques 

As the previously published mouse study had shown a 17% reduction in lipid deposition in en 

face aortic plaques with incomplete eEF2K inactivation420, we expected to find at least a similar 

attenuation of lipidic plaque build-up in the ubiquitous DKOs, but this was not the case. After 

16 w of HCD, SKO and DKO aortas were collected, cleaned and stained en face with ORO 

(Figure 5-10A). We found no overall difference in the % ORO+ area of the whole aorta 

between the groups (Figure 5-10B), nor significant differences in the aortic arch or descending 

aorta (Figure 5-10C and 5-10D). Furthermore, despite seeing a reduction in the overall size of 

aortic sinus lesions in DKO mice, no difference was observed between the two groups for ORO 

staining of these (Figure 5-10E). Apart from conventional ORO staining to stain neutral lipids, 

another marker used in adipogenic differentiation studies is adipophilin, or perilipin-2 (PLIN-

2). It is a protein on the surface of intracellular lipid droplets which is expressed in sebocytes 

and sebaceous lesions470 and at times is used to stain atherosclerotic plaques471, 472. Thus, we 

performed adipophilin staining of aortic sinuses, which also showed no difference between 

SKOs and DKOs after 16 w HCD (Figure 5-10F).  

 

Therefore, despite our in vitro results in Chapter 4 and despite using a ubiquitous eEF2K 

knock-out model, we could not demonstrate in vivo that eEF2K deficiency reduces lipid 

deposits in plaques in Ldlr-/- mice on atherogenic diet. 
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Figure 5 - 10: eEF2K has no significant effect on lipid content of plaque 

(A) En face ORO staining of aortas (B-D) with adjacent graphs showing summarised results 

for % ORO+ plaque area. Scale bar = 1 mm. There was no difference in en face ORO+ staining 

in the (B) whole aorta (Mann-Whitney test, n=12-13), (C) descending aorta (Unpaired t-test, 

n=12-13) or (D) aortic arch (Unpaired t-test, n=12-13). (E, F) Representative low (5x) 

magnification images of aortic sinus lesions stained with ORO and adipophilin. There was no 

significant difference in lipid content in DKOs compared to SKOs with both (E) ORO staining 

or (F) adipophilin staining (Unpaired t-tests, n=8). Scale bar = 100 m. Aortic sinus lesions 

are outlined by dashed lines. Data summarised as mean ± standard deviation, with each data 

point representing one mouse. 
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5.3.6 eEF2K regulates CD36 expression in vivo and ex vivo 

5.3.6.1 eEF2K deficiency reduces CD36 expression in vivo 

The main finding from Chapter 4 was the involvement of eEF2K in regulating CD36 

expression and foam cell transformation of macrophages exposed to modified LDL cholesterol. 

Given the surprising failure of eEF2K deficiency to attenuate atherosclerotic lipid deposition 

in HCD-fed Ldlr-/- mice, we specifically investigated for reductions in CD36 expression in 

these mice. In keeping with our in vitro findings, the absence of eEF2K in DKO mice resulted 

in a 37% reduction in CD36 staining in aortic sinus lesions compared to SKO mice after 16 w 

of HCD (Figure 5-11A-B). CD36 surface expression on circulating blood monocytes was also 

reduced by 33% after 4 w (Figure 5-11D) and by 71% after 16 w of HCD (Figure 5-11E).  

 

To confirm that this reduction in CD36 expression in DKO mice was associated with a 

reduction in foam cell formation, BMDMs and peritoneal macrophages were harvested after 

16 w of HCD and incubated in vitro with oxLDL for 48 h. We observed 42% and 30% 

reductions in ORO+ foam cell formation from BMDMs and peritoneal macrophages, 

respectively, from DKO mice compared to the SKO control group (Figure 5-12). 

 

Importantly, these results affirm that eEF2K deficiency inhibits CD36 expression and 

macrophage-foam cell formation; however, despite some reduction in lesion area, this 

surprisingly did not translate to less lipidic plaque in the Ldlr-/- model of HCD-induced 

atherosclerosis used.  
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Figure 5 - 9: eEF2K regulates CD36 expression in vivo 

(A) Cross-sectional staining of aortic sinus lesions with CD36 showed a reduction in CD36+ 

cellularity in DKO compared to SKO mice after 16 w of HCD (Unpaired t-test, n=8-9). 

Examples of positive cells are indicated by yellow circles. Scale bar=100m. (B) 

Representative graph for CD36+ cellularity. (C) Flow cytometric gating schematic used to 

obtain viable Ly6G-CD11b+ monocytes. For the CD36 histogram, a representative sample is in 

blue and FMO controls as dotted lines. There was a significant reduction in DKOs for the % 

of blood monocytes that expressed CD36 on the cell surface after (D) 4 w (Unpaired t-test, 

n=7) and (E) 16 w of HCD (Unpaired t-test, n=11). Data are summarised as mean ± standard 

deviation, with each data point representing one mouse.  
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Figure 5 - 10: eEF2K regulates foam cell formation in vivo 

(A) Bone marrow-derived macrophages (BMDM) and (B) peritoneal macrophages (PM) from 

DKO mice formed fewer ORO+ foam cells (arrows) when incubated with oxLDL compared to 

SKOs (Unpaired t-tests, n=3-4). Scale bar=10 m. Data are summarised as mean ± standard 

deviation, with each data point representing one mouse. 
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5.3.7 eEF2K and CD36 expression in human cells  

5.3.7.1 eEF2K is upregulated in human patients with unstable coronary 

atherosclerosis  

Previous studies have suggested an upregulation of eEF2K under inflammatory conditions in 

human disease conditions, mainly cancers288, 317. In a gender and age-matched cohort of twenty 

patients undergoing coronary artery bypass grafting for severe atherosclerotic CAD (Appendix 

2), we found a 2.3-fold increase in EEF2K mRNA expression in blood mononuclear cells from 

those with a history of recent ACS (within 30d), compared to patients with stable CAD (Figure 

5-13A). This was paralleled by a similar fold difference in CD36 mRNA levels (Figure 5-

13B), but not in EEF2 (the mRNA encoding the substrate for eEF2K) (Figure 5-13C). Given 

that our other experiments had shown that eEF2K promotes CD36 at a protein but not gene 

level, we used flow cytometry to measure CD36 surface expression in circulating monocytes 

of these patients. Patients with recent ACS had 25% higher CD36 expression compared to Non-

ACS patients (Figure 5-13D). These findings indicate that eEF2K and CD36 are upregulated 

in patients with recent ACS compared to stable disease. 
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5.3.7.2 Inhibition of eEF2K inhibits CD36 expression and foam cell 

formation in human macrophages  

The catalytic domain of eEF2K is structurally distinct from 99% of other protein kinases473, 474, 

which should make it easier to obtain truly specific inhibitors for it, as shown by JAN-384. 

Although not compatible for human therapeutics, the effects of JAN-384 on cholesterol loading 

of human monocyte-derived macrophages (MDMs) was investigated, with an eye to the future 

translatability of other eEF2K inhibitors to human atherosclerosis. JAN-384 had an even more 

striking effect on foam cell formation from human MDMs than murine BMDMs, reducing 

ORO+ cells by 90% in the presence of oxLDL (Figure 5-13E). Consistent with our murine in 

vitro and in vivo studies, this was associated with significant reductions in CD36 protein, as 

determined both by western immunoblotting of cell lysates (Figure 5-13F) and flow cytometry 

for surface membrane staining (Figure 5-13G). These results confirm a consistent role for 

eEF2K in promoting oxLDL-induced foam cell formation in both murine and human 

macrophages that is associated with protein expression of the CD36 uptake receptor and 

highlight the translational potential of our findings.  
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Figure 5 - 11: eEF2K regulates CD36 expression and foam cell formation in human 

macrophages 

(A) EEF2K (Mann Whitney test, n=10) and (B) CD36 (Unpaired t-test, n=10) mRNA 

expression was significantly increased in patients undergoing coronary artery bypass grafting 

who had a recent history of ACS, compared to those who presented electively with stable CAD. 

(C) In contrast, EEF2 mRNA gene expression showed no difference between groups (Mann 

Whitney test, n=10). (D) Flow cytometry showed higher levels of CD36 positive cells in ACS 

patients compared to Non-ACS as assessed by flow cytometry (Unpaired t-test, n=10 per 

group) (E) Monocyte derived macrophages loaded with oxLDL formed fewer ORO+ foam cells 

(arrows) when incubated with oxLDL for 48 h and co-treated with 3 µm JAN-384 (Paired t-

tests, n=3). Scale bar=10 m. (F) Western immunoblotting for CD36, p-eEF2, and total eEF2 

in lysates of human MDMs cultured with oxLDL in the presence or absence of JAN-384. 

Representative of n=2. (G) Representative flow cytometry histograms and summarised data 

showing reduced CD36 expression on the surface of oxLDL loaded human MDMs with JAN-

384 (blue) compared to no JAN-384 control (grey) (Paired t-test, n=3). Data are summarised 

as mean ± standard deviation, with each data point representing one mouse, with each data 

point representing one mouse. 
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5.4 Discussion 

This chapter explores the effects of knocking out eEF2K in an atherogenic Ldlr-/- mouse model, 

specifically its effects on atherosclerotic plaque build-up and CD36 expression, a novel link 

discovered in Chapter 4. For the first time, we have studied ubiquitous eEF2K knock out mice 

crossed onto the atherogenic Ldlr-/- strain,, which should represent a more definitive model to 

study eEF2K deficiency in atherosclerosis than the previously published eEF2K inactive 

model420. We firstly demonstrate that eEF2K is actively expressed in atherosclerotic plaques 

of Ldlr-/- mice. Its complete deficiency in DKO mice had the anticipated effect of reducing 

CD36 expression in both circulating monocytes and atherosclerotic lesions after HCD. 

Although this was accompanied by a reduction in the size of aortic sinus lesions, we found no 

change in plaque lipid content, in contrast to the small amount of pre-existing data published 

in the field420. Despite this unexpected result, we did find evidence that eEF2K is upregulated 

in mononuclear cells from patients with advanced CAD who have had a recent ACS, while 

also confirming a regulatory role for eEF2K in human macrophage CD36 expression and foam 

cell formation. These results provide important translational relevance to clinical 

atherosclerosis.  

 

eEF2K is a unique protein kinase known to be involved in cell survival and proliferation294, 455. 

Although well described in the setting of cancer, far less is known about its roles in 

inflammation or atherosclerosis419. Since we were interested in exploring effects of eEF2K in 

atherosclerosis, it was important to first confirm the presence of eEF2K activity in 

atherosclerotic plaques, as it had not been previously explored. This was done by co-staining 

atherosclerotic plaques with p-eEF2, the product of eEF2K activity and CD68, a macrophage 

marker. As expected, p-eEF2 was present in subintimal plaque and co-localised with CD68+ 
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macrophages. It should be noted that throughout this thesis we have not explored the expression 

or activity of eEF2K in other cell types relevant to vascular and atherobiology, including ECs, 

SMCs, and other immune populations such as lymphocytes. However, based on our 

observations from both immunofluorescence and immunohistochemistry staining for p-eEF2, 

eEF2K activity appeared to be highest in the plaque itself with lower intensity in the adjacent 

intima, media and adventitia where some of these other cell types also reside.   

 

As mentioned above, a prior murine study demonstrated that the transfer of BM cells from 

eEF2K mutant, Eef2k-KI donor mice into irradiated Ldlr-/- recipients, resulted in reduced aortic 

plaque formation compared to donor wild-type mice420. This was associated with a reduction 

in the inflammatory cytokine, TNF-, released by M1-skewed macrophages. In contrast, our 

study evaluated the effect of complete and ubiquitous knock-out of eEF2K on the same Ldlr-/- 

background. Whereas in Chapter 3, we used Apoe-/- mice to study colchicine’s effects on 

atherosclerosis, we favoured the Ldlr-/- model here, partly because it had shown promising 

results in the previous study by Zhang et al.420, 475, but also because these mice predominantly 

develop elevated LDL-C when fed HCD, unlike ApoE-/- mice in which most plasma cholesterol 

is carried as VLDL476-478. The Ldlr-/- model therefore more closely replicates the human 

lipoprotein profile associated with atherosclerosis and was selected to better model eEF2K’s 

effects on LDL uptake by macrophages in vivo and ex vivo.  

 

As we generated the DKOs for the first time, it was also important to monitor these DKO mice 

for any differences in physical appearance, weight gain or lipid parameters compared to their 

SKO counterparts. Interestingly, their baseline and final weights (before and after HCD) were 

significantly lower compared to the SKO line. eEF2K is reported to be not essential for 

survival415, 416, and there are no previous reports of eEF2K  deficient  mice having lower 
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weights. In response to HCD, DKOs seemed to reach their plateau weight earlier than SKOs 

but overall weight gain and organ weights were not significantly different between the groups. 

Moreover, eEF2K deficiency had no significant effect on serum cholesterol levels or 

triglycerides, suggesting no major link with lipid metabolism, an association that had not been 

previously explored. Therefore, we were satisfied that any difference between the DKO and 

SKO groups in atherosclerotic plaque development would not be due to substantial differences 

in serum lipids in response to the atherogenic diet. 

 

Recent studies have reported that hypercholesterolaemia stimulates the proliferation of HSPCs 

in their BM niche and their differentiation into pro-inflammatory leukocyte subsets that 

circulate in peripheral blood479. Consistent with our in vitro results in Chapter 4, we found no 

evidence that eEF2K modulates BM haematopoiesis in response to short- or longer-term HCD. 

This is consistent with previous reports that Eef2k+/+ and Eef2k−/− BM cells display similar 

abilities to generate haematopoietic colonies in methylcellulose, including different myeloid 

and erythroid colony subtypes465, 480. Similarly, eEF2K knock-out did not affect the prevalence 

of different BM, spleen or circulating myeloid populations, nor the proportion of pro-

inflammatory Ly6CHi/CCR2+ blood monocytes that have been shown to promote the initiation 

of plaque formation in prior murine studies481. While these in vivo observations align with our 

in vitro results from the previous chapter, where we determined that disabling eEF2K had no 

effect on the differentiation or cytokine-induced polarisation of BMDMs, they do differ from 

previously published work suggesting that eEF2K regulates inflammation in other disease 

models419, 420. This could mainly be due to the wildtype controls used in the respective studies. 

Zhang et al.420 used C57BL/6J mice as their controls whereas in our study, we used Eef2k+/+ 

littermates which were crossed with Ldlr-/- mice. As mentioned in Chapter 4, we have observed 
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significant differences in the expression of various cytokines when we compared BMDMs from 

Eef2k+/+ and C57BL/6J mice. 

 

Despite showing that eEF2K is active in plaque macrophages, we could not find any sign of 

reduced lipid deposition in the atherosclerotic lesions of DKO mice, across various 

measurements, namely en face and cross-sectional ORO staining and adipophilin/PLIN-2 

staining of aortic sinus lesions. This result contrasted the main findings of Zhang et al420. 

Although at first glance, the published form of this study420 demonstrated a 17% reduction in 

en face plaque area, deeper investigations of the accompanying PhD thesis475 which this work 

was a part of, demonstrated more modest effects. Although we found a significant reduction in 

sinus lesion area in DKO mice, with trends towards reduced CD68+ macrophages and Ki67+ 

proliferating cells, our overall results argue against a major atherogenic role for eEF2K in the 

setting of “stable” plaque induced by HCD in the Ldlr-/- model.  

 

Crucially, in keeping with eEF2K’s ability to promote cholesterol uptake and foam cell 

formation in vitro via the regulation of CD36 as reported in Chapter 4, results from this chapter 

reaffirm a role for eEF2K in regulating CD36 expression in vivo. CD36 expression in both 

aortic sinus lesions and blood monocytes of DKO mice was lower than SKO mice, while 

oxLDL-induced foam cell formation was also diminished from two different sources of 

macrophages obtained from DKO mice. These results were important to show given the lack 

of an effect observed on plaque lipid deposition. Therefore, while eEF2K deficiency inhibits 

oxLDL cholesterol from getting into macrophages, it clearly does not stop its accumulation in 

plaque. It is important to note that at this stage, our analysis of plaques has not differentiated 

between intracellular and extracellular lipid accumulation, and it will be worthwhile to perform 

further evaluation to determine whether eEF2K deficiency reduces the abundance of lipid-
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laden CD68+ foam cells in lesions, as distinct from extracellular cholesterol deposits including 

pro-inflammatory CCs.  

 

The fact that atherosclerosis was relatively modestly affected in DKO mice, despite reductions 

in CD36, sits within an extensive but conflicting evidence base that has failed to consistently 

implicate CD36 as a pro-atherogenic mediator in prior murine and human studies97, 154, 155, 160, 

396. While some studies have found that CD36 deficiency in atherogenic mice results in reduced 

plaque formation154, 155, 160, 396, others have failed to demonstrate this effect463. Similarly, data 

from human studies of atherosclerosis indicate that CD36 may mediate both pathogenic161,482 

and even protective effects483. In murine models, several factors appear to influence the effect 

of CD36 on atherosclerosis, including the genetic strain used163, and both duration and intensity 

of atherogenic diet463. In particular, the pro-atherogenic effect of CD36 has been shown to be 

more accentuated in more inflammatory or “unstable” models of plaque, such as those induced 

surgically484 or by very high cholesterol diet463. For example, in one study which used WT-

LdlrKO and Cd36-LdlrDKO mice, no differences were demonstrated in aortic lesion area or 

composition after conventional HCD (0.15% cholesterol); however, the absence of CD36 did 

result in smaller and less lipidic plaques when mice were fed a much higher cholesterol diet 

(2% cholesterol)463, highlighting the complex role of CD36 in atherosclerosis. This study also 

found a more striking anti-atherosclerotic effect of CD36 knock-out, when tested against the 

Apoe-/-, rather than Ldlr-/- background. Therefore, it is possible given eEF2K’s regulation of 

CD36, that we may have been able to uncover a more striking inhibition of plaque formation 

in Eef2k-/- mice if we had used a more cholesterol rich diet or the surgical tandem stenosis 

model of unstable plaque484, or if we had used the Apoe-/- background.  
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Since eEF2K is structurally distinct, it is much less difficult to obtain specific inhibitors for it, 

as shown by JAN-384. Given eEF2K’s specific role in regulating protein synthesis under 

certain stress conditions, and that Eef2k-/- mice are viable, safety issues are expected to be far 

less than for mTOR inhibitors, which impair diverse essential physiological processes299. With 

this in mind, we tested the effects of the potent eEF2K inhibitor, JAN-384 on human 

macrophages in vitro. JAN-384 had a marked effect on MDMs from patients with established 

CAD. As JAN-384 has not been demonstrated to be biocompatible with in vivo administration, 

we were not able to verify its anti-atherosclerotic properties by treating Ldlr-/- mice, 

emphasising the need to continually develop more potent and selective eEF2K inhibitors which 

can be used not only in animal models of disease but also ultimately in clinical trials. Moreover, 

studies from this chapter also suggest that in a more high-risk CAD cohort, CD36 gene and 

surface protein expression are both upregulated in circulating mononuclear cells. Although this 

has been described previously123, 483, we provide the first ever evidence that eEF2K expression 

is also increased in these patients. This leads us to speculate that eEF2K – along with CD36 – 

may promote plaque instability, even though Chapter 4 found no evidence that it regulates 

macrophage polarisation, apoptosis, or inflammasome activation in response to oxLDL or CCs. 

To address the role of eEF2K more definitively in unstable atherosclerosis, we plan to next 

study eEF2K knock-out using the carotid tandem stenosis model484 described in Chapter 3.  

 

Apart from the assays described above, I also set out to investigate the effects of eEF2K 

deficiency on: (1) the cellular composition (ECs, lymphocytes, monocytes, macrophages and 

their subpopulations) of aortic digests from DKO and SKO mice, using flow cytometry; and 

(2) the expression of different genes and molecules of interest in aortic homogenates by 

immunoblotting and qPCR. For these experiments, one set of SKOs and DKOs were fed HCD 

during the latter stages of my PhD. At the end of the 16 w of HCD, tissues were harvested for 
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these analyses. Genotypes of these mice were tested twice independently by Garvan Institute 

of Medical Research (NSW, Australia) as well as in-house PCR genotyping. Although all the 

mice from this particular cohort were confirmed to have the correct genotype by tail bleed, 

several other crucial phenotypic observations were not as expected, precluding presentation of 

the data in this chapter. For example, this second cohort of DKO mice displayed: (1) p-eEF2 

staining in aortic sinuses by immunofluorescence staining of OCT-embedded freshly frozen 

samples; (2) Eef2k gene expression in the descending aorta and aortic arch that was actually 

higher than in SKOs; (3) p-eEF2 protein expression in other tissues, including liver and visceral 

fat. Furthermore, I could no longer replicate the reduction in foam cell formation from ex vivo 

BMDMs and PMs harvested from these DKOs, completely at odds with all of my other in vitro 

and in vivo observations described earlier. We therefore were concerned that these mice could 

not be reliably used in further analysis. It is unclear what might have caused these fundamental 

changes in phenotype even though genotyping appeared in order. One possible explanation 

may have been genetic drift, as it was later recognised that this second cohort of DKO mice 

were more than 10 generations removed from the original ancestral colony members. Due to 

the impact of COVID-19 on Bioresources at SAHMRI, I was not able to raise, feed and analyse 

a new batch of SKO and DKO mice in time for submission of this thesis.  
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5.5 Conclusion  

This chapter extends our discovery that eEF2K promotes the expression of CD36 in mouse and 

human myeloid cells, and moreover in atherosclerotic plaque in vivo. However, complete 

genetic knock-out of Eef2k resulted in a smaller than expected atheroprotective effect in Ldlr-

/- mice maintained on HCD. Although somewhat surprising, this result does align with previous 

research that has failed to show plaque reduction in Cd36-/- mice crossed onto the Ldlr-/- 

background463. Given that we found eEF2K and CD36 expression in human mononuclear cells 

being upregulated in patients with recent ACS, further experiments are justified to explore 

eEF2K’s regulatory role of plaque stability in unstable atherosclerosis. 
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As the main disease process underlying CAD, MI, stroke and peripheral artery disease, 

atherosclerosis is the leading cause of morbidity and mortality worldwide. Pursuing a better 

understanding of its pathogenesis remains critically important to global health, to guide better 

preventive and therapeutic strategies. Among secondary prevention therapies for CAD, lipid-

lowering statins have potent anti-atherosclerotic actions. There have been seminal studies using 

intracoronary imaging with intravascular ultrasound (IVUS) and optical coherence tomography 

(OCT) which show that high intensity statin therapy reduces plaque volume and stabilises 

plaque by increasing fibrous cap thickness and reducing lipid content485-488. These effects 

correlate with the ability of statins to mitigate inflammation489. However, the fact that MACE 

rates remain unacceptably high despite statin use indicates that they are insufficient at 

controlling plaque inflammation, and this has led to the evaluation of new drugs that target 

inflammatory pathways involved in atherogenesis 490. None of these agents have yet made it to 

clinical practice, either because of toxicity, lack of benefit in clinical trials, prohibitively high 

cost or insufficient mechanistic understanding of their actions. Implementation of new anti-

atherosclerotic agents in clinical practice therefore depends on compelling evidence for their 

outcome benefits and a good understanding of how they modify different stages of plaque 

progression.  

 

Colchicine has attracted major interest for repurposing in ASCVD240, 242, 273, 377, 491-494. Several 

studies exploring biomarker and clinical outcomes have been reported and others are 

ongoing179. However, the repurposing of colchicine for routine clinical use in ASCVD is not 

without its challenges, especially given the drug's propensity for gastrointestinal side effects 

that may limit its tolerability in around 10-15% of patients278. Not only do clinicians and 

patients need to be convinced of its cardiovascular outcome benefits, their willingness to use 

colchicine will also be helped by having a better understanding of how it works, when and how 
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to use it most effectively. Thus, Chapter 3 of this thesis aimed to dive deep into colchicine's 

actions on one of the key immune cells involved in atherogenesis, namely macrophages. This 

in vitro and ex vivo body of work was supported by collaborative in vivo studies, which 

explored whether colchicine reduces plaque burden and stabilises plaque composition in two 

murine models of atherosclerosis. 

 

Apart from repurposing old anti-inflammatory drugs like colchicine, there is substantial work 

being undertaken in identifying new therapies against atherosclerosis that target new 

mechanisms to more effectively mitigate plaque inflammation. Chapter 4 and 5 of this thesis 

tackled one such novel target, eEF2K. Acting downstream of pathways, like mTORC1 and p38 

MAPK that have already been studied extensively in atherosclerosis, eEF2K has predominantly 

garnered interest in the cancer field until now288, 315, 456, 495, 496. Given that eEF2K is a highly 

atypical protein kinase and is not essential under normal conditions, it should, in principle, be 

possible to obtain highly specific inhibitors and use them without undue risk of off-target side 

effects. This thesis exploited powerful methods to gain insights from in vitro and in vivo studies 

of mice and ex vivo studies from human blood, to study whether, and how, eEF2K regulates 

foam cell development and atherosclerotic plaque formation. Our results provide the most 

comprehensive data to date in this important therapeutic area. eEF2K inhibitors suitable for 

clinical use are undergoing development497, 428, so the path to human translation is feasible. 

 

Table 6-1 summarises the similarities and differences demonstrated in this thesis for the effects 

of colchicine, and pharmacological inhibition and genetic depletion of eEF2K on macrophage 

functions in vitro and atherosclerosis in vivo. 
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Table 6 - 1: Comparison of the effects of colchicine, eEF2K inhibition and eEF2K genetic 

knock-out on macrophages 

 

 Colchicine eEF2K Inhibition Eef2k Knock-out 

Viability = = = 

Differentiation = = = 

Polarisation = = = 

Foam cell transformation ↓ ↓ ↓ 

Proliferation ↓ ↓ ↓ 

CD36 transcription = = = 

CD36 translation n/a ↓ ↓ 

CD36 glycosylation ↓ n/a n/a 

CD36 surface expression ↓ ↓ ↓ 

Cholesterol efflux capacity ↑ ↑ ↑ 

Inflammasome activation ↓ = n/a 

Plaque lipid accumulation ↓ n/a = 

Fibrous cap thickness ↑ n/a n/a 

 

= - no change; ↓ - reduction; ↑ - increase; n/a – not assessed 
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6.1 Mechanistic basis for colchicine’s anti-atherosclerotic properties 

6.1.1 Novel findings and translational relevance 

Colchicine has recently become an attractive option for targeting inflammation in ASCVD, 

with observational491 and now prospective randomised clinical data reporting favourable 

outcomes240-243. The recent COLCOT and LoDoCo 2 trials indicate that it provides 

cardiovascular outcome benefits in patients with chronic and unstable atherosclerotic CAD241, 

242. The collaborative Apoe-/- mouse studies that I performed with Dr Schwarz and Dr Chen 

align with these results by showing that colchicine not only can inhibit the build-up of lipid-

rich plaques in both stable and unstable models of atherosclerosis, but more importantly can 

also stabilise plaque by increasing the fibrous cap-to-necrotic core ratio. Unlike pathway-

specific anti-inflammatory agents that have been studied in atherosclerosis (e.g. canakinumab), 

colchicine acts upstream of individual cytokines and is broad acting. To this end, the data from 

Chapter 3 provides several unique mechanistic insights for how colchicine may exert its anti-

atherosclerotic effects through macrophages, that have not been previously described (Figure 

6-1).  

 



Chapter 6 – General Discussion 

 

 282 

 



Chapter 6 – General Discussion 

 

 283 

Figure 6 - 1: Proposed mechanisms of action for colchicine on atherosclerotic plaque 

As shown in Chapter 3, colchicine exerts pleiotropic effects on macrophage responses to 

atherogenic lipoproteins and CCs to help mediate its anti-atherosclerotic and plaque stabilising 

properties. Colchicine reduces (1) macrophage proliferation, (2) modified lipoprotein uptake 

via surface expression of CD36, (3) macrophage-to-foam cell transformation, (4) phagocytosis 

of CCs, (5) CC-induced lysosomal accumulation (6) CC-induced priming and activation of the 

NLRP3 inflammasome activation, (7) secretion of IL-1β, IL-18, and IL-6 secretion and 

potentially (8) macrophage apoptosis. Our results also demonstrate that it (9) promotes 

cholesterol efflux potentially through upregulation of ABCG-1. Together, these actions reduce 

(10) lipid accumulation and (11) necrotic core area in plaques, while (12) increasing the fibrous 

cap-to-necrotic core ratio. CD36 - cluster of differentiation 36; CCs – Cholesterol Crystals; 

NLRP3 - NLR Family Pyrin Domain Containing 3; LAMP-1 - Lysosomal-associated 

membrane protein 1 and IL – Interleukin. 
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For the first time, we have determined that colchicine inhibits macrophage-to-foam cell 

transformation in the presence of oxLDL, associated with reduction in the glycosylated form 

of the CD36 cholesterol uptake receptor, and its reduced expression on the cell surface 

membrane. Colchicine also increases the efflux capacity of cholesterol to HDL, accompanied 

by a selective increase in the surface expression of the cholesterol transporter, ABCG1, whose 

mechanistic basis requires deeper evaluation. Moreover, it mitigates CC-induced 

inflammation, dampening activation of the NLRP3 inflammasome. Although the latter was 

expected, our data goes a step further by showing that colchicine also has an anti-priming effect 

on the NLRP3 inflammasome components by downregulating their transcriptional expression. 

We believe that this is partly due to colchicine’s anti-phagocytic effects, whereby it reduces 

CC ingestion by macrophages and the subsequent intracellular accumulation of lysosomes 

(Figure 6-1). 

 

Along with our observations, other evidence has recently emerged to indicate that colchicine’s 

anti-atherosclerotic properties extend beyond the NLRP3 inflammasome. The LoDoCo 2 

proteomic sub study, comparing serum samples before and after 30 days of colchicine 

treatment, demonstrated that in addition to reducing cytokines related to NLRP3 (IL-18, IL-1 

receptor antagonist, IL-6), colchicine also led to a large median reduction in eleven proteins 

not directly involved in this pathway498. The strongest attenuation was observed in proteins 

involving neutrophil degranulation, a contributor to the progression and destabilisation of 

atherosclerosis. This included myeloblastin and myeloperoxidase. Furthermore, twenty-three 

proteins showed a significant median increase after colchicine treatment, including fibroblast 

growth factor and insulin-like growth factor-binding protein, both of which may have an anti-

atherosclerotic effect. Clearly, there is an opportunity for us to evaluate the effect of colchicine 

on these and other proteins in the plasma samples of mice treated in our two in vivo studies.  
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6.1.2 Limitations and future directions 

Perhaps, the most interesting and unexpected of our findings relating to colchicine was its 

ability to downregulate the CD36 cholesterol uptake receptor and specifically its glycosylation. 

CD36 expression and function in macrophages are influenced by various factors, including the 

presence of modified LDL and ER stress397, and it is heavily modified post-translationally by 

N-linked glycosylation, which is essential for its trafficking to the plasma membrane385. Thus, 

it follows that a reduction in the glycosylated form of CD36 would align with a reduction in 

the intensity of its surface expression, as the two are interconnected. However, it is not yet 

clear how colchicine specifically affects CD36 glycosylation, or whether it can similarly inhibit 

the post-translational glycosylation of other proteins.  

 

Moreover, we speculate that colchicine may also mediate its downregulation of CD36 surface 

expression through other mechanisms illustrated in Figure 6-2. In particular, it is known that 

the binding affinity of CD36 for oxLDL also depends on its diffusion and clustering on the cell 

membrane399. Given that colchicine primarily acts on tubulin, further work needs to be 

undertaken to elucidate whether tubulin is essential for the post-translational modification of 

CD36 and/or its clustering on the surface of macrophages in response to cholesterol. A study 

by Jaqaman et al. has previously used live single molecule tracking to investigate the clustering 

of CD36 on the surface of macrophages399. Employing such an experimental model in the 

future with the addition of colchicine may help identify at what stage(s) colchicine affects 

CD36, be it post-translational modification in the Golgi-ER complex, packaging in endosome 

vesicles or trafficking and clustering on the cell membrane. We are currently in the process of 

optimising the staining and microscopic techniques to undertake these studies.  
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Figure 6 - 2: Colchicine’s possible effects on CD36 in cholesterol-loaded macrophages 

Although our data show that colchicine does not affect Cd36 mRNA transcript levels in 

oxLDL-treated macrophages, it reduces the glycosylated form of translated CD36 and its 

surface membrane expression. Whether colchicine has any effect on CD36 packaging, its 

translocation or clustering on the cell surface and how this relates to its actions on tubulin, 

warrants further investigation.   
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A limitation of the studies performed in this thesis is that I only focused on colchicine’s effects 

on macrophages. By inhibiting microtubule polymerisation, colchicine affects a variety of 

cellular processes including maintenance of shape, signalling, division, migration, and cellular 

transport499. Thus it also has pleiotropic actions on other cell types (e.g. neutrophils500-502, 

ECs500, T lymphocytes503 and smooth muscle cells) that are all implicated in atherosclerosis 

and its complications. In ongoing analysis with our collaborators at Baker IDI, we have recently 

found that colchicine substantially inhibits formation of NETS in the carotid tandem stenosis 

model of unstable plaque. This provides yet another novel mechanism through which it may 

stabilise plaque, and may be particularly relevant to plaque erosion, which is an increasingly 

recognised cause of coronary atherothrombosis leading to MI, that may not be as responsive to 

conventional treatment with statins504. 

 

In addition to the pre-clinical and in vitro mechanistic studies described in Chapter 3, my 

supervisor A/Prof Peter Psaltis is also leading the COCOMO-ACS (COlchicine for COronary 

Plaque MOdification in Acute Coronary Syndrome) study to evaluate the plaque-modifying 

effects of colchicine in patients who present with ACS (ACTRN12618000809235). This 

multicentre, prospective, randomised, double-blind, placebo-controlled study is being 

conducted across 10 sites in Australia and will enrol 82 patients who present with non-ST-

elevation MI. Intracoronary OCT is being used to image and serially monitor the composition 

of high-risk, lipid-rich, non-culprit plaques in response to 12 months of low dose colchicine 

(0.5 mg/d), used as an adjunct to guideline-recommended post-ACS treatment. A summary of 

the study design is provided in Figure 6-3. As ongoing trials investigate colchicine's ability to 

reduce MACE after ACS, COCOMO-ACS hypothesises that it may do so by making 

vulnerable non-culprit plaques more stable and less inflammatory, consistent with the effects 

that we observed in the murine tandem stenosis model.  
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Taken together, we believe that the findings of our different mechanistic studies will help to 

interpret outcomes from Phase III clinical trials, and impact on whether colchicine should be 

recommended as an adjunctive agent to the already complex treatment regimen used for 

atherosclerotic CAD in real-world practice. They may also provide insights to guide the 

development of new anti-inflammatory agents for atherosclerosis, such as colchicine-like anti-

tubulin drugs179. Our group will also take the opportunity to analyse blood samples from 

patients in the COCOMO-ACS study, that are mechanistically implicated in colchicine's 

potential plaque-modifying effects. These data can be used to guide more definitive evaluation 

of predictive biomarkers in larger studies, and in turn may help deliver individualised treatment 

to patients and coronary lesions most likely to benefit from colchicine. 
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Figure 6 - 3: Study design for COCOMO-ACS trial 
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6.2 eEF2K, a novel target for atherosclerosis?  

6.2.1 Novel Findings and translational relevance 

A summary of the main in vitro findings from Chapter 4 is provided in Figure 6-4. In contrast 

to colchicine, eEF2K has predominantly been studied until now in the cancer field414, 417. This 

thesis explored eEF2K as an extension of early published data implicating it in foam cell 

biology304 and atherosclerosis420. Interestingly, I have shown that disabling eEF2K by 

pharmacological inhibition or genetic knock-out, causes a similar, but perhaps more striking, 

inhibition of oxLDL-induced foam cell formation compared to colchicine, that is again 

associated with post-transcriptional downregulation of CD36, albeit through a different 

mechanism. In keeping with eEF2K’s known regulation of the translation of certain other 

mRNAs, its inhibition specifically reduced the translational efficiency of Cd36 mRNA, as seen 

by reduced ribosomal occupation, thus decreasing the synthesis of CD36 protein. This is a 

novel regulatory mechanism for modulating CD36 expression that has not been reported 

before. On further analysis, it was observed that Cd36 mRNA has a unique 5’ UTR region 

which is analogous to those of some other mRNAs 414, 417, 450, 288, known to be affected by 

eEF2K. How and why this occurs requires further exploration, which is currently underway in 

our laboratory.
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Figure 6 - 4: Proposed mechanisms of action for eEF2K inhibition via JAN-384 

JAN-384 reduced (1) lipid droplet accumulation in macrophages, possibly via a (2) reduction 

in CD36 surface expression and (3) an increase in cholesterol efflux without changing the 

expression of ABCG1 or ABCA1. Mechanistically, JAN-384 exerted (4) no effects on Cd36 

transcription, but (5) reduced translation of the Cd36 mRNA by decreasing its association with 

active polysomes. JAN-384 had no effect on (6) phagocytosis, (7) efferocytosis or (8) CC-

induced activation of the NLRP3 inflammasome in macrophages, although it dampened 

macrophage proliferation. CD36 - cluster of differentiation 36; CCs – Cholesterol Crystals; 

NLRP3 - NLR Family Pyrin Domain Containing 3; ABCA1 - ATP-binding cassette transporter 

sub-family A member 1; ABCG1 - ATP-binding cassette sub-family G member 1. 
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Although this reduction in CD36 protein was also observed in our in vivo atherosclerosis model 

using DKO mice fed HCD, along with a reduction in atherosclerotic lesion area, it was not 

accompanied by a decrease in plaque lipid content. For the first time, as revealed in Chapter 4, 

I determined that eEF2K inhibition and knock-out inhibited foam cell formation, increased 

cholesterol efflux and inhibited proliferation of oxLDL-treated macrophages, while having no 

effect on other macrophage properties, such as polarisation, viability, phagocytosis, 

efferocytosis or CC-induced activation of the NLRP3 inflammasome (Table 6-1). These results 

indicate the validity of eEF2K as a possible therapeutic target for atherosclerosis, that requires 

further evaluation in alternative preclinical models before possible clinical translation. 

 

Findings from Chapter 5 provide a crucial early step towards better understanding eEF2K’s 

role in human atherosclerosis. Importantly, inhibition of eEF2K had a particularly striking 

effect on reducing CD36 expression and foam cell formation in human patient-derived 

macrophages, that exceeded the corresponding effects seen with mouse BMDMs in Chapter 4. 

This was supported by the novel observation that EEF2K mRNA expression was higher in 

blood mononuclear cells from patients with unstable, advanced CAD (as defined by a recent 

MI) compared to those with chronic stable CAD. This in turn was associated with higher CD36 

expression at both mRNA and surface membrane level in this high-risk cohort. 

 

Together, Chapters 4 and 5 therefore provide new insights into the role of eEF2K in regulating 

the expression of CD36 and the uptake of modified LDL-cholesterol into macrophages, which 

now require further studies to elucidate the underlying mechanisms involved and translational 

relevance. 
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6.2.2 Limitations and future directions 

Despite our in vitro results, we were only able to show a relatively modest effect of knocking 

out eEF2K on atherosclerosis in mice. Although there may be several explanations for this, it 

may speak to the fact that we need to explore the role of eEF2K in other atherosclerotic models. 

CD36 has previously been shown to have contrasting effects when knocked out in different 

strains of atherosclerotic mice463, 154, 155, 160, 396, and its role in atherosclerosis seems to depend 

at least in part on the inflammatory milieu of the chosen model463. The Ldlr-/- background and 

intensity of HCD used here may not have been inflammatory enough to detect a sizeable anti-

atherosclerotic effect from eEF2K deficiency and its accompanying downregulation of CD36. 

A previous study observed significant inhibition of plaque formation only when CD36 was 

knocked out against the Apoe-/- background, or in the case of Cd36-/-Ldlr-/- mice, when a very 

high cholesterol diet (2% content) was used instead of the standard HCD (0.15% content) used 

here463. It follows that we may also have obtained different results by crossing the Eef2k-/- mice 

onto the Apoe-/- background or by using a diet more enriched with cholesterol. Given that our 

human data showed upregulation of the EEF2K mRNA in patients with advanced CAD who 

had suffered a recent MI, another worthwhile approach will be to study EEF2K depletion in 

the more inflammatory model of  unstable plaque induced by carotid artery tandem stenosis 

surgery, as described in Chapter 3 300. We have submitted an ethics application to do this using 

SKO and DKO mice, as depicted in Figure 6-5.  
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Figure 6 - 5: Tandem stenosis model of unstable plaque 

Part 1 - Copied from Yung-Chih Chen382. (A) Schematic drawing of the different segments of 

carotid artery investigated in the described tandem stenosis model. (B) Vessel segment I 

represents unstable/rupture-prone atherosclerotic plaques characterised by disruption of 

fibrous caps and luminal thrombosis. (C) Representative thin cap fibroatheroma (TCFA) prone 

to rupture as typically seen in vessel segment I. (D) Representative gross anatomy after 7  w 

after surgery at the depicted vessel segments. The ligation suture is blue. (E) Vessel segment 

II often contains intact thin fibrous caps with highly cellular content. (F) Vessel segment III 

exhibits a stable atherosclerotic phenotype containing thick fibrous caps and small necrotic 

cores. (G) Vessel segment IV represents plaque-free healthy vasculature. (H) Vessel segment 

V contains the aortic arch and adjacent vessel segments, where  a stable plaque phenotype is 

characterised by a thick cap, which consists of fibrous tissue and SMCs and an absence of 

luminal thrombus. Bars indicate 100 µm in B, C, and E–G, and 1000 µm in H. All histological 

pictures depict H&E staining, except C which depicts hematoxylin staining only. Part 2 - 

Proposed study set up with SKO and DKO mice using the tandem stenosis model of unstable 

plaque. FC - fibrous cap; IH - intraplaque hemorrhage; L - lumen; NC - necrotic core; and Th 

- thrombus. 
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A major challenge for development of specific inhibitors of members of the main protein kinase 

superfamily is that similarities in their catalytic domains mean that compounds very frequently 

affect the activity of multiple kinases, giving rise to undesirable ‘side effects’. As the catalytic 

domain of eEF2K is structurally quite distinct from those of 99% of other protein kinases, it 

should, in principle, be much less difficult than usual to obtain specific inhibitors for it. 

Furthermore, given eEF2K’s specific role in regulating protein synthesis only under certain 

stress conditions, and that Eef2k-/- mice are viable, safety issues are expected to be far less than, 

e.g., for mTOR inhibitors, which impair diverse essential physiological processes under normal 

conditions. While we were able to access a potent and specific eEF2K inhibitor in JAN-384 

for in vitro use, we could not use it for in vivo studies due to its pharmacokinetic properties. I 

had intended to use JAN-686, which is a version of JAN-384 with much better 

pharmacokinetics and is thus suitable for in vivo animal use. However, it could not be made 

available to us in time for the completion of this thesis. 

 

I therefore conducted a small pilot study with two less specific, less potent eEF2K inhibitors, 

namely A-484954 and NH125 (both from Sigma-Aldrich Inc., MO, USA). These were 

administered by alternate daily intraperitoneal injections to Apoe-/- mice during HCD feeding 

but resulted in no reduction of en face aortic plaque area after 12 w, as compared to PBS control 

(Figure 6-6). From the preliminary data analysed from my pilot study, I observed a prominent 

blunting of weight gain (Figure 6-6C) and an increase in more inflammatory Ly6cHI monocytes 

(Figure 6-6J) in mice treated with NH125, which suggest off-target, unwanted effects or a lack 

of tolerability of the drug. Notably, in a prior study, it was reported to have serious off-target 

effects and may not even inhibit eEF2K at all356. This highlights the need for further work to 

develop and refine more suitable eEF2K inhibitors for in vivo preclinical studies as well as for 

clinical use.    
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Figure 6 - 6: Lack of effect of non-specific eEF2K inhibitors on plaque formation in Apoe 

-/- mice 

(A) Apoe-/- mice commenced a HCD at the age of 8 w for 4 w. They were then treated with 

either PBS, A-484954 or NH125 for 12 w via intraperitoneal injections every other day. JAN-

686, a novel and more selective and potent eEF2K inhibitor produced by Janssen 

Pharmaceutica NV, was also proposed to be used but was not made available in time for 

completion of this thesis. The final sample sizes for this pilot study were n=4 for PBS, n=5 for 

A-484954 and n=3 for NH125. (B, C) Although all mice were of similar weight at baseline, 

mice treated with NH125 gained substantially less weight compared to PBS.  (D) Final liver 

and (E) spleen weights between the three treatment groups varied without reaching statistical 

significance, possibly due to small sample size. (F) In contrast, NH125 was associated with a 

modest but significant increase in heart weight compared to the control group. (G) At the end 

of the study, there was no significant difference in en face total ORO+ plaque area between the 

three groups, although there was a non-significant signal for increased plaque with NH125. 

(H) CD36 MFI on the surface of peripheral blood monocytes varied widely between individual 

mice, preventing any significant difference from being identified between treatments. (I, J) 

NH125 was associated with a trend toward decreased presence of Ly6cLO (anti-inflammatory) 

monocytes in peripheral blood, and a significant increase in the presence of Ly6cHI (pro-

inflammatory) monocytes, compared to PBS. All results are summarised as mean±SD, with p-

values obtained from unpaired t-tests or Mann-Whitney tests comparing the PBS group with 

each of the two drug treatments.   
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6.3 Conclusion  

Mitigating the enormous burden of ASCVD requires new treatment strategies, which may 

involve the repurposing of established drugs or the targeting of new molecular pathways to 

dampen the inflammatory substrate involved in atherogenesis. In examining two such 

strategies, this thesis has firstly advanced our knowledge of the pleiotropic effects of colchicine 

on macrophage responses to atherogenic lipoproteins and CCs, providing new evidence that it 

inhibits cholesterol uptake and promotes cholesterol efflux, aligned with post-transcriptional 

and post-translational effects on the CD36 uptake receptor and the ABCG1 transporter. These 

findings provide an important mechanistic framework to interpret results of Phase III studies 

and help us understand whether colchicine should be used to treat CAD patients in clinical 

practice. Secondly, this thesis has identified that eEF2K is activated in macrophages in 

response to oxLDL, and promotes cholesterol uptake and foam cell transformation, likely as a 

result of selective translational regulation of CD36. Although a major anti-atherosclerotic 

effect was not seen in eEF2K knock-out mice for the formation of de novo stable plaques, we 

believe that further studies are still justified to establish whether eEF2K regulates inflammation 

in unstable plaques. This in turn will help determine the value of developing highly specific 

and safe eEF2K inhibitors to mitigate the burden of ASCVD in human patients.  
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Appendices 

 

Appendix 1: JAN-384 inhibits phosphorylation of eEF2 in a dose-dependent manner  

Data generated by Mr. Jonar Zareh (unpublished).  

(A) Western blot analysis for p-eEF2, eEF2 and eEF2K in C57BL/6 BMDMs treated with or 

without the mTOR inhibitor, AZD8055 and increasing doses of JAN-384. Total eEF2 was used 

as an endogenous control (n=2). (B) Summary of densitometric analysis of Western blot data 

from 2 donor murine experiments. Data represented as mean±SEM. p=ns by one-way repeated 

measures ANOVA. *p<0.05 by paired Student’s t test to compare control and 3 μM 
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Clinical Characteristics Non-ACS ACS 

n 10 10 

Age 65.4±12 69.9±12 

Gender (Male) 80% 70% 

Cardiovascular risk factors 

Diabetes 50% 40% 

Hypertension 70% 100% 

Hyperlipidaemia 80% 100% 

Smoking 90% 70% 

Blood parameters 

HbAlc% 7.0±1.3 7.8±1.5 

Total cholesterol (mmol/L) 4.4±1.7 4.1±0.9 

Triglycerides (mmol/L) 2.3±1.5 2.3±1.1 

LDL (mmol/L) 2.5±1 1.9±0.9 

HDL (mmol/L) 1.0±0.4 0.9±0.2 

 

 

Appendix 2: Clinical characteristics of patient cohorts used in Chapter 5 

Data were collected from consented patients undergoing coronary artery bypass surgery at the 

Royal Adelaide Hospital. 
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