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Abstract 
 

 Atherosclerosis is a progressive multifactorial disease of large elastic and muscular 

arteries in which lesions are characterized by the deposition of cholesterol, leukocyte influx, 

smooth muscle cell proliferation, cell death and collagen accumulation. Inflammatory cells of the 

innate and adaptive immune systems contribute to lesion development and progression. NK cells 

have been detected in human atherosclerotic lesions in low numbers and also detected in 

atherosclerotic lesions of LDLR-deficient mice fed a high fat diet. However their significance for 

atherosclerotic lesion development is still unclear. The studies presented in this thesis 

unequivocally demonstrate an important role for NK cells in the development of atherosclerosis 

and provide novel insights as to how these cells contribute to atherosclerosis. 

 Chapter 3 examines the role of NK cell in the development of atherosclerosis in ApoE-

deficient mice fed a high fat diet. Despite being very minor lymphocyte population in developing 

atherosclerotic lesions, the study has definitely demonstrated that NK cells are proatherogenic in 

mice. Specific depletion of NK cells by more than 90% attenuated lesion size and macrophage 

accumulation. Whilst not specifically examined the reduction in macrophage accumulation could 

be due to lack of production of NK cell derived cytokines and chemokines in the lesions. 

 Chapter 4 examines whether the activation of NK cells further augments development of 

atherosclerosis. Activation of NK cells with Poly IC exacerbates the development of 

atherosclerosis. Since Poly IC can also activate T cells, the effects of Poly IC were determined in 

T and B cells deficient ApoE-/- Rag2-/- mice. Poly IC augmented atherosclerosis in these mice 

which suggest a strong dependency on NK cells. To confirm the dependency of Poly IC effects 

on atherosclerosis on NK cells, the effects of Poly IC in NK cell depleted mice were also 

determined. The depletion of NK cells reduced atherosclerotic lesion development. Therefore the 

study indicates a dependency of Poly IC’s proatherogenic effects on NK cells.  



 x

 Chapter 5 examines the mechanisms by which NK cells are activated during development 

of atherosclerosis. NK cells can be activated by via NKT cells and/or via their activating receptor 

NKG2D. Activation of NKT cells has been shown to stimulate NK cell proliferation and 

cytotoxicity. This study demonstrates that NKT cells contribute to NK cell activation during 

development of atherosclerosis since the atherosclerotic lesions were similar in mice deficient in 

invariant NKT cells in ApoE-/- Jalpha18-/- mice and in NK cell depleted ApoE-/- Jalpha18-/- mice. 

As to the role of NKG2D receptors in activating NK cells during the development of 

atherosclerosis, the study indicate that these receptors are not involved despite the high 

expression of its activating ligands Rae-1δ, Rae-1ε and MULT-1. 

 Chapter 6 examines the mechanisms by which NK cells promote the development of 

atherosclerosis. Activated NK cells produce cytokines and cytotoxicity. This study examined 

whether NK cells participate in atherosclerosis via production of cytokines implicated in 

atherosclerosis, or through secretion of cytotoxic molecules. IL-2 activated NK cells from mice 

deficient in cytokines interferon-gamma (IFN-γ) were adoptively transferred to NK-, NKT-, T- 

and B- cell-deficient ApoE-/- Rag2-/- γ-/- mice. Interferon-gamma was found to be unnecessary for 

the proatherogenic actions of NK cells, as NK cells deficient in IFN-γ were capable of 

exacerbating atherosclerosis to the same extent as wild-type IL-2 activated NK cells. Conversely, 

adoptive transfer of IL-2 activated NK cells deficient in cytotoxic molecules perforin or 

granzyme B did not increase atherosclerosis in ApoE-/- Rag2-/- γ-/- mice. Therefore the 

atherosclerosis-promoting effects of NK cells appear to be dependent on their cytotoxic 

properties. Increased cytotoxicity in atherosclerotic lesions can lead to increased necrosis and 

inflammation via activation of inflammasomes. Lesions from mice that received perforin- or 

granzyme B-deficient NKT cells had smaller necrotic areas and lower expression of pro-IL-1β 

and caspase-1 mRNA. 



 xi

 In summary, the studies indicate that NK cell within the developing lesions augment 

atherosclerosis by secreting cytotoxic molecules perforin and granzyme B. The magnitude of 

effects of NK cells on lesion development is dependent not only on NK cell numbers but also on 

their activation status. Increased understanding of the mechanisms of NK cell actions during 

atherogenesis may lead to new strategies to develop immunotherapeutic treatments to attenuate 

atherosclerosis. 
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1 Introduction 
 

1.1 Atherosclerosis 

 

 Atherosclerosis is the most common cause of heart disease and stroke. It is a chronic 

inflammatory disease of medium and large sized arteries characterized by excess lipid deposition 

[1, 2]. The disease develops slowly and can even be present in early childhood as pre 

atheromatous fatty streaks. More advanced disease results in plaques in the most inner layer of 

the arterial wall, the tunica intima, which over time grow and narrow the lumen, restricting blood 

flow. This restriction of blood flow to heart muscle can result in stable exercise-induced angina. 

Advanced plaques that are fragile are normally associated with outward vessel remodelling and 

can rupture, causing thrombus formation and arresting blood flow. Initially atherosclerosis was 

considered to be solely a lipid storage disease, the consequence of excess lipid accumulation in 

vessels but it is now recognized that inflammation contributes to its pathogenesis [3]. The 

identification of immune cells, macrophages and T cells in atherosclerotic lesions supports the 

involvement of immune mechanisms in atherosclerosis [4, 5]. 

 

1.1.1 Historical perspective 

 

 Atherosclerosis is a disease of ancient time. It was present in Egyptian mummies where 

degenerative arterial changes were identified in arteries of  Egyptian mummies dating from 1500 

B.C to 250 AD [6]. It was also shown that these arteries exhibited regions of lipid accumulation 

and medial calcification [7]. The term “atheroma” to describe a clinically significant 

atherosclerotic lesion, was first proposed by Albrecht von Haller in 1755. Subsequently, Joseph 
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Hodgson proposed that inflammation occurred in atheromatous arteries [8]. The first mechanistic 

insight into atherosclerosis was provided by Alexander Ignatowski who reported that rabbits fed 

milk and egg yolk developed atherosclerosis [8]. In 1913 Anitschkov and Chalatov demonstrated 

that cholesterol fed to rabbits induced atherosclerosis and proposed that excess cholesterol was a 

major cause of atherosclerosis.  

 

 Russell Ross proposed the “response to injury” hypothesis, to provide mechanistic 

insights into atherosclerosis. Specifically he proposed that endothelial injury caused by factors 

such as mechanical injury, modified LDL and hypertension initiated atherosclerosis [9, 10]. 

Subsequently, it was reported that lymphocytes and macrophages were present in atheromatous 

plaque [11]. Histological studies of ruptured plaques from patients with acute coronary syndrome 

confirmed the presence of macrophages, T cells as well as mast cells at rupture sites. The 

Pathobiological Determinants of Atherosclerosis in Youth (PDAY) study also identified 

activated T cells, macrophages, dendritic cells, and MHC class II expression in atherosclerotic 

lesions of juvenile  American patients  aged 15-34 who had  no clinical symptoms, suggesting 

that these cells might contribute to atherosclerosis development [12]. Over the last decade, it has 

become apparent from clinical and preclinical studies that immune cells are important 

contributors to atherosclerosis. In the Framingham Heart 26 years follow up study,  35% of 

patients with cardiovascular disease had a total plasma cholesterol level of less than 200mg/dl, 

providing support that other factors in addition to cholesterol contributed to disease [13].  It is 

now accepted that immune responses from both innate and adaptive immune cells participate in 

the development of atherosclerotic lesions. 
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1.1.2 Epidemiology and Risk Factors 

 

 Atherosclerosis is the leading cause of death in developed countries and is most prevalent 

in western societies. The World Health Organization (WHO) predicts a worldwide epidemic of 

this disease as more developing countries adopt the western habits [14].  According to a survey 

by the American Heart Association (AHA) in 2010, it is estimated that 81,100,000 American 

adults (more than one in three) have one or more types of cardiovascular disease. These include 

74,500,000 with high blood pressure, 17,600,000 with coronary heart disease (CHD) that 

includes those who have suffered myocardial infarction (MI) or have angina pectoris, 5,800,000 

with heart failure, 6,400,000 who have suffered from strokes and 650,000 – 1,300,000 with a 

congenital cardiovascular disorder [15]. In Australia, reports by the National Heart Foundation 

of Australia in 2003, indicate that cardiovascular disease remains the largest single cause of 

mortality, 34% in males and 39% in females  [16]. 

 

 The AHA (2002) has identified a number of risk factors for CHD initiated by 

atherosclerosis. They include high cholesterol levels, high blood pressure, and poor lifestyle. 

Since atherosclerosis is an inflammatory disease, there are several factors that lead to 

inflammation including injury to the endothelium. Possible causes of injury to the endothelium 

include, elevated and modified LDL, free radicals from smoking, hypertension, diabetes 

mellitus, genetic abnormalities, elevated plasma homocysteine levels, and infections. In addition, 

predisposition to CHD increases with advancing age, gender (male), heredity, race, and genetic 

abnormalities. 

 Hypercholesterolemia plays a critical role in atherosclerosis. Low density lipoprotein 

(LDL) accumulating in the intima can be oxidized [17] and internalized by macrophages 

resulting in foam cell formation [18, 19]. In addition oxidisation of denatured lipids can initiate 
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inflammation by increasing the expression of adhesion molecules by the endothelium, and 

chemokines and pro-inflammatory cytokines by both macrophages and the endothelium.  

 Hypertension is an important risk factor for atherosclerosis. Angiotensin II (AII), an 

important hypertensive agent and vasoconstrictors can initiate inflammation by triggering the 

production of  reactive oxygen species within the arterial wall [20]. AII can activate T cells [21] 

and also increase the expression of inflammatory cytokines and chemokines such as IL-6 and 

MCP-1 by smooth muscle cells SMCs and VCAM-1 by endothelial cells [22, 23].  

 Hyperglycemia causes the endothelium to increase the production of free radicals which 

in turn reduces nitric oxide, a chemical important in blood vessel dilation and reducing 

inflammation. Diabetes aggravates atherosclerosis by interrupting the function of the enzyme 

extracellular signal-regulated kinase 5 (ERK) [24]. ERK-5 activates endothelial nitric oxide 

synthase (eNOS) to produce nitric oxide and dilate blood vessels. Patients with diabetes also 

produce high levels of advanced glycation end products (AGEs) [25]. AGEs promote production 

of free radicals and inflammation and also interrupt the athero-protective role of ERK-5. Also, 

interruption of ERK-5 function promotes the adhesion of pro-inflammatory leukocytes and 

secretion of pro-inflammatory cytokines [25].  

 Obesity is also a risk factor for atherosclerosis and may lead to development of insulin 

resistance and diabetes; it can also contribute to dyslipidemia. Obesity is associated with 

endothelial dysfunction, partly due to reduced bioavailability of nitric oxide [26]. In addition, 

adipose tissue can release inflammatory cytokines such as TNF-α, IL-6, complement factor C3, 

AII and plasminogen activator inhibitor-1 (PAI-1), factors that promote atherosclerosis [27]. 

Circulating TNF-α is markedly elevated in obese patients [28]. Leptin secreted by adipocytes 

also plays a role in obesity-related endothelial dysfunction [29]. It stimulates in endothelial cells 

(ECs) the production of superoxide to increase oxidative stress in endothelial cells, CCL2 

expression  and endothelin-1 in these cells; it can also promote the migration and proliferation of 
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SMCs [30, 31]. Treatment of ApoE-/- mice with recombinant leptin also promotes atherosclerosis 

and thrombosis [32]. 

 Chronic infections also contribute to the development of atherosclerosis [33] . Infection 

by Chlamydia pneumonia in human plaques, releases endotoxin and heat shock protein which 

activate vascular endothelial cells, SMCs and macrophages, enhancing inflammation during 

atherogenesis [34]. The presence of C.pneumonia in atherosclerotic lesion has been reported in a 

number of studies, and the presence of C.pneumonia-specific T lymphocytes, primarily the CD4+ 

Th1 subtype, has been demonstrated. These T lymphocytes maintain inflammatory responses due 

to infection and augment progression of atherosclerosis [35, 36]. C.pneumonia infection in 

ApoE-/- mice accelerates the development of atherosclerosis [37]. This pathogen can multiply 

within the cells of atherosclerotic lesions, including endothelial cells and macrophages. In vitro 

studies indicate that monocytes infected with C.pneumonia transmit the pathogen to endothelial 

cells [38], thereby upregulating the expression of adhesion molecules and secretion of pro-

inflammatory cytokines. Infection of endothelial cells triggers the production of IL-8, IL-6 and 

PAI-1. Infected macrophages secrete pro-inflammatory cytokines including TNF-α, IL-1β, IL-6 

and MCP-1, MIP-1 and IL-12 [39, 40].  

 Autoimmune diseases are also a major risk factor for atherosclerosis. Several 

autoimmune rheumatic conditions, including rheumatoid arthritis (RA) and systemic lupus 

erythematosus (SLE) enhance atherosclerosis and subsequently contribute to higher 

cardiovascular morbidity and mortality rates [41]. RA is a chronic inflammatory disease and 

both atherosclerosis and RA have similarities in their inflammatory pathways. Patients with RA 

have increased risk of cardiovascular events [41]. RA has been considered an independent risk 

factor for atherosclerosis [42]. Dyslipidemia is a common risk factor observed in RA which is 

associated with low levels of HDL and high levels of triglyceride [43]. High levels of pro-

inflammatory cytokines in RA have also been associated with the development of 
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atherosclerosis. The chronic systemic inflammation that occurs in RA can contribute to 

endothelial dysfunction and oxidative stress to promote atherosclerosis [44]. TNF-α and 

interleukin-1 expressed in joints affected by RA, may act on other tissues and promote 

atherogenesis. The levels of C-reactive protein (CRP), a marker for inflammation, are also 

elevated in RA patients. This marker for inflammation has also been implicated in 

atherosclerosis [44, 45]. 

 SLE is a complex multisystem inflammatory disease that predominantly affects young 

women [46]. Atherosclerosis develops early in the course of this disease. Risk factors that could 

contribute to atherosclerosis development are CRP, fibrinogen, IL-6, CD40/CD40L, adhesion 

molecules; immunological factors: αCL, anti-B2GPI, and anti-oxLDL; abnormal coagulation 

factors; plasminogen activator inhibitor-1, and homocycteine and the lipoprotein HDL [47].    

 

1.1.3 Changes in Vessel Morphology Associated with Development of Atherosclerotic 

Lesions 

 

 The normal human arterial wall consists of three main regions, the innermost tunica 

intima region, the middle media region and an outer region, the adventitia which embeds the 

vessel in its surrounding (Figure 1.1A).  

 The  intima is defined as the region commencing at the endothelium surface and 

extending to the luminal margin of the media [48]. It is composed of proteoglycan [49], 

occasional macrophages and SMCs. The SMCs can have a mixed phenotype, either synthetic or 

contractile. This layer increases in thickness with increasing age as well as in subjects who 

exhibit increased susceptibility to atherosclerosis. 
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 The endothelium layer not only covers the intima but also serves as a barrier between 

circulating molecules and cells in blood. The endothelium synthesizes signalling molecules that 

can regulate both vascular tone and structure, and inhibit platelet adhesion and aggregation, 

leukocyte adhesion and migration, and SMCs proliferation and migration [50-52]. Functional 

and structural changes in ECs can contribute to the pathogenesis of atherosclerosis. Scanning 

electron microscopy of human carotid plaques indicate increased thickness and delamination of 

the connective tissue underlying the endothelium. Endothelial cells in these areas were partially 

separated from each other and nearly detached from the basal lamina. The endothelial cells 

appear to be irregular in shape, and had formed microvilli and pseudopodia. There were also 

areas in atherosclerotic carotid arteries where the endothelial layer was completely absent, 

exposing the basal lamina and covered by a fibrous reticulum with entrapped cells, mainly 

erythrocytes. In normal carotid arteries, the basal lamina is completely covered by a well 

junctioned single layer of endothelial cells [53]. Under the endothelial monolayer, the 

subendothelial intima of human arteries is populated by predominantly SMCs, some immune 

cells and extracellular matrix [54, 55]. The number and morphology of cells especially SMCs in 

an atherosclerotic lesion increases substantially compared to normal intima [54]. The SMCs in 

the intima have different morphology including being elongated, stellate, with side processes and 

irregularly shaped. At the site of atherosclerotic lesions, the stellate cell population increases 

substantially and appear to have a synthetic phenotype which is rich in rough endoplasmic 

reticulum. During atherogenesis, SMCs are thought to migrate from the medial layer through the 

fenestrations in the internal elastic lamina to the intima in response to injury, and then proliferate 

and produce extracellular matrix which contributes to the increase in plaque size.  

 A SMC subpopulation with unique characteristics such as enhanced growth capabilities, 

and increased proliferation and contraction ability probably contributes to pathological 

conditions. In vitro studies have suggested that the arterial media might be composed of a 
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phenotypically and functionally diverse subpopulation of SMCs [56]. Originally it was thought 

that SMC in atherosclerotic lesions were solely derived from the media, but recently it has been 

suggested that bone marrow progenitor cells infiltrate the intima and probably differentiate in 

vivo to form SMCs [57]. There is also evidence from human studies that after bone marrow 

transplant, SMCs of donor origin are increased in coronary atherosclerotic plaque [58].  

 The internal elastic lamina separates the media from the intima. The media is the thickest 

layer of normal vessels and contains 20% of SMCs of both contractile and synthetic phenotype, 

and 60% of collagen and elastin which provides the contractile ability for the vessel. The medial 

lamellar unit is both the structural and functional unit of most arteries. Medial lamellar units are 

oriented in concentric layers or lamellar units with SMCs and collagen in between in a fairly 

uniform composition and are constant in size regardless of species and vessel size [59]. The 

number of lamellar units are proportional to the circumferential tension in the arterial wall [59].  

The media layer contains collagen to maintain the integrity of the vessel wall which includes 

mainly type 1 collagen [60]. Medial SMCs which are normally quiescent, can contribute to the 

development of atherosclerosis in response to endothelial injury, by proliferating and migrating 

into the subendothelial intima. In early lesions SMCs are present in various numbers, as very 

early lesions progress to fibrofatty streaks. Medial SMCs are also implicated in the development 

of Abdominal Aortic Aneurysm (AAA), which is characterized by structural deterioration of 

aortic wall leading to arterial dilation and subsequent ruptures also known as arterial 

remodelling. Patients with AAA frequently have decresed medial SMC which is associated with 

arterial remodelling [61]. In vitro and  in vivo studies suggest that changes in media occur in 

response to shear stress alterations caused by arterial stenosis [62]. In order to normalize lumen 

diameter and shear stress, extracellular matrix in the medial layer remodels, enabling expansion 

of the artery and the repetition of such remodelling results in medial thinning [62]. 
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 The outermost layer of the vessel, the adventitia is separated from the media by an 

external elastic lamina and consists of extracellular matrix composed of connective tissues 

(collagen type I and type II) and fibroblasts. The human adventitial fibroblast population 

includes mesenchymal progenitor cells that can differentiate into adipocytes, osteoblasts, 

myofibroblasts and SMCs [63, 64]. This layer changes function and can contribute to pathology 

of atherosclerosis [65]. There is evidence for a role of lymphocytes in the adventitia in vessel 

disease [65-67]. In the setting of murine hyperlipidemia, lymphocytes are present in clusters 

within the adventitia of atherosclerotic abdominal aorta [67, 68]. Both T  and B cells have been 

identified within the adventitia of atherosclerotic lesions [69, 70]. Complex lymphoid-like 

structures or nodules within the adventitia of advanced lesions are composed  primarily of B 

cells surrounded by macrophages and T cells and it is thought that these are centres for antigen-

derived B cell maturation to generate antibodies against inflammatory antigens generated by 

advanced lesions [67]. These lymphoid  organ-like structures are also found in human plaque but 

not in normal blood vessels [71], and also appear to contain lymphatic vessels and drain local 

inflammatory cells and cytokines to the lymph nodes  These structures ensure a constant delivery 

of active inflammatory cells and cytokines to promote chronic inflammation within the vessel 

[72]. 
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Figure 1.1: Structure of arterial wall. Schematic adapted from Libby et al. 2002 shows the 

intima, media and adventitia of (A) normal artery and (B) diseased artery (vulnerable plaque) 

with thin fibrous cap and large lipid pool [73]. 
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1.1.4 Sites of Atherosclerosis Development  

 

 Atherosclerosis occurs at specific sites within the vasculature, mainly in large elastic and 

medium sized muscular arteries including the abdominal aorta and coronary arteries. It is a focal 

disease that localizes to reproducible sites in vessels [74]. These highly susceptible 

atherosclerotic sites are exposed to low shear stress, oscillatory flow and turbulent flow normally 

in areas that have high vessel curvatures and at branching sites. Areas of vessels exposed to 

laminar flow are generally highly resistant to atherosclerosis. Sites where atherosclerotic lesions 

develop include coronary arterial bed, major branches of arch, visceral branches of abdominal 

aorta, and terminal abdominal aorta and its branches (Figure 1.2).  

 Endothelial cells respond to changes in blood flow particularly changes to hemodynamic 

shear stress [75].These cells align according to the axis of laminar flow, and this alignment is 

disrupted in areas of interrupted flow. Endothelial cells express genes that are regulated by flow 

rate, including cell-surface adhesion molecules (vascular cell adhesion molecule- 1 [VCAM-1] 

and intracellular adhesion molecule-1 [ICAM-1]), and antioxidant enzymes (NO synthase, 

superoxidase dismutase). Cultured human endothelial cells upregulate VCAM-1 and ICAM-1 

when exposed to oscilatory flow, effects mediated by nuclear factor-κB (NF-κB) [76, 77]. Nitric 

oxide (NO) is the product of conversion of L-arginine into L-citrulline by nitric oxide synthase 

(NOS). It plays a major role in modulating vascular tone and is regulated by laminar shear stress. 

Oscilatory shear stress downregulates the expression of eNOS [78]. Hypercholesterolemia 

downregulates the bio-availability of endothelium-derived NO which in turn increases neutrophil 

adherence to the endothelium [79]. A deficiency in NO also enhances SMCs proliferation and 

platelet aggregation and adhesion [80]. In rabbit models of hypercholesterolemia, chronic 

inhibition of NO synthesis accelerates the development of atherosclerosis [81]. ApoE-/- mice 
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which are deficient in endothelial nitric oxidase synthase fed a Western diet exhibit an increase 

in the development of atherosclerosis [82].  

 

 

 

 

 

 

 

 

 

 

 



 13

                                                 

 

Figure 1.2: Common sites of atherosclerosis lesion formation in humans and C57BL/6 mouse 

strain. (A) Schematic shows the common sites of atherosclerotic formation in human vasculature 

[83]. (B) Schematic shows the major arterial vasculature distribution of atherosclerosis (gray 

shading) in the vasculatures of LDL receptor–deficient mice fed a high-fat atherogenic diet. 1, 

indicates aortic sinus; 2, ascending aorta; 3, lesser curvature of aortic arch; 4, greater curvature 

of aortic arch; 5, innominate artery; 6, right common carotid artery; 7, left common carotid 

artery; 8, left subclavian artery; 9, thoracic aorta; 10, renal artery; 11, abdominal aorta; and 12, 

iliac artery, figure adapted from VanderLaan et al. 2004 [74] 
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1.1.5 Atherosclerotic lesions 

 

 Atherosclerotic lesions have been classified into a number of subtypes by the American 

Heart Association (AHA). “Early” implies that these lesions are followed by “latter” (advanced) 

lesions. It also implies that they are found early in life. Neither implication is necessarily true. 

Early atherosclerotic lesions can be classified into types I, II and III. Type I lesions, also called 

intimal xanthomas, are the initial lesions in atherosclerosis. Type I lesions usually consist of 

small isolated groups of macrophages containing lipid droplets (Figure 1.3A). They are most 

apparent in regions of the intima that have an adaptive intimal thickening of the eccentric type. 

Most type I lesions are only visible under a microscope [84-87].  

 

  Type II lesions, commonly known as fatty streaks, are the first grossly visible early 

atherosclerotic lesion, frequently visible as yellow-coloured streaks, patches or spots on the 

intima surface [86]. They are characterized by stratified layers of macrophage-derived foam 

cells, lipid - containing intimal SMCs, T lymphocytes, few mast cells and small amounts of 

extracellular lipid droplets (Figure 1.3B) [86, 88, 89] .  

 

 Type III lesions, also called intermediate or preatheroma lesions, are a progressive form 

of the fatty streak. These lesions consist of increased extracellular lipid droplets and foam cells, 

and increased numbers of SMCs and T cells [86]. A thin fibrous cap, which is a distinct layer of 

connective tissue and SMCs, also starts to develop in these lesions (Figure 1.3C) [84, 90]. As the 

size of the intima enlarges from an influx of cells, the vessel may remodel outwards to preserve 

the lumen size.  
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1.1.5.1 Advanced and complicated atherosclerotic lesions  
 

 A Type IV lesion, also called an atheroma, is an advanced lesion according to the AHA 

classification [90]. It consists of a dense accumulation of extracellular lipid that occupies a well 

defined region of intima known as the lipid core. The lipid core develops from coalesence of 

small isolated pools of extracellular lipids of type III lesions [90] and first appears at sites of 

adaptive intimal thickening of eccentric type [87]. Between the lipid core and endothelial 

surface, the lesion contains macrophages, SMCs [90], T lymphocytes and mast cells (Figure 

1.3D) [11]. 

 

 Type V lesions are lesions in which prominent new fibrous connective tissue has formed 

[90]. These lesions consist of a fibrous cap overlying a large necrotic core [84]. Type V lesions 

may contain two or more lipid cores of different sizes (Figure 1.3E). These lesions may show 

fissures, haemorrhage, and thrombi. They can be further subdivided into 3 subtypes. Type Va 

lesions consists of fibrous tissue covering a plaque containing lipid core; if the plaque also 

contains a lipid core that is calcified, it is classified as a type Vb lesion. If there is significant 

fibrotic tissue in the lesion but little lipid, it is categorized as type Vc [90]. The later lesions are 

stable lesions. 

 

 Type VI lesions are the most advanced lesion types that are formed from type IV and V 

lesions and exhibit features such as hematoma, fissures and thrombotic deposition (Figure 1.3F) 

[84]. Thin fibrous atheromas are prone to thrombosis and haemorrhage [84]. Such atheromas 

contain either a scant population of SMCs, or none at all, due to apoptosis [91]. The major 

molecular mechanism contributing to plaque rupture is thought to be the loss of SMCs and 

excessive degradation of the extracellular scaffold of the fibrous cap via secretion of matrix-

degrading metalloproteinase (MMPs) by macrophages and mast cells [92, 93].  Macrophage 
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derived MMPs have been shown to degrade collagen in vitro and in vivo; collagen determines 

the biomechanical strength of the fibrous cap of atherosclerotic lesion [94].  
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Figure 1.3: Types of atherosclerotic lesions. Schematic adapted from Stary et al. (1995) shows 

the cross-section and morphology of the intima ranges from (A) adaptive intimal thickening 

(type I), (B) type II, (C) type III, (D) type IV, (E) type V and (F) to type VI lesion in advanced 

atherosclerotic disease [90].  
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1.2 Theories on the Pathogenesis of Atherosclerosis 

 

 Several hypotheses have been proposed as to how atherosclerotic lesions develop. They 

include the “injury hypothesis”, the “response to retention”, the “inflammation hypothesis” and 

the “autoimmune hypothesis”.  

 

1.2.1 Response to Injury Hypothesis  

 

 The response to injury hypothesis was proposed by Russell Ross [51], who postulated 

that the development of atherosclerosis is the result of damage primarily to the endothelium 

based on observations that platelet derived serum factors stimulated the proliferation of arterial 

SMCs leading to development of an arterial intima [51]. The loss of endothelium exposes the 

underlying collagen layer and SMCs to platelet derived growth factor (PDGF) from platelets that 

adhere to the exposed subendothelial connective tissue. The infiltration of platelets leads to 

migration and proliferation of SMCs from the medial layer. The proliferation of SMCs in the 

intima forms new connective tissues and ultimately results in intracellular and extracellular lipid 

deposition. The uncontrolled migration and proliferation of SMCs was thought to eventually 

cause artery occlusion. Repetition and amplification of this process leads to the development of 

complex lesions. Ross acknowledged that the endothelium plays a more active role in the 

pathogenesis of atherosclerosis. It was recognized that endothelial cells are in an activated state 

and promote cell adhesion and invasion of monocytes, secrete oxygen free radicals; they also 

synthesize and secrete PDGF-like protein stimulating medial SMC migration and proliferation 

[95]. The mechanism of macrophage accumulation in the intima was not discussed in this 

hypothesis. Subsequently, the hypothesis was modified to include injury to the endothelium 
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caused by chronic hyperlipidemia, infections, mechanical factors and immunological injury that 

lead to endothelial dysfunction. Endothelial dysfunction  due to endothelial injury increased the 

trapping of lipoprotein in branch points of the arterial tree and upregulation of adhesion 

molecules and chemokines on the surface of the endothelium [96, 97]. These adhesion molecules 

and chemokines attracted monocytes to attach to the endothelium and migrate into the intima. 

Monocytes then differentiate into macrophages. These macrophages take up lipoprotein to form 

foam cells and  subsequently release inflammatory chemokines, and cytokines and growth 

factors to promote fatty streak and atheroma development [97]. 

 

1.2.2 Response to Retention Hypothesis 

 

 The response to retention hypothesis was proposed in 1995 by William et al [98]. It 

proposed that the extracellular trapping of cholesterol-rich atherogenic lipoprotein within the 

arterial intima is responsible for atherosclerosis. Atherogenic lipoproteins which enter the arterial 

wall bind and are retained through interactions with proteoglycans secreted by SMCs. 

Hypercholesteremia results in a rapid retention of lipoproteins [99] which are subsequently 

modified by oxidation or other enzymes. Oxidized and denatured LDL is taken up macrophages 

to form foam cells [100]. The retention of lipoprotein by proteoglycans was demonstrated in 

transgenic mice expressing human apoB100 containing low-density lipoprotein with normal 

proteoglycan binding or defective LDL-proteoglycan binding, where mice expressing 

proteoglycan-binding-defective LDL developed significantly less atherosclerosis than mice 

expressing wild-type control LDL due to the inability of apoB100-modified LDL to bind to 

proteoglycans in the vessel wall [101]. This study suggested that atherosclerosis is initiated by 

sub-endothelial retention of atherogenic lipoprotein. 
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1.2.3 Atherosclerosis: An Inflammatory Disease 

 

 In 1999 Ross proposed that atherosclerosis is an inflammatory disorder of blood vessels 

modifying his earlier “Response to Injury” hypothesis [102]. Damage to the endothelium was 

caused by agents such as modified LDL, dyslipidemia, elevated plasma homocysteine 

concentrations, hypertension, diabetes, and pathogens. These agents stimulated the endothelial 

layer to lose its normal function and increase its permeability to lipoproteins and other plasma 

constituents and increase the expression of adhesion molecules and growth factors which 

promote the adherence and migration of monocytes, macrophages and T lymphocytes. These 

immune cells migrate through the endothelial layer and reside at the subendothelial layer. 

Macrophages accumulate lipid and form foam cells, which then trigger the release of growth 

factors and cytokines that promote migration and proliferation of SMCs resulting in the 

formation of fatty streaks. Inflammation plays a fundamental role in mediating all stages of 

atherosclerotic lesion development from the initiation, progression to the destabilisation of 

atheromas. However, each stage of lesion formation can be reversible, by removing the cause of 

injury, or halting early inflammatory processes. There are several inflammatory mediators which 

predict the likelihood of developing vascular disease. These include IL-6, TNF-α, ICAM-1, and 

C-reactive protein (CRP) all of which have been associated with CHD [103-105]. CRP is a 

sensitive, unspecific marker for inflammation. In bacterial infection, CRP levels increase 

dramatically within 24 hours of infection [106]. Elevated CRP levels are known to be present in 

over 65% of patients with unstable angina [3]. CRP is capable of binding and activating 

complement, inducing expression of adhesion molecules, mediating LDL uptake by 

macrophages and inducing recruitment of monocytes and production of MCP-1[3]. There is also 

direct association of IL-6 and CVD, where IL-6 levels were elevated in patients with unstable 

angina [107]. 
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1.2.4 Atherosclerosis: An Autoimmune Disease 

 

 Autoimmunity is an immune response to self-antigens that involves autoantibody or self-

reactive T cells in pathogenesis of disease. Wick postulated that the inflammatory 

immunological processes characteristic of the very first stages of atherosclerosis are initiated by 

humoral and cellular immune reactions against heat-shock proteins 60 (HSP60) [108]. HSP60 is 

expressed by cells under conditions of stress such as heat and toxins. HSP60 has been identified 

as the autoantigen present during development of atherosclerosis. Studies have shown that 

immunization of normocholesterolemic rabbits with heat-killed mycobacterium and recombinant 

mycobacterium HSP65 leads to development of atherosclerotic lesions and this is irreversible in 

the presence of high levels of blood cholesterol [109, 110]. Also, cholesterol fed mice develop 

aggravated lesions when immunized with mHSP65 [111]. In humans, antibodies against 

mycobacterial HSP65 have been implicated in carotid atherosclerosis [112]. Chronic infections 

also play a role in the pathogenesis of atherosclerosis [113]. In a study by Bruneck, it was shown 

that chronic infections contribute to development of carotid atherosclerosis, where increased 

levels of soluble HSP60 and Abs to bacterial HSP60 are common [114]. Another autoantigen for 

atherosclerosis is oxidised LDL [115]. Antibodies to oxLDL have been detected in patients with 

atherosclerosis [116] and T cells from human atherosclerotic lesions have been shown to respond 

to oxLDL [117], indicating that oxLDL is an important antigen involved in immune responses in 

atherosclerosis. However this hypothesis, like others discussed previously, does not explain why 

lesions localize to specific sites of the vasculature. 
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1.3 Animal models of atherosclerosis 

 

 Atherosclerosis is a complex disease, which in humans develops over decades. This 

greatly limits approaches that can be used to study mechanisms as to how atherosclerosis 

develops and progresses. Thus animal models of atherosclerosis have been utilized, including 

rabbit, swine, non-human primates and mouse models.  

 Early rabbit models mostly utilized New Zealand white rabbits [8, 118]. In diet - induced 

atherosclerosis, rabbits are usually fed 0.5 – 2% containing cholesterol diets for 4-16 weeks 

depending on the severity of disease required. Lesions occur in aortic arch and ascending aorta. 

The Watanabe heritable hyperlipidemic (WHHL) rabbit strain is also widely used because of its 

hyper responsiveness to cholesterol or spontaneous hypercholesteromia [119]. The genetic defect 

resides in the gene for LDL receptors. This strain’s cholesterol levels while on chow diet are 

close to these found in human familial hypercholesterolemia [118], and the lesions that develop 

are close to human counterparts [119]. Transgenic rabbit models have also been developed to 

elucidate mechanisms involved in the development of atherosclerosis. Such rabbits overexpress 

transgenes for human apo A, apoA-I, apoB, and lecithin: cholesterol acyltransferase (LCAT) in 

both NZW and WHHL strains [120]. Human apoA-I expression in both NZW and WHHL 

significantly reduces aortic atherosclerosis. However, expression of apoE2 in NZW rabbits 

increased susceptibility to atherosclerosis.  

 

 Swine are also used to study atherosclerosis, as they develop spontaneous atherosclerosis 

in vessels and intimal thickenings are present in coronary arteries and can be augmented by 

dietary interventions [121]. Early fatty streaks develop by 6 months of age and advanced lesions 

develop after one year. Lesion characteristics in swine are very similar to humans. They also 

have similar lipoprotein profiles and metabolise lipoproteins similar to humans. The use of high 
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fat, high cholesterol diets further elevates the total and LDL plasma cholesterol. Pigs that 

overexpress the human ApoE4 gene exhibit atherosclerosis-induced heart failure, implicating the 

ApoE4 gene as a predictor for chronic heart disease in humans [122]. 

 

 Non-human primates also exhibit susceptibility to atherosclerosis similar to humans. 

Atherosclerosis lesions are localized to coronary arteries, abdominal aorta and iliac arteries 

[123]. Non-human primates used include cynomolgus, rhesus monkeys, cebus, and squirrel and 

pigtail monkeys. Cholesterol-laden diet in monkeys further augments the development of 

atherosclerosis [123].  Familial LDL receptor deficiency atherosclerosis has been reported in the 

rhesus monkey [124].  

 

 The most extensively studied mammal is the mouse, mostly because of the ease of 

genetically manipulating their genome. Thompson and Roberts were the pioneers in creating 

inbred strain for experimental atherosclerosis [125, 126]. The C57BL/6 mouse strain is the more 

susceptible strain to atherogenic diets than other strains, and lesions are present after 14 weeks 

on atherogenic diet [127]. Mouse strains that are more resistant to diet-induced atherosclerosis 

include BalB/c, C3H, A, SWR and NZB [127, 128]. C57BL/6 mice or wild type (WT) mice have 

normal plasma cholesterol, plasma triglyceride levels, and high density lipoprotein (HDL) is the 

predominant lipoprotein with only small amounts of VLDL and LDL [129]. WT mice develop 

small lesions when fed western diet over a long period of time. Knockout and transgenic mice on 

C57BL/6 background are extensively used to study atherosclerosis. Apolipoprotein E (ApoE) 

deficient mice and low density lipoprotein (LDL) receptor deficient mice are the most commonly 

studied mouse models of atherosclerosis. 
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1.3.1 ApoE-deficient (ApoE-/-) mice 

 

 Apolipoprotein E- deficient (ApoE-/-) mice are commonly used to study atherosclerosis, 

and were created by homologous recombination in embryonic stem cells. These mice developed 

severe hypercholesterolemia and atherosclerotic lesions are similar to humans [130]. The 

knockout model was generated by inactivating the ApoE  gene [131]. The lack of a functional 

ApoE gene prevents these mice from producing apolipoprotein E, a glycoprotein that is essential 

for the transport and metabolism of lipids. Both humans and mice lacking ApoE exhibit 

hypercholesterolemia, near normal triglycerides, decreased HDL levels and elevated LDL and 

VLDL levels [132]. 

 ApoE is a 34 kD glycoprotein synthesized in liver, brain, intestine lung and macrophages 

in both humans and mice [133]. The function of apoE is to facilitate binding of lipoproteins to 

cell surface proteins, which enhances the transfer of components such as cholesterol ester and tri-

glycerols to or from cells [129]. It has a high affinity ligand for apoB and ApoE (LDL) receptor 

and chylomicron remnant receptor which are used facilitate uptake of ApoE-containing particles 

by liver [132]. ApoE also serves as an immune modulator, macrophages express apoE, the 

activation of T cells by macrophages induce secretion of IFN-γ, which in turn inhibit the 

expression of ApoE on macrophages [134]. They also downregulate TH1 immune responses 

[135] to maintain feedback regulation and reverse cholesterol transport. 

 

 When compared with WT mice, the ApoE-/- mice are healthy, have no difference in body 

weight or litter size, reproduce normally but exhibit hyperlipidemia with increased total plasma 

cholesterol, cholesterol ester and free cholesterol levels and plasma triglycerides and 

phospholipids. HDL levels are reduced to one third the levels seen in normal WT mice. The 
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major lipoproteins in the ApoE-/- mice are VLDL and IDL compared to WT where HDL is the 

predominant lipoprotein [129, 132]. 

 ApoE-/- mice fed a normal mouse chow diet develop fatty streaks in the aortic wall by 3 

months of age, which then progress to advanced atherosclerotic lesions by 8 months [132]. 

Lesions develop in aortic root and throughout the aorta. Lesions develop first in the aortic root, 

followed by the lesser curvature of aortic arch, branches of  brachiocephalic artery, branches of 

superior mesenteric artery, both renal arteries, aortic bifurcation and pulmonary artery [136]. 

 In older mice, lesions are present in the descending thoracic aorta, lower abdominal aorta, 

proximal coronary, common iliac, and femoral arteries. Upon feeding ApoE mice a high fat diet 

(HFD), lesions first appear as small yellowish-white nodules [136]. Mononuclear cell adhesion 

to endothelium and the presence of foam cells is also apparent.  

At 15 weeks of age ApoE-/- mice on western diet, exhibit early fibrous plaques which contain a 

small necrotic core covered by a fibrous cap [136]. ApoE-/- mice can also develop complex 

atherosclerosis even when fed a chow diet [130, 132]. 

 

1.3.2 LDL Receptor-deficient (LDLR-/-) mice 

 

 The LDLR knockout (LDLR-/-) mouse was created by homologous recombination in 

embroyonic stem cells [137]. The LDL receptor is a glycoprotein receptor located at the surface 

of cells and binds to LDL increasing its entry into cells. The receptor has high affinity for LDL 

and is able to cycle cholesterol in and to the tissues, while keeping plasma LDL low; it is an 

important regulator of plasma cholesterol levels [138]. LDLR-/- mice exhibit delayed clearance 

of VLDL and LDL from plasma. Both female and male homozygous mice deficient in LDL 

receptors are viable and fertile. The total plasma cholesterol levels are two fold higher than in 

WT mice. They also exhibit a seven fold increase in intermediate density lipoprotein (IDL) and 
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LDL without significant change in HDL. Plasma triglycerides levels are normal in LDLR-/- mice 

[137]. Plasma lipid profiles resemble those in humans. Even though total plasma cholesterol is 

elevated in these mice compared to WT mice, 236mg/dl to 108mg/dl, aortic atherosclerotic is 

minimal [139]. Therefore, this knockout mouse is given a cholesterol diet to elevate the plasma 

cholesterol in studies of atherosclerosis [137].  

 LDLR-/- mice fed a cholesterol diet (1.25% cholesterol, 7.5% cocoa butter and 7.5% 

casein and 0.5% sodium cholate [127]), exhibit marked hypercholesterolemia, with total 

cholesterol levels 1500 mg/dl after 2 weeks on diet compared to wild type C57BL/6 mice, 

160mg/dl [139]. LDLR-/- mice develop atherosclerosis within the aortic root similar to ApoE-/- 

[140]. These mice when fed a high fat diet develop atherosclerotic lesions more slowly compared 

to ApoE-/-, however lesions reach the same level of complexity after 30 weeks [141]. 

 

1.3.3 ApoE Leiden mice 

 

 The ApoE*3 Leiden gene is one of the mutant apoE genes that is associated with familial 

dysbetalipoproteinemia in humans [142, 143]. It is characterized by a tandem duplication of 

codons 120 to 126 [144]. Transgenic mice over expressing the ApoE*3 Leiden gene exhibit 

increased plasma cholesterol and triglycerides when fed a chow diet. ApoE*3 Leiden mice 

develop hyperlipidimia which can be further enhanced by a diet rich in saturated fats, cholesterol 

and cholate. These mice are highly susceptible to diet-induced atherosclerosis. Lesions are 

predominantly lipid-laden foam cells and develop in the aortic root [145]. ApoE* Leiden mice 

on high fat/high cholesterol diet have increased levels of cholesterol and ApoE when compared 

to WT mice fed a similar diet. Atherosclerotic lesions develop in the aortic root and along the 

entire vasculature tree progressively with lesions similar to human pathology [143]. In these 

mice, DNA synthesis peaks in early lesions and apoptosis peaks in late lesions and mostly 
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confined to macrophage-derived foam cells. ApoE* Leiden mice are a suitable model to study 

the different aspects of early atherosclerosis lesion development. 

 

1.3.4 Apo B transgenic mice 

 

 Apolipoprotein B (apoB) is involved in mammalian lipoprotein metabolism [146], as the 

primary apolipoprotein of LDL, β-VLDL, oxidized LDL and Lp (a) [147]. A diet rich in fats and 

cholesterol elevate the apoB-containing lipoprotein and this is accompanied by the development 

of atherosclerotic lesions. Impairment in the clearance of apoB-containing lipoprotein results in 

human lipoprotein disorders such as type III hyperlipoprotenemia, familial defective 

apolipoprotein B100 and familial hypercholesterolemia and premature atherosclerosis 

development [148, 149]. In both ApoE-/- and LDLR-/- mice, plasma levels of  apoB-containing 

lipoprotein are elevated together with increased susceptibility to development of atherosclerosis 

[132, 139]. Transgenic mice expressing high levels of human apoB were generated using a 

79.5kb genomic DNA fragment spanning the entire human apo-B gene [147]. Human apo-B 

transgenic mice on a C57BL/6 genetic background express high levels of human apo-B. Chow 

diet fed transgenic mice exhibit increased levels of LDL cholesterol in the plasma but do not 

develop aortic atherosclerotic lesions. However, female transgenic mice on high fat diet develop 

extensive atherosclerotic lesions compared to female nontransgenic mice fed a high fat diet.  

 

 These mouse models of atherosclerosis can be further modified genetically through cross-

breeding with other genetically modified mice, or through the use of bone marrow 

transplantation, and can be used to study the actions of different cytokines, chemokines, 

molecules and factors that are involved in the pathogenesis of atherosclerosis (see later- Section 

1.4 and 1.5). 
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1.4 Cytokines in Atherosclerosis 

 

 Multiple cytokines have been implicated in atherosclerosis including Th1 and Th2 

cytokines, Th17 and other cytokines. They can exert either pro-atherogenic or anti-atherogenic 

effects and include interferon-γ, TNF-α, IL-1β, IL-2, IL-12, IL-18, IL-6, IL-4, IL-10, TGF-β as 

well as colony stimulating factor. Th1 cytokines are IL-1β, IL-2, IL-12, IL-18, TNF-α and IFN-

γ, Th2 cytokines include IL-4, ΙL-5, IL-13 , IL-10 and TGF-β; Th 17 cytokines are the IL-17 

family of cytokines and other miscellaneous cytokines, including CSF and TGF-β [8].   

  In the mid 1980s, cytokines were first identified in human plaques [150]. It was found 

that most cells in plaque express MHC class II antigen HLA-DR, which suggested the presence 

of IFN-γ. PDGF [151], TNF-α [152], IL-1[153], MCP-1 [154], and IFN-γ [155] were also 

detected in human plaque. A number of mouse models deficient in genes encoding the cytokines 

or their receptors have been generated on an ApoE-/- and LDLR-/- genetic background (Table 

1.1). 

 

1.4.1 Interferon-gamma (IFN-γ) 

 

 IFN-γ plays an important role in atherosclerosis (Refer to Table 1.1). It is a pro-

inflammatory cytokine that is expressed in atherosclerotic lesions by activated macrophages, T 

cells, NK cells, and NKT cells. In atherosclerosis, IFN-γ has both direct and indirect effect. 

Administration of IFN-γ in ApoE-/- mice significantly increased lesion size and the number of T 

cells in the lesion [156]. Deficiency in endogenous IFN-γ in ApoE-/- mice decreased 

atherosclerosis and was associated with a decrease in the number and activation of T cells [157]. 

A deficiency in the IFN-γ receptor also reduces atherosclerotic lesion development in ApoE-/-  
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mice together with a decrease in lesion cellularity and an increase in collagen [158]. The indirect 

effect of IFN-γ is modulated by IL-12 and IL-18. Both IL-12 and IL-18 are pro-atherogenic. The 

pro-atherogenic effect of IL-18 is mediated by IFN-γ; a deficiency of IFN-γ in IFNγ-/-ApoE-/-  

mice prevents the atherosclerotic effects of recombinant IL-18 administration [159]. This pro-

atherogenic effect of IL-18 can also occur in the absence of T cells, where the injection of IL-18 

to SCID ApoE-/- mice resulted in larger lesions and increased IFN-γ expression [160]. This 

suggests that NK cells are the most likely source of IFN-γ under these circumstances.  

 

1.4.2 IL-1 

 

 IL-1 is a pro-inflammatory cytokine that exists in two forms, IL-1α and IL-1β, which 

mediates its effects through the IL-1 receptor (IL-R). Short-term perfusion with recombinant IL-

1 receptor-α (IL-1Rα) reduces fatty streak formation in ApoE-/- fed a cholesterol/cholate-rich 

diet [161]. In line, IL-1β-/- ApoE-/- exhibit reduction in atherosclerotic lesion size at 12 and 24 

weeks of age compared to wild-type ApoE-/- mice and there was no difference in plasma lipid 

levels between the two groups [162]. These observations were further confirmed by another 

study using IL-1β-/- C57/BL6 mice and this study also reported that genetic deletion of IL-1α 

reduced lesion size [163]. Additionally this study also reported that bone marrow transplantation 

from IL-1α-/- or IL-1β-/- into irradiated C57/BL6 mice reduced early atherosclerotic lesion 

formation without altering plasma lipids [163].  
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1.4.3 IL-12 

 

 IL-12 plays an important role in Th1 differentiation and also in the activation of NK 

cells. IL-12 has been shown to be proatherogenic and appears to be important in the early phases 

of atherosclerotic lesion development in ApoE-/- mice [164]. Thirty week old ApoE-/- IL-12-/- 

mice exhibit an increase in lesion size while 40-week old mice had similar lesion size compared 

to wild-type ApoE-/- mice. 

 

1.4.4 Tumor Necrosis Factor-alpha (TNF-α) 

 

 TNF-α is a pro-inflammatory cytokine that is produced primarily by monocytes and 

macrophages; activated NK cells also produce TNF-α, but studies examining the effects of TNF-

α on atherosclerosis have been conflicting. TNF-α-/- ApoE-/- mice exhibit smaller lesions 

compared to ApoE-/-  mice which is associated with decreased expression of adhesion molecules 

ICAM-1, VCAM-1 and MCP-1 [165]. However, mice that lack TNF-α receptors [p55 (TNFR1) 

and p75 (TNFR2)] develop larger atherosclerotic lesions [166, 167]. Furthermore, lymphotoxin-

α (LTα) a cytokine with homology to TNF-α has been shown to be proatherogenic [168].  

 

1.4.5 IL-10 

 

 IL-10 is an anti-inflammatory cytokines produced by Th2-type T cells, CD4+Foxp3+ 

regulatory T cells, B cells, monocytes and macrophages. It inhibits Th1 cytokine production, 

antigen presentation, prevents macrophages from secreting TNF-α and overall suppresses 
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inflammatory responses in the vessel wall [169-171]. IL-10 has anti-atherogenic potential, where 

it exerts its anti-inflammatory properties on macrophages [170] and also limits inflammatory 

response in the vessel wall [171] (Refer to Table 1.1). IL-10 deficiency in C57BL/6 mice fed an 

atherogenic diet resulted in early atherosclerotic lesion formation characterized by increased 

infiltration of immune cells, primarily activated T cells and increased pro-inflammatory 

cytokines [172, 173]. Similarly, IL-10 deficiency in IL-10-/- ApoE-/- mice also promotes 

atherosclerotic lesion development [174]. Furthermore, bone marrow cells deficient in IL-10 

transferred into LDLR-/- mice resulted in attenuated atherosclerosis, suggesting that the 

leukocyte-derived IL-10 was essential in the prevention of atherosclerotic lesion development 

[175]. 

 

1.4.6 Transforming growh factor-beta (TGF-β) 

 

 TGF-β is an anti-inflammatory cytokine that has an immunosuppressive and pro-fibrotic 

effect on atherosclerotic lesions (Refer to Table 1.1). In patients with advanced atherosclerotic 

lesions, serum TGF-β is severely decreased. Moreover TGF-β+/-mice fed an atherogenic diet 

exhibit increased endothelial activation and macrophage accumulation at the aortic sinus [176, 

177]. TGF-β also plays a role in SMC migration and proliferation, and probably plaque stability. 

Treatment of ApoE-/- mice with neutralizing TGF-β antibodies augments lipid lesion size and 

switches lesion phenotype from stable to unstable plaque by increasing infiltration of 

inflammatory cells and reducing collagen [178]. Bone marrow transferred from transgenic mice 

that express a dominant negative TGF-β receptor type II under T-cell-specific promoter, into 

LDLR-/- mice, results in an increase in differentiation of T cells. Atherosclerotic plaques from 

these mice exhibit increased T cell infiltration and expression of MHC class II together with 
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decreased SMC and collagen content [179]. Therefore, TGF-β signalling in T cells plays an 

important role in the modulation of atherosclerotic lesion development and progression.   

 

1.4.7 Other cytokines  

 

 IL-2 is a pro-inflammatory cytokine produced by Th1 cells. Injection of recombinant IL-

2 into ApoE-/- mice fed an atherogenic diet increases atherosclerotic lesion size, while anti-IL-2 

antibody treatment reduces atherosclerotic lesion development, which indicates that IL-2 is pro-

atherogenic [180]. 

 IL-6 has both pro-inflammatory and anti-inflammatory properties. IL-6 has been shown 

to exacerbate atherosclerotic lesion development. Recombinant IL-6 treatment of C57/BL6 

resulted in a 5-fold increase in atherosclerotic lesion size, whereas treatment of ApoE-/- mice on 

low or high fat diets resulted in a 2 fold increase in lesion size [181], suggesting IL-6 is a pro-

atherogenic cytokine. However, older chow fed (53 weeks old) IL-6-/- ApoE-/- mice showed an 

increase in atherosclerotic lesion size with reduction in collagen content, release of IL-10 and 

recruitment of inflammatory cells [182], also these mice at one year of age had increased 

calcified atherosclerotic lesions [183]. However, younger (16 week old) IL-6-/- ApoE-/- mice fed 

a chow diet had no difference in atherosclerotic lesion size compared to ApoE-/- mice [183]. 

Similarly IL-6-/- LDLR-/- mice also did not exhibit any changes in atherosclerotic lesion size 

when fed either a chow, high fat or atherogenic diet [184]. Together, all reported studies have 

shown both a positive and negative role for IL-6 in the development of atherosclerosis as a 

reflection of its pro-inflammatory of anti-inflammatory activities [185]. 

 IL-4 is a Th2 cytokine that plays a role in Th2-cell differentiation and is produced by 

activated T cells and mast cells and can exert both pro- and anti- inflammatory effects [186]. 

Studies of IL-4 in atherosclerosis have been contradicting. IL-4-/- ApoE-/- mice have been 
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reported to have reduced atherosclerosis compared to ApoE-/- mice [164], while another study 

has reported that  IL-4 deficient C57/BL6 mice had no difference in atherosclerosis compared to 

wild-type C57/BL6 mice [187]. One possible effect of IL-4 that may contribute to its 

proatherogenic role is the induction of IFN-γ production by NK cells and NKT cells [188]. 

 IL-18 has been reported to have a proatherogenic role. Treatment of ApoE-/- mice with 

IL-18 exacerbated atherosclerotic lesion development through the release of IFN-γ [159]. Elhage 

et al. also reported reduced atherosclerosis in IL-18-/- ApoE-/- mice compared to ApoE-/- mice. 

Since IL-18 in combination with IL-12 has been shown to activate NK cells to produce IFN-γ, 

this may be a possible mechanism by which IL-18 may exert their proatherogenic activity. 
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Table 1.1 Cytokines involved in atherosclerosis. 

Cytokines Mice/Treatment  Atherosclerotic 
lesion size  

Lesion 
Composition 

Reference 

Th1 
Cytokines 

IFN-γ 

 
 
 
IFN-γ-/-ApoE-/- 

 

3 months western 
diet 

 
 
 
 
 
 
↓60% lipid 
accumulation 

 
 
 
 
 
 
↓lesion cellularity 
↑collagen 

 
 
 
 
 
[158] 

 IFNγ-/-LDLR-/-  

  
8 weeks  
atherogenic diet  
 
 
 
20 weeks 
atherogenic  

 
 
↓75%  
 
 
 
 
↓43% 

 
 
↓70%macrophage  
↓84%SMCs 
↓62%MHC 11+ 
cells 
 
↓64% MHC 11 + 
cells 

 
 
[189] 

 ApoE-/-   
 
30 days 
recombinant mouse 
IFN-γ injection 
(daily) 
Chow diet  

 
 
↑ 2 fold 

 
 
↑ T lymphocytes 
↑MHC II + cells 

 
 
[190] 

IL-2 ApoE-/- 
 
Recombinant IL-2- 
6 weeks 
atherogenic diet 
 
or 
 
Anti IL-2 antibody- 
6 weeks 
atherogenic diet 
 

 
 
↑ 24% 
 
 
 
 
 
↓ 43% 
 
 
 

 
 
Not reported. 
 
 
 
 
 
Not reported. 

 
 
[180] 

IL-12 IL-12-/-ApoE-/- 

 

30 weeks:Chow 
diet 
 
45 weeks:Chow 
diet 
 
 
 
 
 
 

 
 
↓52% 
 
 
No change 

 
 
↓macrophage 
 
 
No change. 
 
 
 
 
 

 
 
[164] 
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Cytokines Mice/Treatment  Atherosclerotic 
lesion size  

Lesion 
Composition 

Reference 

IL-18 ApoE-/-  
 
IL-18 injection  
30days-chow diet 
 
 
IL-18-/-ApoE-/- 

 

 
HFD 

 
 
↑2 fold  
 
 
 
 
 
 
↓ 35% 

 
 
↑ T cell 
↑ MHC II +cells 
 
 
 
 
 
↓ I-Ab 
↑ SMCs 

 
 
[159] 
 
 
 
 
 
 
[191] 

IL-1 ApoE-/- 
 
 
Recombinant IL-
1Rα , minipump 
perfusion 
4 weeks-HFD + 
Cholate 
 
 
 
IL-1α-/-C57BL6 
 
 
 
 
C57BL6:BMT, 
IL-1α-/- BM 
13 weeks-
atherogenic diet 
 
 
 
 
 
IL-1β-/-ApoE-/- 
 
Chow diet (12 and 
24weeks of age) 
 
 
 
 

 
 
 
↓>50% 
 
 
 
 
 
 
 
↓56% 
 
 
 
 
 
↓59% 
 
 
 
 
 
 
 
 
 
 
↓32-33%  

 
 
 
Not reported. 
 
 
 
 
 
 
 
Not reported. 
 
 
 
 
 
Not reported. 
 
 
 
 
 
 
 
 
 
↓MCP-1 and 
VCAM-1 mRNA 
expression 

 
 
 
[161] 
 
 
 
 
 
 
[163] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[162] 
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Cytokines 
 
 
 
IL-6 

Mice/Treatment 
 
 
 
C57BL6 (24 
weeks of age)+ 
recombinant IL-6 
(HFD) 
 
 
ApoE-/- (9 weeks 
of age) + 
recombinant Il-6 
(HFD/ 
LFD)  
 
 
 
 
 
 
IL-6-/-ApoE-/- 

 

Chow diet- 53 
weeks 
 
 
 
 
 
Chow diet (16/52 
weeks) 
 
 
 
 
 
 
IL-6-/-LDLR-/- 
 
Chow/HFD/ 
Atherogenic diet 

Atherosclerotic 
lesion size 
 
 
 
↑5.1 fold  
 
 
 
 
 
HFD:↑1.9 fold  
 
 
LFD:↑2.4 fold  
 
 
 
 
 
 
 
 
↑lesion 
 
 
 
 
 
 
16wk:No change  
52 wk:↑55%  
 
 
 
 
 
 
 
 
 
No change. 

Lesion 
Composition 
 
 
 
Not reported 
 
 
 
 
 
Not reported 
 
 
Not reported 
 
 
 
 
 
 
 
 
↓Macrophage 
↓collagen I and V 
↓MMP-9 
↓IL-10 mRNA 
expression 
 
 
↑314% calcification 
 
 
 
 
 
 
 
 
 
 
No change. 
 
 
 

Reference 
 
 
 
 
[181] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[182] 
 
 
 
 
 
 
[183] 
 
 
 
 
 
 
 
 
 
[184] 

TNF-α 
 
 
 
 
 
 

TNF-α-/-ApoE-/- 

 

Chow diet-12 
weeks. 
 
 
HFD-10wk/40 wk 

 
 
 
↓30% 
 
 
10wk: ↓50% 
40wk: ↓60% 

 
 
 
↓VCAM-1, ICAM-
1 and MCP-1. 
 
No change. 
 

 
 
 
[165] 
 
 
[192] 
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Cytokines 
 

Mice/Treatment 
 
 
TNF-α-/-C57BL6 
 
Atherogenic diet-16 
weeks 
 
LTα-/-C57BL6 
 
Atherogenic diet-16 
weeks 
 
 
p55-/-C57BL6 
 
Atherogenic-14 
weeks 

Atherosclerotic 
lesion size 
 
 
 
No change. 
 
 
 
 
↓62% 
 
 
 
 
 
↑2.3 fold 

Lesion 
Composition 
 
 
 
Not reported. 
 
 
 
 
Not reported 
 
 
 
 
 
↑Scavenger 
receptors 

Reference 
 
 
 
 
[168] 
 
 
 
[168] 
 
 
 
 
 
[166] 
 
 

Th2 
Cytokines 
 
 
IL-4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
LDLR-/- BMT; 
 IL-4-/- BM 
 
Atherogenic 
(high 
cholesterol,cholate)
- 4 weeks 
 
 
IL-4-/-ApoE-/- 
 
Chow diet-30 and 
45wk  
 
 
 
 
IL-4-/-C57BL6 
 
Atherogenic 
diet(high 
cholesterol)-15 
weeks 
 
 
C57BL6 + IL-4  
 
Weekly IL-4 
injections, HFD- 15 
weeks 

 
 
 
 
 
 
 
No change-Aortic 
sinus 
↓69% -aortic arch 
↓67%-thoracic 
aorta 
 
 
 
30wk:↓27%(aortic 
sinus) 
45wk: ↓58%(aortic 
arch) 
 
 
 
 
 
No change 
 
 
 
 
 
 
↓90% 
 
 
 

 
 
 
 
 
 
 
No change. 
 
 
 
 
 
 
 
No change. 
 
 
 
 
 
 
 
 
Not reported. 
 
 
 
 
 
 
 
Not reported. 
 
 

 
 
 
 
 
 
 
[193] 
 
 
 
 
 
 
[164] 
 
 
 
 
 
 
 
[187] 
 
 
 
 
[194] 
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Cytokine 

 
Mice/Treatment 

 
Atheroslerotic 
lesion size 

 
Lesion 
Composition 

 
Reference 

 
IL-10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
IL-10-/-C57BL6 
 
Atherogenic diet 
+cholate-16 weeks 
 
 
 
 
LDLR-/-  
BMT of IL10 
transgenic 
mice(controlled 
by IL-2 
promoter) 
 
Atherogenic diet + 
cholate -20 weeks 
 
 
 
 
IL-10-/-ApoE-/- 

 
Chow diet 
 
 
 
 
 
 
 
LDLR-/- : BMT; 
IL-10-/- BM 
 
High fat-cholate 
free- 14 weeks 

 
 
 
↑3 fold 
 
 
 
 
 
 
 
 
 
 
 
 
↓47% 
 
 
 
 
 
 
 
↑2.8 fold (16 wk of 
age females) 
No change (48 wk 
of age) 
 
 
 
 
 
 
 
 
↑>2 fold (thoracic 
aorta) 
↑35% (aortic root) 
 
 
 
 
 
 
 
 

 
 
↑T cells, IFN-γ 
↓collagen 
 
 
 
 
 
 
 
 
 
 
 
 
↓80%necrotic core 
↓lipid accumulation 
 
 
 
 
 
 
↑MMP-9 & Tissue 
factor activity 
↑thrombosis 
 
 
 
 
 
 
 
 
 
↑lymphocyte & 
macrophage 
↓collagen 
 

 
 
[172] 
 
 
 
 
 
 
 
 
 
 
 
 
[195] 
 
 
 
 
 
 
 
 
 
[196] 
 
 
 
 
 
 
 
 
 
[175] 
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Cytokines 
 
 
Miscellaneous 
 
 
TGF-β 

 
Mice/Treatment 
 
 
 
 
 
TGF-β-/+ 
 
Atherogenic diet-12 
weeks 
 
 
ApoE-/- 

 

i.p injection TGF-
β1, 2 & 3 
neutralizing 
antibody- chow 
diet:9 weeks 
 
Injected 
TGFβRII:Fc fusion 
protein (2x/wk)-12 
weeks. Start age: 
5/17wk 
 
 
LDLR-/- 
 
BMT: transgenic 
mice with dominant 
negative TGF-
βR11 BM 
(atherogenic diet-
high cholesterol) 
 
 
 
 
 

 
Atherosclerotic 
lesion size 
 
 
 
 
 
 
 
↑674% 
 
 
 
 
 
↑2fold 
 
 
 
 
 
5wk: NC 
17wk:↓37.5% 
 
 
 
 
 
 
 
 
↓29% 
 
 

 
Lesion 
composition 
 
 
 
 
 
 
 
↓44%SMC 
↑1100% 
macrophage 
 
 
 
 
↑macrophage 
↑57% infiltrating 
lymphocytes 
↓collagen 
 
 
↑T cells 
↑inflammatory cells 
↑lipid core size 
↓collagen(17wk) 
 
 
 
 
 
 
↑T cell 
↑MHC class II + 
cells 
↓SMC & collagen 
 
 
 

 
Reference
 
 
 
 
 
 
 
[176] 
 
 
 
 
 
[197] 
 
 
 
 
 
[198] 
 
 
 
 
 
 
 
 
 
[179] 
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1.5 Chemokines in Atherosclerosis 

 

 Chemokines are small cytokines that are involved in the recruitment of inflammatory 

cells into the intima. Chemokines can be divided into 4 families CC, CXC,CX3C, and XC based 

on the position of the first 2 cysteine residues [199]. Chemokines signal through G protein-

coupled receptors to activate and aid in transmigration of cells. Endothelial cells, inflammatory 

cells and atherosclerotic lesions express chemokines to attract leukocytes into inflammatory 

sites. They can have profound effects in the development of atherosclerosis (Refer to Table 1.2).  

 

1.5.1 MCP-1 

 

 MCP-1 is an important chemokine for the recruitment of circulating monocytes and for 

initiation of atherogenesis. The receptor for MCP-1 chemokine is CCR2. The lack of MCP-1 in 

LDLR-/- mice has been shown to reduce macrophage recruitment into the vessel wall and inhibit 

atherosclerosis via CCR2 [200]. CCR2-/-ApoE-/- also exhibit reduction in atherosclerotic lesion 

development [201]. In mice overexpressing apolipoprotein B, the deletion of MCP-1 gene 

prevented monocyte recruitment and reduced atherosclerotic lesion size [202]. 

 

1.5.2 CCL5 

 

 CCL5, also known as RANTES, is a chemokine involved in the trafficking and homing 

of T and NK cells. CCL5 can also augment NK cell cytolytic activity, and in addition to 

responding to CCL5, activated NK cells can also produce CCL5 to attract other cell types [203]. 
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CCL5 and its receptors CCR1 and CCR5 have been implicated in atherosclerosis. CCR1 and 

CCR5 are expressed on macrophages, and T lymphocytes in atherosclerotic lesions.  

 The blocking of CCL5/RANTES receptors with the peptide antagonist Met-RANTES has 

been shown to inhibit atherosclerotic lesion development and leukocyte infiltration into the 

vessel wall [204]. The reduction in lesion size was associated with a more stable plaque 

phenotype that had increased SMC and collagen content and reduced MMP-9 expression. To 

examine the role of CCR1 and CCR5 in atherosclerosis, several in vivo studies utilizing either 

CCR1 or CCR5 deficient mice were performed. CCR5 deficiency in ApoE -/- mice does not 

reduce early atherosclerosis, however it protects against advanced atherosclerosis [205, 206].  In 

contrast, the transfer of CCR5-/- bone marrow into LDLR-/- mice does not affect lesion size; 

however atherosclerotic lesions had a more stable phenotype with increased SMC content and 

less inflammation [207]. However, in the same model CCR1-/- bone marrow cells enhanced 

inflammation and atherosclerotic lesion development [208]. Similarly, deficiency in CCR5, but 

not CCR1, protected against neointima formation after arterial injury in mice susceptible to 

atherosclerosis, due to an athero-protective immune response mediated by IL-10 [209]. CCR1-/- 

mice  have reduced NK cells recruitment in lymphoid tissue during pulmonary granuloma 

formation [210] and CCR1 has also been implicated in pro-atherogenic effects of atherosclerosis, 

which suggest the likely recruitment of NK cells into atherosclerotic lesion. CCR5 and CCR1 

have opposite effect on atherosclerosis despite having the common ligand. This may be due to 

chemokines exerting antipodal effects by acting as an agonist for one receptor and an antagonist 

for another [211]. 
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1.5.3 CX3CL1 

 

 CX3CL1, also known as fractalkine, is expressed in atherosclerotic lesions but not in 

normal vessels. The receptor for CX3CL1 is CX3CR1.  NK cells, T cells and monocytes express 

CX3CR1 [212]. In atherosclerosis, CX3CL1 not only mediates monocyte and T cell recruitment 

but also SMC migration [213]. CX3CL1-/- ApoE-/- mice exhibit reduced atherosclerotic lesions 

and macrophage recruitment in the brachiocephalic artery but not aortic root [214, 215]. 

However, LDLR-/- mice deficient in  fractalkine exhibit reduced lesion size and monocyte 

infiltration in both the braciocephalic artery and in the aortic root [216]. Both CCR2 and 

CX3CR1 are involved in the recruitment of macrophages into the lesions. The combined 

deficiency of CCR2 and CX3CR1 in ApoE-/- mice results in marked reductions in lesion size and 

macrophage accumulation in the artery wall; CX3CR1 and CCR2 function independently to 

recruit monocytes [217]. 
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Table 1.2: Chemokines involved in atherosclerosis. 

Chemokine 
and 

associated 
Chemokine 
signalling 
receptor 

Mice/Treatment Atherosclerotic 
lesion size 

Lesion 
Composition 

Reference

 
CX3CL1 
(Fractalkine) 
 
(CX3CR1) 

 
 
 
 
CX3CR1-/-ApoE-/- 
 
HFD-5,10/15wks 
 
 
 
 
CX3CR1-/-ApoE-/- 

 

 

 

 

 
 
 
 
 
 
CX3CR1-/-LDLR-/- 
 
(semisynthetic 
modified AIN76 
+0.02% 
cholesterol)8-12 
weeks. 
 
 
CX3CR1-/-ApoE-/- 

 
 
 
 

 
 
 
 
Aorta: 
5wk:   ↓43% 
10wk: ↓49% 
15wk: ↓36% 
 
 
 
 
12wk age: ↓30% 
(aortic root) 
16wk age:No 
change (aortic root) 
16wk age: (BCA) 
↓85% 
 
 
 
 
 
 
 
↓35% (aortic 
root),↓50% (BCA) 
16 wk of age 
 
 
 
 
 
 
↓55%(aortic 
surface) 
↓50% (aortic sinus) 
 

 
 
 
 
10wk:↓macrophage 
 
 
 
 
 
 
 
↓macrophage 
 
 
 
 
 
 
 
 
 
 
 
 
Not reported. 
 
 
 
 
 
 
 
↓macrophage 
 

 
 
 
 
[214] 
 
 
 
 
 
 
[216] 
 
 
 
 
 
 
 
 
 
 
 
[215] 
 

CCL5 
(RANTES) 
 
(CCR5) 
 
 

 
 
 
CCR5-/-ApoE-/- 

 
Chow diet-16wks 

 
 
 
 
 
No change 

 
 
 
 
 
Not reported 

 
 
 
 
 
[205] 



 44

Chemokine 
and 
associated 
Chemokine 
signalling 
receptor 
 
CCL5 
(RANTES) 
 
(CCR5) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(CCR1) 
 
 
 
 
 
 
 

Mice/Treatment 
 
 
 
 
 
 
 
CCR5-/-ApoE-/- 

 
 
Chow/HFD 
 
 
 
 
 
 
HFD-10 weeks 
 
 
 
 
CCR5-/-ApoE-/- 

 
HFD-12weeks 
 
 
 
CCR1-/-ApoE-/- 

 

 
HFD 
 
 
LDLR-/- 

 
Met-RANTES 
(CCL5) antagonist  

Atherosclerotic 
lesion size 
 
 
 
 
 
 
 
 
 
26wks chow 
diet:No change 
36wks & 65 wks 
chow: ↓ 
HFD: ↓ 
 
 
↓>50%  
 
 
 
 
 
 
↑(sinus & 
thoracoabdominal) 
 
 
 
 
 
↑lesion size 
 
 
 
 
 
↓lesion size 

Lesion 
Composition 
 
 
 
 
 
 
 
 
 
↓macrophage 
 
 
 
 
 
 
↓macrophage 
↓CD4 mRNA 
↑SMC 
↑IL-10 mRNA 
 
 
 
 
↑T cells 
↑IFN-γ 
 
 
 
 
↑T cells 
 
 
 
 
 
↓leukocyte 
infiltration 

Reference 
 
 
 
 
 
 
 
 
 
[206] 
 
 
 
 
 
[208] 
 
 
 
 
 
 
 
 
[208] 
 
 
 
 
[208] 
 
 
 
 
 
[204] 

CXCL12 
[stromal 
derived factor 
1 (SDF-1)] 
 
(CCXR4& 
CCXR7) 
 
 
 
 
 

 
 
ApoE-/- 

 
CXCR4 antagonist 

AMD3465 
treatment 

or 
ApoE-/-; BMT mIL-
8RH-/- homologue 

 
 

 
 
 
 
↑lesion size 
 
 
 
 
↑lesion size 
 
 
 

 
 
 
 
↑macrophages 
↓SMC 
↓T cell 
 
 
↑macrophages 
↓SMC 
↓T cell 
 

 
 
 
 
 
[218] 
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Chemokine 
and 
associated 
Chemokine 
signalling 
receptor 
 

Mice/Treatment 
 

Atherosclerotic 
lesion size 

Lesion 
Composition 
 

Reference 

 
MCP-1 
 
(CCR2) 

 
 
MCP-1-/-LDLR-/- 

 
Atherogenic diet. 
 
 
CCR2-/-ApoE-/- 
 
HFD 

 
 
 
 
↓83%  
 
 
 
 
 
↓>50% 

 
 
 
 
Not reported. 
 
 
 
 
 
Not reported. 

 
 
 
 
[200] 
 
 
 
 
[201] 

 BCA: brachiocephalic artery 
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1.6 Immune cells and Atherosclerosis 

 

 Leukocytes in atherosclerotic arteries were reported in the early 1980s [219]. Initially it 

was thought that only macrophages were present in lesions, however subsequent studies have 

shown the presence of other leukocytes in both mouse and human atherosclerotic aortas [12].  

 

1.6.1 Monocytes  

 

 Monocytes are short-lived cells that normally do not proliferate. They are found in the 

peripheral blood, bone marrow and spleen [220]. There are two distinct subsets of monocytes in 

the circulation of mice, (i) Gr+/Ly6Chigh monocytes that migrate into tissues and differentiate into 

M1-type macrophages and mediate inflammation, phagocytosis and proteolysis, and (ii) Gr-

/Ly6Clow monocytes that patrol in the circulation and migrate into tissue and differentiate to M2 

or activated macrophages to aid wound repair and tissue remodelling [221-223]. During 

atherogenesis, monocytes are recruited into the intima and differentiate into macrophages, take 

up oxLDL and lipids and become foam cells in developing fatty streaks. The recruitment of 

monocytes requires activation of chemokine receptors CX3CR1, CCR2, and CCR5 [224]. 

Gr+/Ly6Chigh monocytes migrate into atherosclerosis-prone arteries using CX3CR1, CCR2 and 

CCR5 [225]. Ly6Chigh monocytes increase dramatically in hypercholesterolemic ApoE-deficient 

mice on a high–fat diet, doubling in number every month. This hypercholesterolemia-induced 

monocytosis results from increased cell survival, continuous cell proliferation and attenuated 

Ly6Chigh conversion to Ly6Clow cells [226]. In contrast, Ly6Clow monocyte numbers remain 

constant [226].  The combined deletion of CCL2, CX3CR1 and CCR5 on ApoE-/- mice reduces 

both monocytosis and atherosclerosis dramatically [227]. Atherosclerosis in CX3CL1-/-CCR2-/-
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ApoE-/-  mice is significantly reduced compared to CCR2-/-ApoE-/- and CX3CL1-/-ApoE-/- mice 

suggesting an independent and additive contribution of the different chemokines to 

atherosclerosis [228]. Gr-/Ly6Clow monocytes require CCR5 for migration [225]. 

 

1.6.2 Macrophages 

  

 Monocyte-derived macrophages are the most dominant cell type in atherosclerotic 

lesions. They are present in fatty streaks of the intima during the very early stages of 

atherosclerosis and throughout all stages of atherosclerotic lesion development [1]. They produce 

inflammatory cytokines, metabolize lipids and facilitate vascular remodelling, and express 

Pattern Recognition Receptors (PRR) bridging the innate and adaptive immune response. 

Macrophages have 2 different phenotypes, M1 and M2, which are present in atherosclerotic 

lesions. Macrophages activated by IFN-γ take on an M1 phenotype to produce pro-inflammatory 

cytokines IL-12, IL-23, IL-6, IL-1, and TNF-α. Macrophages activated by IL-4, IL-13, IL-1 

produce IL-10 and exhibit a M2 phenotype and express scavenger receptors [229].  

 It is known that circulating monocytes enter the intima in response to chemokines 

produced by vascular cells, and differentiate into macrophages. Intimal macrophages take up 

modified lipoproteins through their  scavenger receptors (SR-AI/II, SR-BI, CD36, CD68, LOX-

1) that results in the formation of lipid-rich foam cells [230]. This is a hallmark of atherosclerosis 

and promotes lesion expansion. Studies using SR-A or CD36-deficeint mice have shown that the 

deficiency in these scavenger receptors results in reduced foam cell formation and subsequent 

reduction in the  development of atherosclerotic lesions [231-233].  

 Despite responding to chemokines, activated macrophages can also secrete chemokines 

such as monocyte chemoattractant protein-1 (MCP-1) to facilitate further recruitment of 

monocytes into the intima. Over-expression of MCP-1 by macrophages accelerates the 
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progression and development of atherosclerosis and potentiates inflammatory response by 

promoting more lipid oxidation [234]. 

 Macrophage activation promotes secretion of pro-inflammatory cytokines such as TNF-α 

and cytotoxic substances such as peroxynitrite, a product of the reaction of NO with superoxide 

[235, 236]. Peroxynitrite and TNF-α released by macrophages promotes endothelial and smooth 

muscle cell death, reducing the number of viable smooth muscle cells required for collagen 

synthesis that subsequently leads to unstable atherosclerotic lesion development. 

 The accumulation of free cholesterol or excessive uptake of oxidized LDL can induce 

macrophage apoptosis [237]. Macrophage apoptosis in early lesions suppresses plaque 

progression and in advanced lesions macrophage apoptosis promotes necrotic core development 

[238].  The removal of proaptotic factor p53 in macrophages using bone marrow transplantation 

in apoE*3leiden transgenic mice augments atherosclerosis suggesting macrophage apoptosis 

suppresses development of early atherosclerotic lesion [239]. Conversely, cytokines such as 

TNF-α and IL-1β released by apoptotic macrophages augment inflammatory response and 

further increase lesion size [240]. Additionally, apoptotic macrophages can also alter the 

extracellular matrix of the vessel by releasing metalloproteinases (MMPs) which can cause 

complication during the later stages of atherosclerosis. MMPs can affect the structural integrity 

of the fibrous cap and lead to rupture of  the vessel wall [241]. 

 

1.6.3 Dendritc cells 

 

 Dendritic cells (DCs) are members of both the innate and adaptive immune system and 

are potent antigen presenting cells (APCs) that take-up free- or cell-associated protein or lipid, 

process them, and present the fragmented molecules on MHC to T lymphocytes to initiate an 



 49

adaptive immune response. DCs are found in atherosclerotic lesions in both human and murine 

models [242, 243]. DCs reside in the aortic intima in areas predisposed to atherosclerotic lesion 

development and are absent in areas resistant to atherosclerosis [244, 245].The depletion of 

resident intimal DCs in LDLR-/- mice using the CD11c-DTR model resulted in reduced intimal 

lipid surface areas, foam cells, and extracellular subendothelial lipid accumulation suggesting 

that resident intimal DCs differentiate into the initial foam cells in emerging atherosclerotic 

lesions [246]. DCs are also resident in healthy adventitia, where they are localized to the sub-

endothelial space and media-adventitia junction [247]. These DCs play a role in surveillance of 

the arterial wall and also in tolerating self-reactive T cells either by deleting them or expanding 

regulatory T cells [248].  

 

 Recently, DCs have been shown to regulate plasma cholesterol levels [249-251]. 

Increases in DC population lead to a severe decrease in plasma cholesterol in both LDLR-/- and 

ApoE-/- mice. In contrast, the specific depletion of conventional DCs by injection of diphtheria 

toxin (DT) to CD11c-DTR ApoE-/- mice induced elevation in plasma cholesterol suggesting that 

conventional DCs may contribute to correction of hyperlipidemia and hence regulate cholesterol 

homeostasis by favouring cholesterol lowering in hyperlipidemic environment [251].    

 

 DCs are activated in early stages of atherogenesis [252]. VCAM-1, P- and E-selectin are 

involved in  DC recruitment into the intima [244, 253]. DC adhesion and migration is modulated 

by changes in endothelial function where exposure of EC to hypoxia, oxLDL, TNF-α and 

inhibition of endothelial NO synthase enhances their  adhesive properties and transmigration into 

the intima [254].  Once adhered to the vessel wall, CCL2 and CCL5 chemokines play a role in 

recruiting DCs into the inflamed vessel wall. Fractalkine also plays a role in accumulation of 
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DCs in atherosclerotic lesion, asdeficiency in CX3CR1 reduced atherosclerotic lesion and DC 

number within the plaque [245].  

 Activated DCs produce IL-12 which upregulates the expression of CCR5 that leads to the 

recruitment of T cells in atherosclerotic plaques [255]. They also express CCL19 and CCL21 

chemokines that can enhance recruitment of  T lymphocytes to promote progression of 

atherosclerosis [256]. Within the vascular wall of human plaque, DCs are seen near T cells and 

NKT cells, suggesting that they might present antigen to naïve T cells and also further enhance 

NKT cells cytotoxic potential in atherosclerotic plaque [257]. Cell to cell contact of mature DCs 

and NK cells promotes IL-12 production by DCs that can trigger the effector functions of NK 

cells to produce IFN-γ, which might suggest the involvement of NK cells in the development of 

atherosclerosis [258].  

 

1.6.4 T lymphocytes 

 

  T lymphocytes are normal residents of the adventitia of healthy arteries [259]. In 

atherosclerosis-prone areas, T cells are recruited into aortic intima of early and advanced 

atherosclerosis [260]. T cells are abundantly found in shoulder and fibrous cap regions, and 

constitute approximately 20% of the total cells [11].These T cells are activated TCRαβ+CD4+ 

and some CD8+  [155].  

 

1.6.4.1 CD4+ T cells 
 

 Earlier studies have examined the proatherogenic effects of T lymphocytes, as the 

adoptive transfer of CD4+ T lymphocytes into ApoE-/- SCID mice aggravated atherosclerosis 
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[261, 262]. T cells can be activated by antigens within the atherosclerotic lesions including 

OxLDL [263], β2-GPI and HSP65. The transfer of CD4+ T cells reactive against MDA-5 or 

HSP65 resulted in larger atherosclerotic lesion development compared to mice transferred with 

naive T cells [264, 265] . However, recently the influence of different T cell subpopulation has 

been elucidated, and they can have opposing effects on atherosclerosis. 

 Recent studies have suggested that a specific subtype of CD4+ T cells, CD4+CD28- T 

cells may mediate plaque instability in humans and are associated with acute coronary events 

[266]. These cells differ from conventional CD4+CD28+ T cells in both function and phenotype. 

They are terminally differentiated and pro-inflammatory, producing large amounts of interferon-

gamma and tumour necrosis factor-alpha [267]. They are also cytotoxic and kill endothelial cells 

in vitro [268], most likely by mechanisms dependent on perforin and granzyme B [269]. These 

cells also express the C-type lectin receptor NKG2D [270] and in many ways mimic the effects 

of NK cells. Their precise role and importance in atherosclerotic lesion rupture and erosion 

(endothelial denudation) associated with acute coronary events remains to be elucidated 

 

 Mature T cells, also known as CD4+ T, cells can be divided into different subpopulations, 

including Th1, Th2 and TH17 cells. These different subtypes of T cells influence atherosclerosis 

differently through the production of different cytokines.  

 Th1 cells mainly produce IFN-γ and activate macrophages [271].The Th1 subsets of T 

cells are most abundant in the atherosclerosis lesion, where they recognize epitopes of OxLDL. 

The elevated OxLDL in arterial wall, promotes Th1 cells to stimulate atherogenesis by secreting 

IFN-γ, IL6 and IgG2a antibodies against modified OxLDL [272]. Patients with acute coronary 

syndrome (ACS) have higher levels of Th1 cells that secrete IFN-γ [273]. Also effector Th1 cells 

stimulate other cells like DCs, macrophages and B cells via CD40L-CD40 interactions to further 

promote atherogenesis [274]. Impaired Th1 differentiation by the deletion of transcription factor 
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T-bet leads to reduction in atherosclerosis and indicates a Th1 to Th2 shift [275]. Similarly, 

severe hypercholesterolemia switches the Th1 phenotype to Th2, promoting IL-4 production and 

reducing the severity of atherosclerosis [272].  

 

 Th2 cells produce IL-4, IL-5, IL-10 and IL-13 which are known to downregulate Th1 

responses and assist B cells in antibody production and Th2 cells are usually associated with 

anti-inflammatory responses. However, their role in atherosclerosis is contradictory depending 

on the stages and sites of lesion. In mild hypercholesterolemia in atherosclerosis-resistant mouse 

model, Th2 cells have shown to protect against early fatty streak formation [194]. In LDLR-/- 

mice deficient in IL-4, atherosclerotic lesion development was decreased, which suggest a pro-

atherogenic role for Th2 cells [193]. 

 

 Th17 cells have been shown to be present in peripheral blood of patients with coronary 

atherosclerosis [276]. However their role in atherosclerosis is controversial. Recently, a study 

showed that Th17/IL-17 cells promoted the development of atherosclerotic lesions in ApoE-/- 

mice. There was an increase in the number of Th17 cells that was associated with the magnitude 

of the lesion development, and the expression of IL-17 in plaque was increased. Also, blockade 

of IL-17 with neutralizing anti-IL-17A antibody inhibited atherosclerosis [277]. However, 

another study showed increased levels of IL-17 provide an athero-protective effect, possibly 

through the reduction in endothelial VCAM-1 expression and T cell recruitment [278]. 

 

1.6.4.2 Regulatory T cells 
 

 Regulatory T (Treg) cells are known as the modulator of the immune system, where the 

balance of Th1 and Th2 responses are regulated by these cells [279]. These cells are a 
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heterogeneous population that consist of naturally occurring and acquired regulatory T cells 

which can inhibit functions of different leukocytes, including macrophages, CD8+ T cells [280], 

NK cells [281], NKT cells [282] and B cells [283]. Since regulatory T cells can inhibit functions 

of these leukocytes, they are likely to be atheroprotective. The presence of Treg in both human 

and mouse atherosclerotic lesions has been established [284, 285]. 

  There are a number of different types of regulatory T (Tr) cells that have been studied in 

atherosclerosis. Tr1 cells secrete high levels of IL-10 and low levels of TGF-β; Th3 cells secrete 

primarily TGF-β, and CD4+CD25+ T cells inhibit immune response through cell to cell contact 

[286].  The transfer of naturally occurring T regulatory cells (CD4+CD25+) is protective in 

murine atherogenesis [287]. These naturally occurring T regulatory cells suppress 

atherosclerosis, by reducing T cell and macrophage infiltrate into plaque, increasing lesion 

collagen, and switching to an anti-inflammatory cytokine profile [287].  Similarly, the adoptive 

transfer of cognate peptide specific T regulatory cells (Tr1) into ApoE-/- mice, diminishes the 

Th1 cytokines IFN-γ and IgG2α, and elevates IL-10 and reduces atherosclerosis in recipient 

ApoE-/- mice [286]. The expansion of Tregs by administration of anti-CD3 antibodies have been 

shown to reduce atherosclerosis by a mechanism dependent on TGF-β  [288].  

 The generation and maintenance of Tregs can be regulated by a number of factors. 

Inducible costimulatory molecule (ICOS) has been suggested to be involved in Treg response 

during atherosclerosis. ICOS has been found to be important to regulate function of  T regulatory 

cells to suppress atherosclerosis via TGF-β, as bone marrow  T regulatory transfer from ICOS-/- 

mice to LDLR-/- mice aggravated atherosclerosis via a T-cell response [289].  The number and 

activity of Tregs can also be regulated by CD31, however the precise mechanism is unclear 

[290]. Additionally, obesity can increase the number and function of T regulatory cells in 

atherosclerosis. Leptin deficiency is shown to increase number and function of Treg cells that 

resulted in reduced atherosclerotic lesion development [291]. HSP-60 can also induce and 



 54

increase CD4+CD25+Foxp3+ T regs. The adoptive transfer of HSP-60 activated T regs into 

ApoE-/- mice reduced atherosclerotic lesion development. This evidence suggests the possibility 

of antigen-specific Treg in atherosclerosis [292]. 

 

1.6.4.3 CD8+ T cells 
 

 CD8+ T cells have been identified in human atherosclerotic lesions [293]. CD8+ T 

lymphocytes expressing αβT-cell receptor are uncommon in early atherosclerotic plaque 

however it is important in established lesion [294]. In patients with unstable angina, CD8+ T 

cells are present in an activated state to secrete IFN-γ [273]. Intimal CD8+ T cells increase with 

increasing severity of atherosclerotic lesions, and in advanced plaques they represent about 50% 

of infiltrating CD45-positive leukocytes [295]. In ApoE-/- mice, CD8+ T cells are present in 

atherosclerotic lesions, although not as frequent as CD4+ T cells [263]. Patients with 

autoimmune disease SLE have increased number CD8+ T cells that account for the accelerated 

atherosclerosis [296].  Hypercholesterolemia leads to activation of Th1 immune responses in 

lymph nodes draining into atherosclerotic lesions. The activation of CD8+ T cells predominate 

early immune response to hypercholesterolemia in ApoE-/- mice, and this was found to involve 

formation of cell autoantigen [297] . 

 

1.6.5 NKT cells 

 

 NKT cells comprise a subpopulation of T cells that co-express T cell receptor (TCR) and 

the Natural Killer (NK) surface antigen CD161 in humans and NK1.1 in mice [298]. The 

majority of NKT cells (invariant) utilized Vα14-Jα18α-chain paired with a Vβ8 or Vβ2 β-chain. 
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NKT cells have been identified in both human and mice atherosclerotic lesions [299, 300]. 

Chemokines involved in attracting NKT cells into atherosclerotic lesion are not fully known but 

may involve CXCL12 [301].  

 NKT cells recognize the glycolipid antigen non-polymorphic MHC class I-related 

glycoprotein CD1d [302]. They play a pro-atherogenic role in atherosclerosis, in a CD1d-

dependent manner; CD1d-/- ApoE-/- mice exhibit reduced lesions [303]. Also, ApoE-/- mice 

injected with alpha galactoscylceramide, which stimulates NKT cells via CD-1d, exhibit 

increased atherosclerotic lesion size associated with increases in proinflammatory cytokines such 

as IFN-γ, and IL-2  [303]. There are 2 major subsets of NKT cells, CD4+ and CD4-CD8- (DN) 

NKT cells. Adoptive transfer of these different subsets into ApoE-/- mice depleted of NKT cells 

by neonatal thymectomy demonstrated that CD4+ but not DN NKT cells augment atherosclerosis 

lesion development.  The pro-atherogenic capabilities of DN NKT cells appear to be limited by 

inhibitory Ly49 receptors [304].  Upon activation NKT cells can rapidly produce both Th1 and 

Th2 cytokines, including IFN-γ, IL-4, IL-2, IL-10, TNF-α and IL-13 [305]. IFN-γ and IL-2 

production can lead to activation and increased IFN-γ secretion and cytotoxicity of NK cells and 

macrophages [188, 306].  It is not known whether NKT cells mediate their effects in 

atherosclerosis directly or via bystander lymphocyte activation, e.g. NK cell activation. 

 

1.6.6 Mast Cells 

 

 Mast cells are found in the adventitia and also in atherosclerosis plaques [307]. Upon 

activation mast cells produce cytokines including TNF-α, IFN-γ, IFN-β, IL-1α, IL-1β, IL-6, IL-

18, IL-10, and TGF-β, which may facilitate recruitment of lymphocytes into the vessel 

wall [308]. Activated mast cells also secrete proteases such as tryptase and chymase that may 
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promote degradation of collagen, elastin and proteoglycans. Mast cell enzymes such as chymase 

are capable of activating MMPs to destabilize atherosclerotic plaque [309]. Perivascular mast 

cell activation has been shown to promote atherosclerosis and  induce plaque destabilization in 

ApoE-/- mice [310]. Inhibition of chymase abrogates atherosclerosis progression, enhancing 

plaque stability by increasing collagen and reducing necrotic core size [311]. Mast cell 

degranulation in ApoE-/- increases atherosclerotic lesion size, and also increases the  number of 

macrophages and T lymphocytes [312].  Mast cell deficient mice (KitW-sh/W-shLDLR-/-) have  

increased collagen in atherosclerotic lesions and larger fibrous caps together with reduced T cells 

and macrophages, and smaller atherosclerotic lesions [313].  

 

1.6.7 B cells 

 
 B cells have been detected in human atherosclerotic lesions but are mostly localized in 

the adjacent adventitia. In hypercholesterolemic mice, they are also present in atherosclerotic 

lesions [70, 314].   B cells appear to be protective against atherosclerotic lesion development by 

producing IgM Abs to ox-LDL [259]. Atherosclerotic lesions are increased following transfer of  

bone marrow  from B cell-deficient mice into LDLR-/-  probably due to reduced production of 

anti-oxLDL antibodies [315]. Splenectomised ApoE-/- mice also exhibit aggravated 

atherosclerosis together with a reduction in anti-OxLDL antibodies and the transfer of splenic B 

cells into these mice reduces atherosclerotic lesion size [316]. The protective effect of B cells 

appears to be mediated by IgM as LDLR-/- mice deficient in serum IgM exhibit exacerbated 

atherosclerosis [315] . However, recently it has been found that the depletion of mature B cells 

using anti-CD20 antibodies prevented atherosclerosis lesion development [317]. The reduction in 

atherosclerosis in this study was associated with reduced T cell activation and diminished T cell-

derived IFN-γ secretion and enhanced IL-17 production [317]. Another study using this CD20 
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antibody also reported reduction in atherosclerosis and proposed that the 2 different subsets of B 

cells, B1 and B2 cells, have different roles in atherosclerosis. Transfer of B2 cells into 

lymphocyte deficient ApoE-/-Rag2-/- common cytokine receptor γ-chain (γc)-deficient mice 

aggravated atherosclerosis and the transfer of B1 cells did not promote atherosclerosis [318]. 

Studies elucidating the significance of B cells for human atherosclerosis are yet to be performed.  

 

1.6.8 Neutrophils 

 

 Neutrophils are professional phagocytes that sense and destroy pathogens, and have been 

reported in human and mouse atherosclerotic lesions. Neutrophils have also been associated with 

ruptured lesions which suggest a role in destabilization of the atherosclerotic lesion [319, 320]. 

In LDLR-/- mice, neutrophils associated with lesions were attached to the cap and arterial 

adventitia. They are not detected in early lesions, but are abundant in advanced stages and 

frequently localized to shoulder regions of plaques [321, 322]. ApoE-/- mice fed an atherogenic 

diet and treated with anti-polymorphonuclear leukocyte antibody (anti-PMN Ab), reducing 

neutrophils without affecting monocyte numbers, exhibit smaller atherosclerotic lesions at the 

aortic root, demonstrating that neutrophils can augment atherosclerosis development [218]. 

Furthermore, blocking of CXCR4 which increases neutrophils in plaques promotes 

inflammation, suggesting that the interaction between CXCR4 and its ligand CXCL12 plays an 

atheroprotective role by modulating the expansion of circulating PMN [218]. 
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1.6.9 Basophils 

 

 Basophils have been considered to be important mediators of late-phase allergic 

reactions, based in increased numbers in tissues such as lung and skin after allergen challenge 

[323]. As they do not accumulated in atherosclerotic lesions they appear to have little if any 

influence on atherosclerosis. In hyperlipidemic rabbits, they mainly accumulate in the aortic 

adventitia, and with low numbers accumulating within both normal intima and developing fatty 

streaks but not in atherosclerotic lesions [324].  

 
 

 

1.7 Natural Killer Cells  

 

 Natural Killer (NK) cells are bone marrow derived lymphocytes from CD34+ 

hemopoietic progenitor cells. NK cells populate the lymphoid and non-lymphoid organs. They 

are the third major lymphocyte population of the immune system after T and B cells [325]. NK 

cells are effector lymphocytes of the innate immune system, which mediate effector functions 

via cytotoxicity, cytokine and chemokine production [325]. 

 Originally, NK cells were described as large granular lymphocytes [326] which have the 

ability to spontaneously lyse susceptible tumour lines without prior sensitization [325]. They 

have been also described as cells that lack the T cell antigen receptors and CD3 complex [325, 

327, 328]. NK cells express high levels of asialo ganglio-N-tetraosylceramide on their surface 

but expression is not exclusive to classical NK [325, 329]. 
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 Classical NK cells do not rearrange the gene that encodes their receptor. They possess 

germline encoded inhibitory and activating receptors that regulate their function [330, 331]. The 

development of NK cells is dependent on the microenvironment within the bone marrow [325]. 

NK cells provide an immediate response against parasites [332] and intracellular bacteria [333] 

and are critical for controlling several types of viral infections [334]. They are  also potent 

effector cells eliminating tumors and infected cells and then providing signals that shape the 

adaptive immune system [330]. 

 NK cells were accidently discovered during studies investigating the specific cytotoxic 

effect of lymphocytes against target cells [335-339]. In 1975, naturally occurring killer cells with 

cytolytic activity were described [340]. This was followed by the discovery of active and 

spontaneously occurring cytotoxic cells [341]. Eva Klein coined the word “natural killer” which 

defined this population of lymphocytes which are able to spontaneously kill tumor cells without 

preconditioning [340-343]. NK cells are recognized as a separate lymphocyte lineage which 

exerts immune response via cytotoxicity and  cytokine production [325]. 

 

 For NK cells to exert their effector functions, they need to be activated [344]. NK cells 

are most competent to exert effector function when activated by type I and type II interferons 

including IFN-α, IFN-β and IFN-γ [345, 346] and following interactions with accessory immune 

cells such as dendritic cells or NKT cells [347]. Activation of NK cells by type 1 IFN including 

IFN-α and IFN-β results in efficient killing of target cells, via upregulation of both CD95 ligand 

(FASL) and perforin [346, 348]. IFN-γ is a key inducer and coordinator of cell-mediated immune 

effector mechanisms such as destruction of pathogens and phagocytosis. NK cells are a major 

source of IFN-γ, and IL-12 stimulates NK cells to secrete IFN-γ. Activated NK cells mediate 

cytotoxicity by releasing various perforins especially perforin A and B  which facilitate the entry 

of granzymes into target cells, to induce cell death [349, 350]. The NK-mediated killing of virus-
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infected or tumor cells generates apoptotic or necrotic products that subsequently influence the 

function of monocyte - derived dendritic cells (MDDC). NK cells are capable of lysing immature 

DCs that do not undergo full maturation, furthermore NK cells also play an important role in 

ensuring the full maturation of DCs and other bystander innate cells such as mast cells or 

plasmacytoid DC (pDC) (see later) [351, 352]. 

 

 NK cell activity is regulated by the balance of inhibitory and activating signals from cell 

surface receptors (see later). NK cell receptors that bind to self MHC class 1 molecules inhibit 

NK cell activity [353]. NK cells also recognize ligands on stressed, transformed, infected cells 

via their receptors [354, 355]. The phenomenon by which NK cells do not kill their own and 

recognize self has been termed the missing self hypothesis [353, 356, 357]. 

 

1.7.1 Human NK cells 

 

 In humans, NK cells comprise approximately 15% of all circulating lymphocytes. They 

are defined by their cell surface expression of CD56 and the lack of CD3 [358, 359]. NK cells 

are a heterogeneous blood cell population and subsets are defined by the level of expression of 

CD16 and CD56, an isoform of the human neural-cell adhesion molecule with unknown 

functions [360]. CD16 is a low affinity FcγRIII surface receptor that binds to Ab-coated targets 

and signals via its immunoreceptor tyrosine-based activation motif (ITAM) to direct Ab-

dependent cellular cytotoxicity (ADCC) [361]. In healthy individuals, 90% of NK cells are 

CD56dim, expressing high levels of Fcγ receptors III (CD16), i.e., CD56dimCD16+, and  10% are 

the CD56bright that can be further subdivided into CD16dim  and CD16- fractions [362]. These 

distinct CD56bright and CD56dim NK cell subsets have different effector functions and recognize 

different receptors for NK cell activation and inhibition (discussed below) [362] .  
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 The CD56bright cells express low concentrations of Killer cell immunoglobulin-like 

receptors (KIR) and inhibitory receptors ILT-2 as well as high levels of CD94-NKG2A 

inhibitory receptors, whereas the opposite is true for CD56dim NK cells [362-365]. CD56bright also 

express the NK activating receptor NKG2D which recognizes MHC class 1 related molecules 

MICA, MICB and UL-16 binding proteins [366]. CD56bright CD16-  cells express high levels of  

the adhesion molecule L-selectin, which aids in their attachment to the endothelium [367]. They 

also express the chemokine receptors CCR7 and CXCR3, which interact with chemokines I-TAC 

and IP-10 to initiate chemotaxis [368].  

 CD56bright cells highly express the IL-2 receptor, IL-2Rαβγ. These cells rapidly 

proliferate in the presence of a low concentration of IL-2, both in vivo and in vitro [369-371]. 

This subset also expresses c-kit receptor tyrosine kinase that binds to ligands which enhance the 

proliferation and survival of these cells by upregulating bcl-2 [372, 373]. CD56bright NK cells that 

highly express IL-2R are capable of homing to secondary lymphoid organs through their CCR7 

[368] where they interact with T cells which produce IL-2 to stimulate NK cells through their IL-

2 receptor to produce IFN-γ. This promotes cytokine cross-talk between NK cells and T cells 

[362]. 

  The proliferation of CD56bright NK cells can also be stimulated by high concentrations of 

IL-15 via the IL-2/15Rβγ (CD122) receptor consisting of a common beta chain for IL-2R and the 

IL-15R which is expressed on all NK cells [374]. CD56bright NK cells also express IL-1R and IL-

18R monokine receptors and respond  to IL-1β and IL-18 to secrete IFN-γ and other cytokines 

such as TNF-β (lymphotoxin) and GM-CSF [375, 376]. 

  

 In contrast to CD56brightCD16- , CD56dimCD16+ NK cells exhibit high expression of KIR 

and low expression of inhibitory receptors CD94-NKG2A [364, 365]. They do not express 
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CCR7, but express chemokine receptors CXCR1 and CX3CR1 and respond to IL-8 and 

fractalkine [368]. They do not express L selectin but express PEN5 (NK cell restricted sulphated 

lactosamine epitope) which aids in their attachment to the endothelium [362, 363]. CD56dim NK 

cells also express high levels of leukocyte function-associated antigen 1 (LFA-1) [367]. These 

cells are c-kit- but express IL-2Rβγ [371]; consequently they do not proliferate even in the 

presence of high concentrations of IL-2 [370]. 

 

 CD56dim are more cytotoxic than CD56bright cells [377]. They are also more granular in 

appearance and express high levels of CD16 which is required to mediate antibody dependent 

cellular cytotoxicity (ADCC) [377]. In contrast, CD56bright NK cells primarily secrete cytokines 

such as IFN-γ, TNF-β, IL-10, IL-13 and GM-CSF in response to monokines such as IL-1β and 

IL-18 [378]. It has been suggested that CD56bright  cells are an important source of IFN-γ which 

could ultimately shape the adaptive immunity response [362].  

 

1.7.2 Mouse NK cells 

 

 Unlike human NK cells, mouse NK cells do not express CD56. Mature NK cells are 

defined as cells that express Mac-1high. Specifically they are NK1.1+,TCR-, CD122+, DX5high, 

Ly49s+, CD43high, Mac-1high and can be divided into CD27high and CD27low NK cells [379]. They 

differentiate from CD11bdull CD27+ NK cells. [380]. Naïve NK cells express CD27, and  their 

stimulation via CD27 triggers activation, cytokine production and induction of subsequent 

adaptive immune responses [381, 382]. CD27 is a member of the TNF receptor superfamily 

[382], and its interaction with CD27 ligand enhances NK proliferation, IFN-γ production and 

cytotoxicity [382]. CD27 is expressed both before and after IL-2 stimulation of NK cells [382]. 
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 Mac-1highCD27low cells highly express the inhibitory receptors Ly-49C and Ly-49I which 

recognize self-MHC class 1 molecules H-2b in C57/BL6 mice. They also express KLRG1 the 

receptor for ligands E-, R-, and N-cadherins found on langerhans cells, keratinocytes and 

epithelial cells [383, 384]. In contrast, Mac-1highCD27low cells exhibit low expression of 

CD94/NKG2 cells. They are long-lived or senescent cells and are resistant to cytotoxic agents. 

This NK cell subset is predominantly found in the lung, peripheral blood, spleen and liver, but 

not in lymph nodes. CD27low NK cells exhibit low cytotoxicity and respond poorly to NKG2D 

ligands. They also respond poorly to cytokines IL-12 and IL-18 and lack CXCR3 [379]. 

 

 MachighCD27high NK cells are predominantly found within secondary lymphoid organs  

suggesting an involvement in crosstalk with DCs [379, 385, 386]. Crosstalk between 

MachighCD27high NK cells and DCs stimulates the NK cells to produce IFN-γ that promotes Th1 

polarization [387, 388]. These subsets are present in the spleen, bone marrow, and liver. 

CD27high NK cells highly express IL-7Rα (CD127) and c-kit as the different activating antigen 

CD69. These cells have a lower activation threshold when stimulated with IL-2, and respond 

more vigorously to activating ligands expressed on tumor cells, including NKG2D ligands, 

compared to CD27low NK cells. MachighCD27high NK cells also exhibit greater responsiveness to 

IL-12 and IL-18 produced by antigen-presenting cells (APC) stimulating IFN-γ and GM-CSF 

secretion. This subset is the predominant NK cell subset that resides in the lymph node which 

highly expresses CXCR3 and responds to CXCL10, IP-10 and CXCL11, chemokines which can 

be induced by IFN-γ [389]. A summary of the biology and function of mouse and human NK cell 

subsets is shown in Figure 1.4. 
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Figure1.4: Mouse CD27 NK cells and human CD56 NK cells. This figure adapted from 

Hayakawa et.al shows expression of specific markers, activating and inhibitory receptors, 

chemokine receptors as well as their relative ability to produce pro-inflammatory cytokines and 

secretes cytotoxic substances (for details refer to text) [390]. 
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1.7.3  NK cell development and maturation 

 

1.7.3.1 Generation of NK cell progenitors from hematopoitic stem cells (HSC) 
 

 For their development, NK cells require (1) an intact bone marrow microenvironment and 

(2) interactions with stromal elements, such as interactions between membrane lymphotoxin-α 

(LT-α)-expressing NK cell precursors and LT-α-responsive stromal cells [391-394]. It has been 

proposed that NK cell development occurs in 5 stages [380]. The first stage of NK cell 

development is the commitment of hemotopoietic stem cells (HSC) in the bone marrow (BM) to 

common lymphoid progenitors (CLP) that give rise to NK, T and B cells. CLP are present in 

bone marrow of adult mice and humans [395, 396]. The transcription factors involved in this step 

are the zinc-finger transcription factor Ikaros and PU.1. A deficiency in Ikaros and PU.1 results 

in severe defects in the development of  all lymphoid cells but erythroid lineages are less 

affected [397]. PU.1 factor is important for early hemotopoiesis and lymphopoiesis [398]. A 

deficiency in PU.1 impairs NK cell differentiation but not as severely as it affects the T-cell and 

B-cell lineage, indicating that the transcription factor is not NK cell specific [399]. Ikaros 

expression is restricted to hemotopoietic cells and Ikaros-/- mice are deficient in mature NK and 

B cells and have greatly reduced numbers of T cells, again indicating that this transcription 

factor is not NK cell specific [400].  

 The second stage is the differentiation of CLP to a bipotential T/NK progenitor (T/NKP). 

T/NKP can give rise to T and/or NK cells [391]. CD3ε (receptors on T and NK cells) and FcεRIγ 

(high affinity IgE-gamma chain, a component of Fc and TCR receptors) transgenic mice exhibit 

selective defects in maturation which results in complete loss of both T and NK cells [401, 402].  

In the third stage of NK cell development, T/NKPs differentiate to a committed NK cell 

progenitor (NKP). NKP cells then acquire the IL-2/15Rβ subunit (CD122) [403, 404]. 
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Transcription factors critical for this stage of development are Ets1 and the Id2 DNA-binding 

protein; deficiencies in these transcription factors prevent development of NK cells but do not 

affect the development of T and B cells [405, 406]. NKPs are responsive to IL-15, signalling 

through an IL-15 receptor complex consisting of IL-15Rα, IL-2/IL-15 beta and common gamma 

chains; γ  [407]. Mice lacking IL-15 or IL-15Rα are selectively deficient in NK cell [408]. In 

contrast,  NK cell development is normal in mice deficient in IL-2/IL-2Rα. Deletion of IL-

2Rβ or IL-2Rγ, a component of the IL-15R complex, also affects NK development [409, 410]. 

Mice deficient in Jak3 [411] and Stat5α/β [412]  which are required for IL-15R signalling also 

exhibit defects on NK cell development, indicating that IL-15 is essential for normal NK cell 

development.  

 

1.7.3.2 NK cell development stages from NKP to mature NK cells 
 

 The final stages of NKP development to NK cells involve the maturation of NK cell 

precursors into phenotypically and functionally mature NK cells. This maturation involves a 

series of five intermediate developmental stages. During intermediate stage I, committed NKPs  

express CD122 (IL-2Rβ) and subsequently at intermediate stage II, the cells acquire NK1.1 

[413]  and  integrin αv. They also express CD94/NKG2 and NKG2D  [380]. During intermediate 

stage III, Ly49 receptors and c-kit are acquired [391]. However, CD94/NKG2 expression is not a 

prerequisite for Ly49 expression as cells can express Ly49 molecules but not CD94/NKG2 

[391]. During intermediate stage IV, NK cells express integrin α2 and proliferate significantly 

within the BM. During stage V they acquire Mac-1(αMβ1) and CD43 and proliferation 

markedly decreases [380]. At this stage, NK cells can be subdivided according to the level of 

CD27 expression [390] and by the end of this stage, NK cells acquire their full effector functions 

and are capable of producing IFN-γ and inducing cytotoxicity. 



 67

 In mice, mature NK cells express NK1.1, CD49b, CD122, CD161, NKG2D, NKp46 and 

a range of Ly49 receptors, CD11b and CD43. They are capable of lysing target cells and secrete 

IFN-γ and TNF-α upon activation. They also produce these cytokines in response to IL-12 and 

IL-18 [414].  

 

 It is generally assumed that NK cell development is similar in both mice and human. 

However, since these developmental stages are defined by surface phenotypic markers, NK cell 

development stages elucidated in mice are not easily translated to humans. Some differences 

between human and mouse NK cell development have been noted. In humans, immature NK 

cells are capable of secreting cytokines and killing but in mice only mature NK cells are capable 

of exerting such effector functions [415]. IL-12 appears to be important for human NK cell 

development, but IL-12 deficiency in mice does not affect NK cell development or function 

[416, 417]. Human NK cell development appears dependent on IFN-γ or IL-18 but deficiencies 

in these cytokines in mice do not affect NK cell number [391, 418].  

 There is an emerging view that NK cells can complete their maturation in various organs 

outside the BM, and depending on the site of maturation, NK cells differ in their functions. 

Recent evidence suggest that NK cells can originate from human secondary lymphoid organs 

[419]. In lymph nodes (LN) CD34+ precursors develop to functional CD56+ NK cells [420]. 

However the relative importance of lymph nodes in NK cell development compared with BM 

has not been elucidated. It has also been demonstrated that a population of NK cells that express 

the IL-7 receptor alpha chain (CD127) arise in the thymus of C57BL/6 mice; these cells express 

low levels of CD11b and CD43 and resemble the immunoregulatory NK cell (CD56highCD16-) 

identified in humans [421].  
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1.7.4 NK cell tissue distribution 

 

 After maturation NK cells relocate to lymphoid and non-lymphoid organs [422]. Mature 

peripheral BM derived NK cells are most abundant in the blood, followed by the liver, spleen, 

bone marrow and lymph nodes [422]. In mice, the largest number of NK cells are in the spleen, 

with around 2-3 million cells. 

 There are three types of cell surface receptors involved in NK cell trafficking in mouse, 

CC, CXC and CX3 chemokine receptors. The chemokine receptors CCR2, CCR5, CXCR3 and 

CXCR1 regulate NK cell recruitment upon inflammation [422]. In inflammatory conditions, NK 

cells extravasate through endothelium via their chemokine receptors, migrate to inflammation 

sites and respond to chemokines that are expressed on inflamed tissues [423-426]. During 

cytomegalovirus infection in the liver, NK cells migrate to the liver and respond to CCL2 

chemokines via CCR2 expressed on NK cells. However mice deficient in CCL2 exhibit a 

marked reduction in NK cell accumulation in the liver and a reduced ability to respond to 

cytomegalovirus infection [423].  

  The G-protein coupled sphingosine 1- phosphate receptor (S1P) has been implicated in 

the trafficking of NK cells in both normal and inflammatory conditions. Mice deficient in S1P5 

exhibit defects in the homing of NK cells to blood, spleen, lung, and inflamed liver  [427]. The 

reduced number of NK cells in these organs suggests that other mechanisms may potentially 

compensate for the lack of S1P5.   

 Whilst NK cells are not generally detectable in lymph nodes (LN), enhanced NK cell 

homing from blood to LN draining DC through CD62L and CXCR3-dependent extravasation 

has been reported [428, 429]. This recruitment of NK cells promotes antigen-specific T cell 

activation with NK cells in lymph nodes secreting IFN-γ  for T helper cell polarization [430]. 
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NK cells have been found in close proximity to DC and macrophages in LNs [428, 429]. This 

highlights a role for NK cells in bridging innate and adaptive immunity.  

 

1.7.5 NK cell homeostasis and survival 

 

 NK cells have a half life of 7-10 days in the circulation [431] and NK cells adoptively 

transferred into alymphoid Rag-/- γc-/- double knockout mice, proliferate and accumulate in a 

similar manner to T cells [431, 432]. However, when transferred into normal mice, they do not 

proliferate [391, 432, 433].  

 IL-15 is important for NK cell proliferation, development and their survival. NK cells 

adoptively transferred into IL-15-/- mice do not survive [431]. Also, blocking IL-15R signalling 

results in a 90% reduction of splenic NK cells [434]. The effect of IL-15 on survival of NK cells 

is dependent on high levels of antiapoptotic factor Bcl-2 [435]. Despite the NK cell dependence 

on IL-15 for survival, NK cells do not need to express IL-15Rα for their survival. However, 

adoptively transferred NK cells do not survive in mice deficient in IL-15-/- but survival is 

unaffected when NK cells deficient in IL-15Rα-/- are transferred into normal mice. This suggests 

that non NK cells expressing IL15Rα may potentially bind IL-15 and present it to NK cells 

facilitating their survival [436, 437]. 

 Type I (interferon) IFN which signals through a type 1 receptor composed of IFNAR1 

and IFNAR2 subunits, is also critical for the maintenance of NK cell numbers, their activation 

and anti-tumor responses. In both IFNAR1-/- and IFNAR2-/- mice, NK cells in spleen are 

significantly decreased. NK cells from these mice also express lower NK cell surface markers 

CD122, CD11b and Ly49 C/I and exhibit reduced cytotoxicity against sensitive tumor cells. 
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[438]. Type I IFN acts as a growth factor for NK cells and may regulate the expression of IL-15, 

since inhibiting IL-15 during interferon treatment prevents NK cell proliferation [439, 440].  

 

 

1.8 Receptor-mediated NK cell responses 

 

 NK cell responses are determined by the balance of inhibitory and activating signals 

received from receptors on their surface [354]. The balance of signals forms the decision of 

whether an NK cell becomes activated or their activation is inhibited. Inhibitory receptors signal 

through intracellular immunoreceptor tyrosine-based inhibitory motif (ITIM) which is located in 

their cytoplasmic tail. After phosphorylation of the tyrosine residue, Src homology 2 domain 

containing phosphotases (SHP1 or 2) are recruited which inhibit NK cell activation [441]. In 

contrast, some activating receptors signal through immunoreceptor tyrosine-based activating 

motifs (ITAMs) contained in associated molecules. After phosphorylation of a tyrosine residue 

in the cytoplasmic tail, the Src homology 2 domain containing kinases (Syk or ZAP70) are 

recruited, which leads to a signalling cascade that results in degranulation and transcription of 

cytokine and chemokine genes. Other activating receptors such as NKG2D utilize an alternate 

signalling mechanism using DAP-10 or DAP-12 [441, 442].  

 NK cells are capable of identifying target cells via expression of  MHC class I on target 

cells [442]. Each NK cell expresses a selection of receptors, which enables NK cells to recognize 

a diverse repertoire of different MHC class I molecules [443].  

 Since some receptor families contain both activating and inhibitory receptors, therefore 

each receptor will be discussed with respect to structure, function and regulation.  
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1.8.1 Mechanisms preventing NK cell activation 

 

 Inhibitory receptors specific for MHC class 1 molecules play a central role in ‘missing 

self recognition’. Missing self recognition is defined as the ability of NK cells to recognize and 

eliminate host hemotopoetic cells that lack or have downregulated MHC class 1 molecules, 

which are expressed by all normal cells [356, 357]. NK cell inhibitory receptors are categorized 

into two different families, the Ig superfamily which include in humans the killer cell Ig-like 

receptor (KIR) and the leukocyte Ig-like receptors (LIR), and in mice the C-type lectin-like 

receptor superfamily which includes Ly49 receptors. The Heterodimeric C-type Lectin Receptor 

(CD94/NKG2) complex is present in mice and humans [443]. 

 

1.8.1.1 Killer cell immunoglobulin –like receptors 
 

 KIRs are encoded by 15  polymorphic genes and 2 pseudogenes on chromosome 19q134 

[354]. They are expressed by subsets of NK cells (as previously described). The human KIRs 

evolved from the Ig superfamily and are type 1 transmembrane glycoproteins with two Ig-like 

domains (KIR2D) or three Ig-like domains (KIR3D) in their extracellular region. A short stalk 

region separates the Ig-like domain from the transmembrane segment and the cytoplasmic 

domain. Some receptors possesses long cytoplasmic domains that contain one or two ITIM 

sequences, and others have short cytoplasmic domains without ITIM [444]. KIRs with long 

cytoplasmic domain are usually referred to as KIR2DL and KIR3DL. KIRs with short 

cytoplasmic domain are referred to as KIR2DS and KIR3DS. They associate with DAP12 

adaptor protein to exhibit activating signals.  

 KIRs recognize polymorphic epitopes on human leukocyte antigen classes HLA-A, 

HLA-B, HLA-C proteins [445]. The members of the KIR2DL subfamily recognize HLA-C 
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alleles, whereas the members of KIR3DL family recognize HLA-A and HLA-B alleles. Ligands 

for KIR2DS and KIR3DS molecules have not been characterized [354].  

 The binding of inhibitory KIR to MHC class I ligands expressed by target cells results in 

suppression of cytokine secretion and cytotoxicity. Recruitment of SHP-1 to tyrosine 

phosphorylated ITIM in KIR is the mechanism that inhibits NK cells [446, 447]. These receptors 

ensure NK cell tolerance to self MHC class I, allowing responses only to cells that lack MHC 

class I molecules. KIR prevents NK activation by inhibiting the cytoskeleton-dependent 

movement of activating receptors. Specifically, engagement of  ITIM containing - inhibitory 

KIR receptors prevents the accumulation of actin at NK cell immune synapses which is essential 

for cytotoxic effector functions of NK cells [448].   

 

1.8.1.2 Leukocyte Ig-like inhibitory receptors 
 

 Leukocyte Ig-like inhibitory receptors (LILR) belong to the IgG superfamily. The LILR 

family of 13 genes is located on chromosome 19q13.4. Two of the 13 genes, LILRB1 and 

LILRB2 encode inhibitory receptors that bind MHC class I molecules, however only LILRB1 is 

expressed by NK cells, (ranging from undetectable to ≈ 75% on peripheral NK cells). LILRB1 

contains four Ig-like domains in the extracellular region and four ITIMs in its cytoplasmic 

domains [449]. It binds to a conserved region in the α3 domain of MHC class 1 protein, which 

enables the recognition of a broad spectrum of MHC class 1 proteins including HLA-A, HLA-B, 

HLA-C and HLA-G alleles [450].  

 

 

 

 



 73

1.8.1.3 Ly49 receptors 
 

 Murine NK cells express multiple Ly49 receptors that are type II transmembrane 

receptors. These receptors are expressed on subsets of mouse NK cells. The Ly49 gene is best 

characterized in  C57Bl6 and 129/J mouse strains with 14 genes identified on chromosome 6 

[451-453].  Most Ly49 genes encode inhibitory receptors (Ly49 A, C, G and I), which inhibit 

NK cell function upon binding of class I ligands present on target cells. These inhibitory 

receptors contain ITIM in their cytoplasmic domains that is phosphorylated upon stimulation, 

resulting in the recruitment of SHP-1 phosphotase to prevent intracellular signalling. There are 

also Ly49 activating receptors, Ly49D and Ly49H that do not contain ITIMs but rather associate 

with ITAM containing DAP-12 adapter molecule important for positive signalling by these 

receptors [454-456].  Ly49 receptors are functionally similar to KIRs, however the human KIRs 

are structurally dissimilar as they belong to the immunoglobulin receptor superfamily. Ly49A is 

a disulfide-linked homodimer with type II membrane orientation, which is composed of C-type 

lectin-like domain. It binds to H-2D at two distinct sites, one site involving the α1 and α2 

domains of MHC class I and the second site that spans the α1, α2, α3 domains and β2 

microglobulin [457, 458].  

 Circulating NK cells expressing activating Ly49 receptors also coexpress Ly49 inhibitory 

receptors. Therefore, NK cells express Ly49D activating receptor that binds to H2-Dd and also 

coexpress the inhibitory receptor Ly49G2 or Ly49A at high levels which binds to the same 

ligand [459]. In general, the inhibitory signal overrides any activating signal generated via 

activating Ly49 receptors [459]. To override the inhibitory signal, NK cells require two positive 

signals: (1) the engagement of Ly49D activating receptors to their ligand H2-Dd and (2) 

stimulation by inflammatory cytokines such as IL-12 or IL-18 [460, 461]. Ligation of the Ly49D 
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activating receptor on NK cells stimulates the secretion of cytokines IFN-γ and TNF-α and 

chemokines MIP1α and MIP1β. 

 

1.8.1.4 CD94/NKG2 Receptors 
 

 The CD94 and NKG2 family of genes are present in humans and mice. They are located 

on human chromosome 12p12.3-p13.2 and on mouse chromosome 6 [462]. CD94 and NKG2 C-

type lectins covalently assemble to form a NK inhibitory receptor for HLA class I molecules. 

The receptor recognizes nonconventional MHC class Ib ligands,  human HLA-E and mouse 

Qa1b molecules, and is expressed by most NK cells [463, 464]. CD94 associates as a disulfide-

linked homodimer or as a disulphide-linked heterodimer with members of the NKG2 family 

including NKG2A, NKG2C or NKG2E. NKG2A has an ITIM in its cytoplasmic domain and the 

CD94/NKG2A complex transmits inhibiting signals [465]. In contrast, CD94/NKG2C associates 

with adaptor protein DAP12 to transmits activating signals [466]. Mouse CD94/NKG2C and  

CD94/NKG2E associates with DAP12 for stimulatory signals [467].  
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Figure 1.5: NK cell inhibitory receptors. Schematic shows NK cell inhibitory receptors. 

Inhibitory receptors are divided into two superfamily the IgG superfamily and C-type lectin 

superfamily. Human NK cells express killer Ig-like receptors and CD94/NKG2 receptors. Mouse 

NK cells exclusively express Ly49 receptors and also express CD94/NKG2A receptors. 

Inhibitory receptors have ITIM in their cytoplasmic domain [468].  
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1.8.2 Mechanisms that promote NK cell activation 

 

1.8.2.1 NK cell activating receptors 
 

 NK cell activating receptors are expressed by both human and mouse NK cells and 

include NKG2D, 2B4 and natural cytotoxicity receptors (NCRs) NKp44, NKp46 and NKp30 

[390]. Under normal circumstances NK cell activity is dominated by the signals from inhibitory 

receptors, which prevents NK cell effector functions. This is strongly influenced by MHC class I 

molecules that are expressed by all normal tissues [469]  However, in tumor cells with DNA 

damage, virus-infected cells and stressed cells, expression of MHC-class I molecules is altered, 

and they express more activation ligand. Under these circumstances activating signals dominate 

inhibitory signals.  

 

1.8.2.1.1 NKG2D receptors 
 

 NKG2D is the most characterized NK cell activation receptor. NKG2D receptors are 

expressed on the surface of virtually all NK cells [355] and are present on human and mouse NK 

cells [470, 471]. The NKG2D receptor is a type 11 transmembrane glycoprotein with an 

extracellular C-type lectin-like domain [470]. The NKG2D gene is located on human 

chromosome 12 and mouse chromosome 6 [471, 472]. NKG2D is a primary activation receptor 

for NK cell and triggers cytotoxicity. NK cells are activated by this receptor when they 

encounter tumor cell lines, bacterial/virus infected cells, and damaged cells that express ligands 

for NKG2D [366, 473, 474]. 

 Activation of NKG2D receptors on NK cells results in a strong signal that either bypasses 

or overrides any inhibitory signals from major histocompatibility complex (MHC) class 1- 
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specific receptors, killing target cells. These receptors can provide both activating and 

costimulatory signals, which is achieved by selective association with DAP10 or DAP12 which 

contains YxxM and ITAM motifs respectively [475, 476]. NKG2D-L (long form) associates 

with DAP10 but not DAP12 and NKG2D-S (short form) associates with both adaptor proteins, 

most likely due to differences in cytoplasmic tails of the receptor isoforms [477-479]. DAP10 

recruits PI3K to its YxxM motif [480] whilst DAP12 binds to Syk or ZAP70 kinases and 

subsequently recruits PI3K, phospholipase Cg1 and p44/42 ERK [481, 482]. Expression of these 

two receptor isoforms varies in vitro depending on culture conditions. Freshly isolated NK cells 

predominantly express NKG2D-L but after activation expression of NKG2D-S is increased 

[477]. Signalling through NKG2D-L-DAP10 in resting NK cells increases cytotoxicity [478].  

 

 Ligands for NKG2D are structurally related to MHC class I molecules. In humans,  there 

are two members of the MHC class I-polypeptide related sequence family (MICA,MICB), and 

six members of the UL16-binding protein (ULBP) family that are also known as retinoic acid 

early transcript (RAET) proteins  [366, 483]. In mice there are five retinoic acid early transcript-

1 (Rae-1), three variants of H60 minor histocompatibility antigen, and murine UL16-binding-

protein-like transcript-1(MULT1) [473, 484, 485]. Ligands are induced when cells are infected 

with a wide range of viruses [486, 487], or in solid tumours and leukaemia cells [488] and in 

cells containing damaged DNA [489].  

 Rae-1 is expressed on the surface of mouse tumor cells and on cells following viral and 

bacterial infection [473, 474, 490]. For example, all five retinoic acid early transcript-1 (Rae-1α 

to Rae-1ε) are rapidly elevated on F9 embryocarcinoma cells  after treatment with retinoic acid 

[491]. MICA/B stress-inducible ligands are under the control of heat shock promoter and 

expressed on the cell surface during cellular stress, transformation, viral or bacterial infection 

[487, 492]. Infection with cytomegalovirus (CMV) also upregulates ligands MICA, MICB and 
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ULBPs on fibroblasts in humans and Rae-1 on infected peritoneal macrophages in mice [487, 

490, 493]. The binding of these ligands to NKG2D receptors results in IFN-γ, TNF, lymphotoxin 

and GM-CSF, and chemokine CCL4 and CCL1 expression on NK cells [494-496]. It also 

stimulates the release of granzymes that mediate NK cell lytic functions [497].  

 

 NKG2D ligands also participate in crosstalk between NK cells and other immune cells. 

Lipopolysaccharides upregulate surface expression of ULBP and MICA on macrophages. This 

triggers NK cell mediated cytotoxicity towards these macrophages, eliminating over-stimulated 

macrophages, thereby regulating innate immune responses [498]. Furthermore, NK cells and 

dendritic cells can reciprocally activate one another by cell-cell contact upon the engagement of  

NKG2D receptor on NK cells to NKG2D ligands expressed on TLR activated dendritic cells 

[499, 500]. Thus NKG2D receptors on NK cells can not only control pathological cell number 

but may also regulate responses of normal cells [501]. 

 

 The local cytokine microenvironment is an important regulator of NKG2D function. 

NKG2D expression on NK cells is upregulated by IL-15 [494]. Also, NKG2D expression can be 

downregulated by IL-4 or IL-12/IL-18, reducing NKG2D-ligand-dependent cytotoxic functions 

[502]. TGF-β, IL-12 and type 1 IFN also suppress NKG2D expression in human NK cells, as 

does IL-21 [503-505]. 

 

1.8.2.1.2 2B4 receptors 
 

 Receptor 2B4, also called CD244, and its ligand CD48 are members of the CD2 family of 

immunoglobulin-related proteins. 2B4 is expressed on all human and mouse NK cells. CD48 is 
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expressed on lymphocytes, viral-infected cells and tumor cells [354, 506, 507]. The activation of 

2B4 with CD48 induces IFN-γ secretion and stimulates non-MHC-restricted killing by NK cells.  

Human NK cells express two isoforms of the receptor, 2B4-A and 2B4-B which differ in binding 

affinity for CD48. 2B4-A has a high affinity for CD48 and results in greater activation. This 

receptor mediates natural cytotoxicity against target cells expressing CD48, whereas 2B4-B is 

ineffective [508]. In mice, there are also 2 isoforms, a longform 2B4-L with four tyrosine motifs 

in the cytoplasmic domain and short form 2B4-S with one tyrosine [509]. 2B4L is an inhibitory 

receptor and 2B4S is an activating receptor.  

 2B4 receptors activate NK cells, triggering cytotoxicity and IFN-γ production. These 

effects are modulated via lymphocyte activation molecule-associated protein (SLAM) associated 

protein (SAP). However, the lack of SAP triggers inhibitory signals through 2B4 receptors [510]. 

The importance of SAP has been demonstrated in patients with a loss of function mutation in the 

X-linked SAP gene; NK cells from these patients cannot be activated via the 2B4 receptor [511].  

Human 2B4 also functions as a co-receptor for other NK activating receptors such as NKp46 

[512], enhancing  NK cell responses under limiting-ITAM-mediated activation. NK cell 

activation via the 2B4 receptor results in phosphorylation of tyrosine-based motifs in the 

cytoplasmic tail and recruitment of SAP signalling by activation molecule associated protein and 

the Src-family kinase Fyn [513]. However, issues as to the mechanism by which 2B4 provides 

activation signals in relation with other receptors and ligand interactions, and whether 2B4 can 

trigger cytotoxicity independently of other receptors remains to be elucidated. 
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1.8.2.1.3 Natural cytotoxicity receptors 
 

 Natural cytotoxicity receptors (NCRs) include NKp46, NKp44 and NKp30. NCRs belong 

to the Ig superfamily and contain a charged amino acid in their transmembrane domain which 

associates with ITAM-bearing adaptor molecules. NKp30 and NKp46 are expressed by all NK 

cells, but NKp44 is only expressed by activated NK cells. NKp46 is a 46 kDa glycoprotein that 

contains two C2 Ig-like extracellular domains. NKp46 signals by association with the adapter 

molecules CD3ζ and FcεRγ which contain ITAM motifs [514]. NKp44 is a 44kDa surface 

glycoprotein which signals through the association and phosphorylation of the DAP12 adaptor 

molecule [515]. NKp44 has a IgV-like fold with a putative ligand binding site for anionic ligands 

[516]. NKp30 is a 30 kDa glycoprotein containing one V-type Ig-like region in its extracellular 

domain. It associates with CD3ζ chain to initiate activating signals [517].   

 Cellular ligands for these receptors are still being elucidated. Heparan sulphate 

proteoglycans (HSP) appear to be important in the recognition of NCR ligands by NKp46 and 

NKp30 [518]. Tumor cells expressing heparinase are resistant to NK cell-mediated lysis 

compared to normal cells that do not express heparinase [519].  

 Pathogen-derived structures have been shown to activate NCR. NKp46 and NKp44 

receptors recognize the haemagglutinin protein of viruses, stimulating NK cell cytotoxicity [520, 

521].  NKp30 binds to the pp65 protein of human cytomegalovirus (HCMV) to inhibit NK cell 

cytotoxicity[522]. Human NKp44 on NK cells not only recognizes ligands on virus infected cells 

but also recognizes bacterial pathogens such as mycobacterium [523]. NCR are also important 

for stimulating anti-tumor responses of NK cells; antibody-mediated inhibition of NCR inhibits 

NK cell-mediated lysis of tumor cells. NKp30 can cooperate with NKp46 and /or NKp44 to 

induce NK-mediated cytotoxicity against tumor cells [517]. It is also involved in the crosstalk 

between dendritic cells and NK cells (see later) [524]. 
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Figure 1.6: NK cell activating receptors. Schematic adapted from Moretta, et al. 2001 shows 

NK cell activating receptors. All NK cells express NKG2D receptors that signal via association 

of DAP10/DAP12 that contains YxxM and ITAM motif in their cytoplasmic domains 

respectively, Natural Cytotoxicity Receptors (NCR), NKp46, NKp30 and Nkp44 that signals 

through ITAM in their cytoplasmic domain and 2B4 receptors that signal through SAP [518]. 
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1.8.2.2 Other receptors that activate NK cells 
 

1.8.2.2.1 Toll-like receptor 3 
 

 NK cells express TLR3 on the cell surface and intracellularly [525-527]. TLR3 consists 

of an extracellular domain containing 23 leucine rich repeats (LRRs) and N- and C-terminal 

flanking regions, a transmembrane domain, and intracellular domain [528]. The recognition of 

TLR3 transmits signals via Toll-IL-1 receptor (TIR) domain containing adaptor molecule-1 

(TICAM-1) also known as TRIF (TIR-domain containing adapter inducing IFN-β). Both these 

adaptors initiate downstream signalling pathways that lead to activation of  transcription factor 

IF3, IRF7 and NFκb leading to induction of type 1 IFN: i.e., IFN-α and IFN-β, pro-

inflammatory cytokines and molecules involved in antigen presentation [525, 529, 530].  

TLR3 recognizes double-stranded RNA (dsRNA) produced during viral infections and also 

mammalian RNA  released by necrotic cells [531, 532].  

 Most studies aimed at understanding TLR3 activation have used the synthetic 

polyinosinic-polycytidylic acid (Poly IC). Upon activation TLR3 recruits the Toll-IL-1 receptor 

(TIR) domain containing adaptor molecule-1 (TICAM-1) and induces IRF-3 activation followed 

by IFN-β promoting activation [529].   

 Human NK cells express TLR3 and can directly recognize poly IC  [533]. Poly IC has 

been shown to activate TLR3 expressed in cultured human NK cells [534-536]. Upon Poly IC 

stimulation, TLR3 RNA levels were upregulated in NK cells, resulting in enhanced NK cell-

mediated cytotoxicity, upregulation of NK cell activation marker CD69 and secretion of pro-

inflammatory cytokines IL-6, IL-8 and IFN-γ. Accordingly, the activation of NK cells in 

response to poly IC is independent of type 1 IFNs, as the Poly IC stimulation does not induce 

secretion of IFN-α or IFN-β in NK cells [534]. 
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 In addition to TLR3 there is a cytosolic dsRNA receptor on NK cell, melanoma 

differentiation associated antigen 5 (MDA5), which recognizes Poly IC to induce IFN-α/β 

production. MDA5 signals via IPS1 [537], leading to activation of IRF3, IRF7, IFR1, NFκB and 

expression of type 1 interferon α and β [538, 539]. MDA5 consists of three functional domains, 

tandem-CARDs (caspase activation and recruitment domain), a DEAD box helicase-like domain 

and a well conserved C-terminal domain (CTD) [540]. MDA5 appears more important than 

TLR3 for triggering NK cell cytotoxicity, CD69 upregulation, and  IFN-γ production [541]. This 

was evident when NK cells from MDA5-/- mice injected with Poly IC had significant defects in 

cytotoxicity, CD69 expression and IFN-γ production whereas NK cells from TLR3-/- mice 

injected with Poly IC had only had modest defects in cytotoxicity, CD69 expression and IFN-γ 

production. These results suggest that MDA5 may be able to compensate for the lack of TLR3, 

and the TLR3 contribution to NK cell activation is evident only in the absence of MDA5 [541]. 

 

 NK cells can also be activated indirectly by Poly IC through CD8α+ conventional 

dendritic cells (DCs). Stimulation with Poly IC results in DC maturation and migration to 

secondary lymphoid organs [542-545].  Poly IC triggers  IPS1 and TRIF signalling through 

TLR3 on CD8α+ DC  to produce type I IFNs and IL-12p40 which subsequently activates NK 

cells to produce IFN-γ [546]. Poly IC stimulated dendritic cells are also important in recruiting 

NK cells to the draining lymph node.   

 Poly IC mediated NK cell activation can also occur independently of CD8α [541]. NK 

cells isolated from BATF3-/- mice which do not have CD8α+ DCs, after injection with Poly IC 

effectively kill RMA-S cells in vitro. After Poly IC injection, CD69 expression, NK cell 

secretion of IFN-γ, serum IFN-α and serum IL-12p40 were all upregulated in BATFF3-/- mice 

suggesting that TLR3/MDA5 on other cell types may also be important.  
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 TLR3 is expressed in human and mouse atherosclerotic lesions. Cole et al observed that 

TLR3-deficient ApoE-/- mice exhibited increased early atherosclerosis compared to TLR3 

expressing mice under conditions where no Poly IC was administered [547]. This observation is 

puzzling as the ligation of TLR3 usually promotes proinflammatory and growth promoting 

effects. However, additional research will be important in examining the role of Poly IC and NK 

cells on atherosclerosis, in relation to TLR3 and MDA5.  

 

1.8.2.2.2 Fc receptor 
 

 Fc receptor is expressed on the surface of NK cells and interacts with a region of 

antibodies known as Fc (Fragment, crytallizable) region. Fc receptors bind to antibodies that are 

attached to infected cells or pathogens, stimulating phagocytosis or cytolysis of infected cells via 

antibody-mediated phagocytosis or antibody dependent cell-mediated cytotoxicity (ADCC). Fc 

receptors are classified on the basis of the type of antibody they recognize. Fc receptors on NK 

cells that recognize IgG bound to the surface of pathogen-infected cell are classified FcγRIIIα 

(CD16) [548]. FcγRIIIα is a type 1 transmembrane receptor containing two extracellular Ig-like 

domains and functions as a low affinity IgG receptor, binding IgG antibodies via their Fc region 

[549]. Activation of FcγRIIIα on NK cells by IgG initiates the production of cytokines such as 

IFN-γ or  stimulates the secretion of cytotoxic mediators such as perforin and granzyme [550]. 

FcγRIIIα is the most potent activating receptor on NK cells and induces TNF-α and IFN-γ 

cytokine secretion in the absence of other exogenous signals [344]. FcγRIIIα on NK cells also 

mediates direct killing of virus-infected and tumor cells independent of antibody such as IgG 

ligation. The incubation of target cells and NK cells expressing FcγRIIIα in the presence of Fc 

receptor blocking antibody resulted in NK cell-mediated killing of target cells [551]. Therefore, 

it is possible that FcγRIIIα is also activated by other yet to be identified ligands. 
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1.9 Interaction between NK cells and other immune cells. 

 

1.9.1 NK cell interaction with Dendritic cells 

 

 NK cells can be activated by DCs. Adoptive transfer of activated DCs promotes NK cell 

mediated antitumor responses by increasing NK cell cytolytic activity and IFN-γ production. 

This interaction is dependent on cytokine secretion by DCs and cell to cell contact [552]. DC 

derived  IL-12, IL-18, IL-15 and type 1 interferon contribute to this activation [553].  

NK cell - DC interactions have been observed in vivo at various sites of infection, for example, 

in Malasseezia sympodialis-induced skin lesions [554]  and in lymph nodes. DCs can also 

stimulate NK cell proliferation. For example, CD56highCD16- NK cells in lymph nodes 

proliferate in response to membrane bound IL-15 expressed by DCs [555]. NK cell activation by 

DCs provides the early source of IFN-γ to promote the proliferation of T cells and their 

polarization towards Th1 phenotype [430, 556]. Interaction between NK:DC provide a bridge 

between innate and adaptive immunity [381]. The direct contact interaction of NK cells with 

DCs also elevates IL-12 production by DCs and increases the ability of DCs to prime CD8+ T 

cells [557]. The increase in IL-12 production by DCs is mediated via the NKG2D receptor on 

NK cells since antibody inhibiting NKG2D reduces IL-12 production [557].  

 Activated NK cells play a role in DC maturation. This function is exerted by direct DC 

stimulation or through killing those DCs that did not properly acquire a mature phenotype. Co-

culture of activated human NK cells with immature monocyte-derived DCs, increased expression 

of DC maturation marker CD86 and DC cytokine production [558]. NK cell derived TNF-α and 

IFN-γ as well as cell contact are crucial for DC maturation. This maturation has been shown to 

be dependent on triggering of NKp30 receptors on NK cells which initiates IFN-γ and TNF-α 
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secretion [559].  NK cells can also lyse DCs. Higher numbers of NK cells triggers the killing of 

immature DCs (iDCs) but not mature DCs [558]. This killing of iDCs by NK cells is also 

dependent on NKp30 signalling [560]. It can be inhibited by TGF-β which strongly down-

regulates NKp30 receptors on NK cells inhibiting their lytic functions [504]. Both maturation 

and killing of immature DCs are induced by the engagement of the NKp30 receptor by undefined 

ligands on DCs.  

 

1.9.2 NK cell interactions with iNKT cell 

 

 NKT cells can activate NK cells [561, 562]. Stimulation of  NKT cells with marine 

sponge glycolipid, alpha-galactosyleceramide (α-GalCer) activates hepatic NK cells to eliminate 

hepatoma cells from the liver in vivo [563]. Also NKT cell activation enhances anti-viral 

responses mediated by NK cells after cytomegalovirus infection in mice [564]. The mechanism 

by which NKT cells activate NK cells appears to involve IFN-γ production by NKT cells as the 

anti-metastatic effects of α-GalCer, which activates NKT cells, is dependent on both NK cells 

and IFN-γ [565]. Furthermore, Smyth et al have shown that sequential production of IFN-γ by 

NKT cells and NK cells is essential for the anti-metastatic affects of ΝΚ cells [566].  

 

1.10 NK cell effector function 

 

 Activated NK cells exert their effects either via cytotoxic mechanisms, cytokine-

dependent mechanisms or both mechanisms. NK cells can be highly cytotoxic. For killing, they 

require the direct or close contact with the target cells. NK cells release cytotoxins via exocytosis 

of cytoplasmic granules containing membrane-disrupting proteins such as perforin and proteases 
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such as granzymes to induce target cell lysis or apoptosis. NK cells also possess ligands (FASL 

and TRAIL, discussed below) on their surface that stimulate target cells expressing the receptor 

for these receptors to induce target cell apoptosis.  

 

 Granule exocytosis to release cytotoxins occurs following NK-target cell synapse 

formation  with the granules fusing with the plasma membrane to release factors such as the 

pore-forming protein perforin together with proteases such as granzymes A and B [567]. The 

expression of perforin on NK cells is regulated by signals from NKG2D activating receptors, and 

cytokines IL-2, IL-15 and IL-21[568]. It facilitates the delivery of granzymes to target cells 

promoting apoptosis. Perforin is an important component of the NK cell killing machinery, as 

Pfp-/- mice are unable to clear intracellular infections and exhibit reduced efficiency in 

eliminating fibrosarcoma [569]. In humans, mutations in the perforin gene result in familial 

hemophagocytic lymphohistiocytosis (FHL) due to reduced NK cell cytotoxicity [570, 571].  

NK cells express three granzymes, Granzyme A, B and M. These granzymes enter the cytosol of 

target cells to trigger apoptotic cell death in a perforin-dependent manner. Granzyme B triggers 

caspase-3-dependent cell death and also damages DNA by nicking ssDNA. In contrast, 

granzyme A mediates caspase-independent cell death of target cell by causing oligonucleosomal 

fragmentation [567, 572, 573].  

 Granzyme B is the most characterized and abundant member of the granzyme family. It 

is a 32 kDa serine protease. The receptor for granzyme B is mannose-6-phosphate  [574]. 

Recently, Granzyme B has been shown to cleave extracellular matrix substances and may induce 

cell death by this mechanism [575]. It might also contribute to the vascular remodelling 

associated with atherosclerosis.  
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 FasL is a type II membrane protein expressed by NK cells that is also packaged in the 

cytoplasmic granules. FasL-mediated cytotoxicity by NK cells is directed against Fas-expressing 

target cells [576]. It is initiated by the engagement of surface bound FasL on NK cells to Fas 

receptor expressed on target cell surface. This promotes the recruitment of ‘death-domain’ 

containing proteins leading to activation of the caspase cascade [577].  FasL expression on NK 

cells is regulated by Fc receptor stimulation (activating receptor) and by NK cell inhibitory 

receptors. The activation of Fc receptor (FcγRIII) upregulates the FasL expression on NK cells 

which upon interaction with Fas positive target cells triggers NK cell mediated target cell 

apoptosis [578]. FasL-mediated cytotoxicity may be downregulated in NK cells expressing 

CD94/NKG2A inhibitory receptor via the HLA class I ligand expressed on target cells [579]. 

The engagement of this inhibitory receptors inhibits the activating signal mediated by FcγRIII 

and inhibits the  transport of cytotoxic granule contents to the cell surface of target cells [580]. 

NK cell derived IFN-γ upregulates Fas expression on tumor cells and this facilitates the ability of 

these cells to eliminate tumor cells [581].  

 TNF-related apoptosis-inducing ligand (TRAIL) is a type II membrane protein that is 

also expressed by NK cells. TRAIL is also capable of inducing apoptosis by binding with death–

domain containing receptors TRAIL-R1 and TRAIL-2 thereby activating the caspase cascade.  

[582]. TRAIL expression is upregulated by IL-2, IL-15 and  IFN-γ  on NK cells [583]. TRAIL 

deficient mice exhibit loss of NK cell cytotoxic function [584].  

Overall, NK cell cytotoxicity plays a crucial role in preventing inflammation and systemic 

inflammatory syndromes. 

 

 NK cells are an important source of cytokines. Upon activation, NK cells secrete IFN-γ, 

TNF-α, GM-CSF, IL-10 and IL-13 [378]. Cytokine production by NK cells is regulated by 

inflammatory mediators including the cytokines IL-2, IL-15, IL-4, IL-10 and IL-12, TLR ligands 
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such as dsRNA, engagement of NK cell activating receptors with ligands on target cells, and 

following interaction of NK cells with NKT cells, macrophages and dendritic cells. IFN-γ is the 

most important cytokine secreted by NK cells.  

 NK cell derived IFN-γ promotes macrophage activation, mediates antiviral and 

antibacterial immunity, promotes autophagy, enhances antigen presentation to macrophages  and 

dendritic cells, orchestrates activation of innate immune system, coordinates lymphocyte-

endothelium interaction, regulates Th1/Th2 balance, and controls cellular proliferation and 

apoptosis of target cells [585]. Cytokines produced by activated monocytes such as IL-12, IL-15, 

and IL-18 enhance the production of IFN-γ by NK cells. For example, the combined stimulation 

of NK cells with IL-12 and IL-18 produces very high levels of IFN-γ [586]. In contrast, IFN-γ 

production by NK cells can be inhibited by IL-4 [587]. Hence the cytokine repertoire of the 

inflammatory environment regulates the IFN-γ production by NK cells. 

 IFN-γ produced by NK cells provides an innate barrier to infections and also affects 

tumor metastasis. NK-derived IFN-γ mediates the early resistance to Myocobacterium 

tuberculosis [588]. Similarly, IFN-γ secreted by NK cells suppresses viral transcription during 

infection [589]. NK cell derived IFN-γ also inhibits the growth of various tumors [590] but the 

exact mechanism is still unclear [591].  

 

1.11 NK cells and inflammatory diseases 

 

 NK cells are important in a variety of inflammatory disease including rheumatoid 

arthritis (RA), type 1 diabetes (T1D) and experimental autoimmune encephalomyelitis (EAE).  

NK cells can influence both the development and progression of rheumatoid arthritis (RA). RA 

is characterized by joint inflammation leading to progressive destruction of cartilage and bones 
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[592]. Substantial numbers of NK cells, particularly CD56bright NK cells, are present in synovial 

fluid of affected joints [593]. NK cells appear to attenuate collagen-induced arthritis (CIA) since 

antibody-mediated depletion of NK cells exacerbates disease. The mechanism is unknown but 

may involve  IFN-γ production by NK cells; IFN-γ ισ an inhibitor of Th17 cell differentiation, 

and Th17 cells have a pathogenic role in RA [594] . In contrast, other studies suggest that NK 

cell depletion prevents bone erosion and augments CIA [595].   

 

 Type 1diabetes (T1D) is characterized as an immune-mediated progressive destruction of 

pancreatic β cells. NK cells have been implicated in T1D and have been shown to both augment 

and attenuate its development. These effects appear dependent on the manner in which NK cells 

are activated. NK cell activation through the engagement of NKp46 receptor by unknown 

ligands on β cells  results in destruction of β cells thereby promoting development of T1D [596]. 

In contrast, NK cell activation through Poly IC, an analog of dsRNA in nonobese diabetic mice 

(NOD) mice reduces the incidence of T1D. This protective effect is possibly mediated by 

promoting Th2 immune responses in response to islet autoantigen [597]. Clearly more research 

is required to understand the role of NK cells in diabetes. 

 

 NK cells play a regulatory role in experimental autoimmune encephalomyelitis (EAE). 

EAE is known to be mediated by CD4+ T cells that recognizes peptides derived from 

encephalomyelitis proteins of the central nervous system and is characterized by a paralysis from 

the hindlimbs to the forelimbs [598]. In vivo NK cell depletion in a model of EAE induced by 

immunization with the myelin oligodendrocytes glycoprotein peptide, has been shown to 

diminish the onset of EAE by reducing T cell responses [598]. The absence of NK cells reduced 

the production of proinflammatory cytokines such as TNF-α and IL-6 and growth promoting 
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cytokines IL-2 by T cells; hence NK cells have been shown to regulate the immune responses 

that initiate EAE. 

 

1.12  NK cells and cardiovascular disease 

 

 NK cells are involved in viral myocarditis, in cardiac repair and angiogenesis after 

myocardial infarction and atherosclerosis.  

 Myocarditis is an inflammatory disorder of the myocardium with necrosis of the 

myocytes and infiltration of inflammatory cells that decrease myocardial function and enlarge 

the heart. It is the consequences of viral infections including Coxsackie virus and adenovirus. In 

the acute phase of mycocarditis, NK cells are the predominant cell type in the myocardium 

[599]. NK cells infiltrate the myocardium killing virus infected myocytes in a perforin-dependent 

manner clearing the viral infection [600]. In this manner, NK cells provide some protection 

against viral-induced myocarditis by preventing virus replication in the heart tissue [601].  

 

 Myocardial infarction (MI) is associated with an intense inflammatory response and 

activation of the host innate immune system that enhances inflammatory cell mobilization, 

cardiac repair and remodelling. Studies have reported that steel factor positive (c-kit) bone 

marrow derived hematopoietic cells repair damaged myocardium through neovascularization and 

myogenesis [602, 603]. C-kit plays a major role in NK cell development and mobilization [604]. 

Ayach et al reported that c-kit signalling after MI is mediated by bone marrow derived NK cells 

which contributes to improved remodelling and cardiac function [602]. They also reported that 

the depletion of NK cells in immuno competent mice reduced their survival as a result of heart 

failure. More recently, a study has reported the mechanism by which NK cells promote cardiac 

repair. In this study, activated NK cells have been shown to bind to cardiac endothelial cells 
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(CEC) to induce their proliferation and promote angiogenesis via their inhibitory receptor 

KLGR1. Specifically, activated NK cells binds to CEC through α4β7 integrin and VCAM-1 and 

disrupt N-cadherin association via KLRG1, which dislocates β-catenins that removes the cell 

contact inhibition of proliferation that subsequently enhances CEC proliferation and 

angiogenesis [605]. 

 

 NK cells have been detected in human atherosclerotic lesions in low numbers [606]. 

Also, patients with severe atherosclerosis also have higher levels of circulating NK cells [607]. 

They have also been identified in atherosclerotic lesions of LDLR-/- mice fed a high fat diet 

[608]. However, their significance for atherosclerotic lesion development is still unclear.  

 Early studies on determining the role of NK cells in atherosclerosis utilized beige 

mutation mice in which NK cells exhibit low cytotoxic activity [609]. Using these mice on a 

high fat diet (HFD), no differences in lesions were observed between control and beige mutation 

mice [610]. However, lesions formed in such mice are small and difficult to detect. To overcome 

this issue, beige mutation mice were crossed with LDLR-/- mice to generate beige, LDLR-/- mice. 

After feeding a HFD, lesions were greater in the beige LDLR-/- mice suggesting that the beige 

mutation was extending proatherogenic properties. This is difficult to explain with respect to 

immune cells as these mice have defective NK cells and cytotoxic T cells [611]. It is also 

possible that lysosomal trafficking is being affected on cells such as macrophages by the beige 

mutation [612, 613].  

 

 Other studies have utilized LDLR-/- mice that have received bone marrow from Ly49A 

transgenic mice where expression of Ly49A is under the control of the granzyme A promoter 

[614]. Ly49 is a cell surface receptor on NK cells. Ly49A transgenic mice exhibit an 

unexplained and selective reduction in NK cell numbers. Upon bone marrow transplant to 
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LDLR-/- , NK1.1+ CD3- cells in the spleen were not reduced and CD3+ T lymphocytes were also 

unaffected as were plasma cholesterol concentrations. However, atherosclerotic lesions in these 

mice were reduced by 38-70% depending on the site of location of lesions. These results suggest 

that a reduction in NK cell activity may be responsible for the attenuated atherosclerosis 

although NK cell activity was not assessed in this study. Since granzyme A is also expressed on 

CD8+ T cells and present in atherosclerotic lesion, however the significance for atherosclerosis 

has not been elucidated. However, NK cells do secrete cytokines such as IFN-γ, which are 

proatherogenic. A possible way of interpreting the differences between studies using beige-

LDLR-/- and Ly49A LDLR-/- is that NK cells might exert proatherogenic effects via cytokine 

secretion rather than via cytotoxic molecules. However, this remains to be proven.  

 Clearly, further investigations are required to conclusively define and elucidate how NK 

cells affect development of atherosclerosis. Issues that still need to be addressed include (1) to 

what extent does selective depletion of NK cells affect development of atherosclerosis? (2) what 

are the mechanisms by which NK cells are activated to exert their effects in atherosclerosis? and 

(3) how do NK cells exert their functions in atherosclerosis? Increased understanding of these 

issues is required to determine whether targeting NK cells could represent a useful therapeutic 

approach to attenuate atherosclerosis.  
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2 Materials and Methods 
 

 

2.1 Mice 

 
 
Apolipoprotein E homozygous gene knockout (ApoE-/-) mice on a C57BL/6J background were 

obtained from The Jackson Laboratories (Bar Harbor) and bred at the AMREP Animal Services 

(AMREP AS), Melbourne, VIC. 

J alpha 18 knockout (J alpha 18-/- ) mice originating from Dr Taniguchi [615] and backcrossed to 

the C57BL6 genetic background [616] were obtained from Dr D Goodfrey (Microbiology and 

Immunology, University of Melbourne, Australia). Deletion of J alpha 18 abolishes NKT cells 

without affecting other lymphocyte populations [615]. J alpha18-/- mice were crossed with ApoE-

/-  and the F2 generation, ApoE+/- Jalpha18+/- mice crossed to generate Jalpha18-/- ApoE-/- mice 

which were confirmed by genotyping using tail DNA, details for primer sequence described in 

Ditiatkovski ,2006 [617].  

The double knockout ApoE-/- Rag2-/- , and triple knockout ApoE-/- Rag2-/- γc-/- , were generated 

by crossing ApoE-/- mice with Rag2-/- γc-/- and obtained from Monash Medical Centre Animal 

Services.  

Pfp-/-, GrzB-/- , IFNγ-/- and C57Bl/6 mice on a C57BL/6 background were obtained from Dr Mark 

Smyth (Cellular Immunity Laboratory, Peter MacCallum Cancer Centre, Australia) and breed at 

AMREP Animal services. Genotyping of tail DNA confirmed the deleted genes (data not 

shown). Phenotype analysis (flow cytometry) confirmed the absence of all lymphocyte 

population in the ApoE-/- Rag2-/- γc-/- mice (see Chapter 6:Results).  

The mice were housed in standard conditions in a clean experiment area with food and water 

available ad libitum.  
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2.2 Experimental Design 

 

At 6 weeks of age, male mice were fed with high fat diet (HFD) containing 21% butter fat and 

0.15% cholesterol (SF00-19)  (obtained from Specialty Feeds) ad libitum.  All procedures 

performed on the mice were approved by the AMREP Animal Ethics Committee 

(E/0472/2006/B), (E/0588/2007/B) and (E/0804/2009/B). 

 

 

Table2.1: Reagents used for in vivo and in vitro studies 

Reagents Supplier 

Anti-asialo GM1 Wako Pure Chemical Industries 

Normal Rabbit Serum  Vector Laboratories, CA 

Polyinosinic – polycytidylic acid sodium 

salt, γ irradiated 

Sigma 

Saline 0.9% (sodium choride) In house. 

Hamster Anti-NKG2D (C7 clone) Antibody purified in house. 

Hamster IgG Jackson ImmunoResearch Laboratories, 

USA. 

 

2.3 Blood and Tissue Collections 

 
 
At the completion of each study the mice were killed with an overdose of sodium pentobarbitone 

(1mg/10g body weight; Abbott Laboratories) and weighed; and blood was collected from the 

heart by cardiac puncture using a 26 Gauge needle. Blood was placed into EDTA (0.5M) coated 
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eppendorf tubes, then centrifuged at 15,000 RPM and supernatant was stored at -20º C for 

plasma cholesterol measurements.  

Aortic roots were collected for histochemical and immunohistochemical analysis (see tissue 

sectioning and staining), and the aortic arch and the two carotid arteries were removed, cleaned 

of fat and rapidly frozen at -80 C for subsequent mRNA analysis. Liver, (perfused with 1xPBS 

before removal), spleen and blood were removed for subsequent FACS analysis.  

 

2.4 Lipid analysis 

 

Plasma cholesterol levels were measured by performing a 1:3 dilution of plasma in 0.9% saline, 

and using a standard commercial enzymatic assay using Beckman Coulter LX20PRO Analyzer 

at the Pathology Department, Monash Medical Centre, Clayton, Victoria. Reagents and 

calibrators were supplied by Beckman Coulter Diagnostics, New South Wales, Australia. 

Reactions were performed in duplicates.  

 

2.5  Aortic sinus dissection and tissue sectioning  

 

The aortic sinus were dissected from mice, embedded in OCT compound (Tissue-tek, Sakura 

Finetek, Torrance,CA) and frozen using cooled 2-methylbutane (Sigma Aldrich) and then stored  

at -80oC. Frozen tissues were sectioned at 6µm in thickness using Microm HM220 or Leica 

cryostat set at -20º to -22º C. Frozen sections (6µm) were cut from the aortic sinus defined as 

region where the valve or valve cusps first become visible to where the left and right coronary 

arteries branch off [618].The aortic sinus was evaluated because this region of the aorta is 

particularly susceptible to the development of atherosclerosis in ApoE-/- mice fed a HFD. Three 
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successive rows of ten consecutive sections were cut and collected on SuperFrost Plus 

microscope slides (Menzel-Glazer) and air dried for at least an hour before storing at -20ºC until 

required for staining. For each mouse, lesion size was measured in 6 cross-sectional areas at 

30µm intervals and averaged. 

 

2.6 Tissue staining  

 

2.6.1 Histology 

2.6.1.1 Oil Red O 
 

Oil Red O was used to determine lipid accumulation in the lesions. An Oil Red O working 

solution was prepared 10 minutes prior to use. Thawed frozen sections were fixed in 4% 

buffered formalin for 4 minutes, followed by 4 minutes in 1XPBS, and then washed in 60% 

isopropanol for 20-30 seconds. Sections were then stained with Oil Red O working solution for 1 

hour, then differentiated in 60% isopropanol for approximately 5 seconds and washed in dH20 

for 2 minutes. Sections were then counterstained with Mayer’ haematoxylin for 25 minutes, 

washed under running tap water for 3 minutes, washed in dH20 for 3 minutes, and mounted with 

Aquamount and coversliped. Slides were stored in dark. (Refer to Table 2.2 for materials). 
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Table 2.2: Reagents for histological staining Oil Red O. 

Materials Constituents Supplier 

1XPBS  Amresco 

4% buffered formalin 4% formalin in 1XPBS BDH 

Oil Red O stock solution 1% Oil Red-O stock powder 

99% isopropanol 

Sigma 

BDH 

Oil Red-O working 

solution 

30ml Oil Red-O stock solution 

20ml dH20 

 

 

 

2.6.1.2 Haematoxylin and eosin stain 
 

Haematoxylin and eosin (H&E) was used to stain nuclei and eosinphilic other structure of cells. 

This stain is used to determine necrotic core in atherosclerotic lesions. Thawed frozen sections 

were fixed in 100 ml of the following solution: (70ml ethanol, 10ml 37-40% formaldehyde, 5ml 

glacial acetic acid, and 15ml of dH2O). Sections were then dehydrated with 70% Ethanol for 30 

seconds followed by two washes in dH2O for 5 minutes each. Sections were stained with Mayer’ 

haematoxylin for 25 minutes and washed twice in tap water for 5 minutes each wash. Sections 

were further washed in dH2O for 5 minutes. Sections were then counterstained in Putt’s Eosin 

solution for 40 approximately 40 seconds, washed in tap H2O twice for 5 minutes each wash, 

and further washed in dH2O for 5 minutes. Sections were dehydrated with two 3 minutes washes 

in 100% in ethanol, cleared in xylene (two 5 minutes washes) and mounted with DEPEX and 

coversliped. 

 



 99

2.6.2 Immunohistochemistry 

 

Individual sections were outlined with a wax pen to retain solutions on the tissue specimen while 

staining procedures are performed. Immunohistochemistry was performed using a primary 

antibody followed by a secondary antibody that is conjugated to biotin. Sections were fixed in 

acetone for 20 minutes at -20ºC, followed by 20 minute incubation in 3% hydrogen peroxidase to 

block any endogenous peroxidise activity. Sections were incubated with 10% normal serum, 

followed by  avidin blocking solution  and incubated for 30 minutes, and followed by subsequent 

addition of primary antibody and biotin blocking solution  for 1 hour, biotinylated  secondary 

antibody for 30 minutes,  then avidin biotin complex (ABC)  at 1:100 dilutions for 30 minutes. 

One grain of imidazole and 1.0ul of H2O2 was added to 1ml of DAB solution before adding to 

the sections and incubating for 1-10 minutes until brown staining is observed. Sections were 

observed under the microscope with 6.3X magnification, and when brown staining was 

observed, the reaction was stopped by incubating the slides in 1xPBS, twice for 5 minutes. 

Sections were counter stained with Mayer’s Haematoxylin for 25 minutes and then washed under 

running tap water for 5 minutes. Sections were dehydrated in 100% ethanol twice for 5 minutes, 

then dewaxed in xylene (two 5 minutes wash), and mounted with Depex and coversliped. (Refer 

to Table 2.3 and Table 2.4 for materials used). 
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Table 2.3: Reagents used in immunoperoxidase staining. 

Materials Constituent (s) Supplier 

1XPBS  Amresco 

3% hydrogen peroxide (H202) 5ml 30% H202 

45 ml 1XPBS 

BDH 

Acetone  BDH 

Avidin/Biotin blocking kit 1tube Avidin blocking solution 

1 tube Biotin blocking solution 

Vector Laboratories 

DAB (3,3’ Diaminobenzidine) Stored as 1ml aliquots at -20 C 

1 DAB tablet 

20ml 1XPBS 

Sigma 

Depex  BDH 

Haematoxylin  Sigma 

Imidazole  BDH 

Normal Horse Serum (NHS)  Vector Laboratories 

Normal Rabbit Serum (NRS)  Vector Laboratories 

Vectastain ABC elite peroxidise 

kit 

 Vector Laboratories 

Ethanol  Biolab 

Xylene  BDH 
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Table 2.4: Antibodies used for immunoperoxidase staining 

Staining for: Primary Ab Dilution Supplier Secondary 

Ab 

Dilution Supplier 

Macrophages 

(CD68) 

Rat anti-mouse 

CD68 

1:100 Ab D Serotec Biotin 

mouse anti-

rat IgG 

1:200 BD 

Pharmingen 

CD4 + helper T 

cells 

Rat anti-mouse 

CD4 

1:50 BD 

Pharmingen 

Biotin 

mouse anti-

rat IgG 

1:200 BD 

Pharmingen 

CD31 Rat anti-mouse 

CD31 

1:100 BD 

Pharmingen 

Biotin 

mouse anti-

rat IgG 

1:200 BD 

pharmingen 

Smooth muscle 

cells 

Rabbit anti-

mouse alpha-

smooth muscle 

actin 

1:100 Abcam Biotin goat 

anti-rabbit 

IgG 

1:200 Vector 

Laboratories 

Vascular 

cellular 

adhesion 

molecule-1 

(VCAM-1) 

Rat anti-mouse 

VCAM-1 

1:200 BD 

Pharmingen 

Biotin 

mouse anti-

rat IgG 

1:200 BD 

Pharmingen 
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2.7 Histology and Immunoperoxidase section analysis 

 

All histology and immunoperoxidase sections were examined under light microscopy using 6.3X 

magnification and cross-sectional area quantified using image analysis software (Optimus 6.2 

Video Pro-32, Bedford Park, South Australia). Region of interest for example the lesion area 

were traced and section stained were analysed to obtain the total area stained.  

 

2.8 FACS Analysis of Immune Cells   

 
 
Spleen collected from mice were placed in separate tubes containing 3 ml of FACS buffer and 

kept on ice. Spleens treated with FACS buffer were disrupted between the frosted ends of two 

glass slides. Cells were collected in small petri dishes and transferred to tubes whilst passing 

through a 100um nylon mesh, to obtain single cell suspensions. For spleen and liver cell 

suspensions red blood cells were lysed using 1 ml of ammonium chloride (NH4Cl, 0.156M). 

Cells were counted using a Coulter Counter and 2 million cells were transferred to 96 U bottom 

well plate. Plates were spun at 1300 RPM for 5 minutes and the supernatant was completely 

removed. Each pellet was resuspended in 30 ul of an antibody cocktail (Table 2.5). Blood 

collected for FACS analysis was also transferred into a tube containing 4.5 ml MilliQ to lyse red 

blood cells. After 20 seconds, 0.5ml of 10xPBS was added to the tubes to restore osmolarity. The 

cell suspensions were centrifuged at 15000 rpm for 5 minutes and supernatant were removed. 

Then to determine the effects of different treatments on tissue lymphocyte and monocyte 

populations, these cell suspensions were analysed using fluorochrome-conjugate antibodies 

(Abs) (Refer to Table 2.5 for antibodies) on a BD FACS Calibur (BD Bioscience). Data analysis 

was performed using WEASEL 2.5 software. 
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Table 2.5: Antibodies used for FACS analysis. The following antibodies were used 

 to define and quantitate NK, NKT, B, CD4+ T, CD8+ T cells and monocytes in  

peripheral blood, liver and spleen.  

Staining for: Conjugated 

primary antibody 

Clone Dilution Supplier 

NK cells NK1.1 – PE  

or 

NK1.1 - PerCP 

PK136 1:200 Pharmingen 

NKT cells TCR-β – APC H57-597 1:200 Pharmingen 

CD4+ helper T cells CD4 – FitC RM-4-5 1:200 Pharmingen 

CD8+ cytotoxic T 

cells 

CD8 – PerCP 53-6.7 1:200 Pharmingen 

B cells CD19 – PE  

or 

CD20  - PE 

1D3 1:200 Pharmingen 

Monocytes CD11b – PerCP M1/70 1:200 Pharmingen 

Type II membrane 

glycoprotein 

CD69- PE L78 1:200 Pharmingen 
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2.9 Anti-NKG2D Receptor Antibody 

 

2.9.1 NKG2D C7 clone Hybridoma culture 

 

The NKG2D C7 clone hybridoma [619] was obtained from Dr Mark Smyth (Cellular Immunity 

Laboratory, Peter MacCallum Cancer Centre, Australia). Hybridoma obtained was cultured in 40 

ml of culture medium in T75 flask (BD Falcon), within a few days, the hybridoma cells begin to 

proliferate. After 2 days, media was split into four T75 flasks and 30ml of media was added to 

each flask to allow cells to grow (Refer to Table 2.6 for culture medium). After 3 days (confluent 

culture), 30 ml of culture media were transferred from the flasks with cells into a 50 ml Falcon 

tube and centrifuged at 2000 RPM for 5 minutes, the supernatant was collected and stored at -

200C in a clean bottle containing 0.02% sodium azide. To the remaining cell suspension in the 

T75 tissue culture flask, 30ml of fresh culture media was added for cells to grow, and culture 

was split every 3 days and supernatant was stored as described above. 
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Table 2.6: Culture media for growing hyridomas and buffers used for hybridoma 

purification. 

Materials Constituents 

Culture media (RPMI Medium 

1640) (Gibco) 

• 10% fetal calf serum (heat 

inactivated at 600C for 30 minutes. 

• 1% penincilin/streptomycin (Gibco) 

• 1% Glutamax (Gibco) 

Binding buffer  • 20mM disodium hydrogen 

phosphate, pH 7.0 

Elution buffer • 0.1M Glycine, pH 2.8 

Neutralization buffer • 1M Tris-HCl, pH 9.0 

 

 

2.9.2 Purification of antibodies from NKG2D C7 hybridoma culture using protein G 

affinity column. 

 

The protein G affinity columns (Milipore) were used to concentrate and enrich antigen specific 

antibodies and remove any non-specific proteins. Affinity column was prepared in a cold room 

according to the manufactures directions. The protein G column was loaded with 2cm of protein 

G resin beads (Milipore) and stored in 70% ethanol. To purify the NKG2D C7 clone, the 

columns containing the resin beads in 70% ethanol was washed and equilibrated with 20-30 ml 

binding buffer. The hybridoma supernatant that was stored at -200C was loaded to the column, 

and was passed through the column at a flow rate of approximately 1ml per minute. After 

passing the supernatant through, the column was washed with 20-30 ml of binding buffer, so that 
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the entire IgG NKG2D antibody binds to the protein G resin beads in the column. To elute the 

antibody, elution buffer was passed through the column and twelve 1 ml fractions of antibody 

were collected in 100ul of neutralization buffer in an eppendorf tube. After elution, the column 

was equilibrated with the binding buffer and washed with 70% ethanol for storage. The 12 

fractions of antibody elution in neutralizing buffer were loaded into a UV spectrometry and the 

purified NKG2D antibody concentration was determined at 280nm wavelength.  The absorbance 

reading at 280nm for all 12 purified antibody fractions was recorded. The antibody concentration 

was calculated using a formula (Absorbance (280nm)/1.44). The eluted antibody fractions that 

had a concentration of 0.7mg/ml or more were transferred to a dialyzing tube and dialysed 

against 1XPBS pH 7.4 for 24 hours. After dialysis, the antibody concentration was measured 

using UV spectrometry again and NKG2D antibody was aliquoted into 1ml volumes and stored 

at -200C. 

 

 

2.10 NK depleting antibody and purification of depleting antibody  

 

To deplete NK cells, rabbit anti-asialo GM1 was purchased from Wako Pure Chemical 

Industries, USA. The antibody was reconstituted in 1ml of 1XPBS (Amresco) and stored at 40C. 

Antibody concentration was measured using UV spectrometry at 280nm. The concentration of 

all anti-asialo GM1 used in the studies was in the range 2.10 to 2.20 mg/ml. 

For some experiments as indicated, anti-asialo GM1 and normal rabbit serum were purified 

using a protein G column to remove any non-specific proteins (Refer to section 2.9.2 for 

purification method). The activity of purified anti-asialo GM1 was determined using FACS 

analysis (Refer to Chapter 4: Results).  
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2.11 Cytokine Analysis 

 

Cytokine concentrations in culture medium from NK cells and saline were measured using the 

Bio-Plex Mouse Cytokine Assay (Bio-Rad). For the Bio-Plex Mouse Cytokine Assay, cytokine 

capture beads were prepared according to manufacturers instructions, added to the filter plate, 

and washed. Standards and cell culture supernatant samples were then added to the plate and 

incubated for 30 minutes. After washing, detection antibodies were added and incubated for 30 

minutes, followed by another wash, and incubation with Streptavidin-PE for 10 minutes. All 

incubations with the BioRad kit were performed on a shaker at room temperature away from 

light. After the final incubation, the plate was washed and samples were resuspended in Bio-Plex 

Assay Buffer and analysed on a Bio-Plex Reader. 

  

2.12 Cytotoxicity assay 

 

2.12.1 Target cell preparation 

 

RMA-S-Rae-1β tumor cells (target cells) were obtained from Dr Mark Smyth (Cellular 

Immunity Laboratory, Peter MacCallum Cancer Centre, Australia). RMA-S, a MHC class I-

deficient variant of RBL-5, is one of the prototypic NK cell-sensitive target cells for in vitro and 

in vivo studies. The RMA-S expressing NKG2D ligand Rae-1β were grown in complete RPMI 

1640 media as described in Table 2.7 for 5 days. For the cytotoxicity assay, RMA-S-Rae-1β 

tumor cells were harvested according to the number of cells needed for the assay. Cells were 

centrifuged at 200g for 5 minutes, and supernatant were aspirated. The cell pellet were washed 
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twice in Tris buffered saline and resuspended in 1ml per 5X105 cells in Tris buffered saline. 

Then, 100uCi of Chromium-51 was added and incubated at standard culture conditions (370C, 

5%CO2). After incubation, cells were centrifuged at 2500RPM for 7 minutes and supernatant 

containing radioactive material were discarded appropriately. Cell were then washed three times 

in 1ml of culture media and centrifuged at 2500RPM to remove residual radioactivity. Viable 

cell were counted using tryphan blue dye on a haemocytometer. Cells were resuspended to 5 X 

104 cells per ml. 

 

2.12.2 NK cell preparation    

 

NK cells were prepared according to methods underlined in Section 2.13.1 to 2.13.3 (see below). 

NK cells were resuspended in culture media to needed concentration in a total of 100ul.  

 

2.12.3 Cytotoxicity assay 

 

5X 103 target cells were plated in a 96 well U bottom plate in duplicates. 30ug/ml of anti-

NKG2D or Hamster IgG was added to each well containing target cells and incubated for 15 

minutes at standard culture conditions. Then, NK cells were added to target cells in the well. 

Control wells were loaded with (1) for spontaneous killing (target cell + media) and (2) for 

maximum killing (target cell + 5% SDS to completely lyse all target cells). The 96 well plate 

was then centrifuged at 1200 RPM for 2 minutes to allow the target and effector cells to bind. 

The plate was incubated for 4 hours at standard culture conditions. After incubation, the plate 

was centrifuged at 1200 RPM for 5 minutes, and 100ul of supernatant was collected and loaded 

into the gamma counter (Perkin Elmer) for the amount of radioactive substance released by 



 109

target cells were counted (equal to amount of cytotoxicity). The counts per minute (CPM) of 

cytotoxic killing of target cell by NK cells were calculated using the formula   

Cytotoxic killing =  (measured killing-spontaneous killing) 

                                (Maximum killing-spontaneous killing)  [620] 

 

 

Table 2.7: Cytotoxicity assay buffers and culture media. 

Materials Constituents 

Culture media (RPMI Medium 1640) 

(Gibco) 

• 10% fetal calf serum (heat 

inactivated at 600C for 30 minutes 

• 5% penincilin/streptomycin 

(Gibco) 

• 5% Glutamax  (Gibco) 

Tris-buffered saline, pH 7.4 • Made in house 

Chromium-51 (Perkin Elmer) • As per manufactures description 

Tryphan Blue (Sigma) • As per manufactures description 

5% SDS • Made in house. 
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2.13 Preparation of NK cells for adoptive transfer   

 

2.13.1 Isolation of NK cells 

 

For adoptive transfer of NK cells into an ApoE-/- Rag2-/- γc-/- , two spleen from C57BL/6 mice 

were collected and immersed in 3ml of sterile PBS-/-. Each spleen was disrupted with the frosted 

ends of two glass slides into 3 ml of PBS-/-. Cell suspension was transferred to a 15ml tube and 

the tube was spun at 1400 RPM for 4 minutes, and the supernatant was discarded. The cells were 

resuspended in 1ml of sterile red blood cell lysing buffer (Sigma) for 1 minutes, then the tube 

was filled with 10 ml of PBS-/- and was filtered  through a 40um nylon cell strainer with 

additional 15 ml of PBS-/-.  The cell suspension was centrifuged for 4 minutes at 1400 RPM and 

the supernatant discarded (Refer to Table 2.8 for materials used for preparation of NK cells for 

adoptive transfer).  

 

2.13.2 Magnetic labelling of non-NK cells and isolation of unlabeled NK cells. 

 

The MACS mouse NK cell isolation kit (Miltenyi Biotec) was used to magnetically remove non-

NK cells. All procedures were performed at temperatures 0 º- 4º C. The cell pellet (see above) 

was resuspended in 200ul of MACS staining buffer and transferred into a 15ml tube. 37.5ul of 

MACS Biotin-Antibody Cocktail was added and incubated at 4 oC for 30 minutes. After 

incubation, 150ul of MACS staining buffer and 75ul of MACS Anti-Biotin Microbeads were 

added and incubated for further 15 minutes in the 4 oC. The cells were then washed with by 

adding10ml of MACS staining buffer and centrifuged at 1400 RPM for 4 minutes and 
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supernatant was completely removed by aspiration and the cell pellet 2.5ml of MCAS staining 

buffer and filtered through a 40um nylon cell strainer.  

 

2.13.3 Magnetic separation of NK cells 

 

Magnetically labelled cell suspension was placed in the Automacs separator. The separation 

program “Depletes” was used to collect the enriched, untouched NK cell population by negative 

selection. The number and viability of enriched NK cells was determined using a 

hemocytometer. 

 

2.13.4 Culture of enriched NK cells 

 
 
To reduce the number of donor mice required for each adoptive transfer, enriched NK cells were 

expanded in cell culture. The enriched cells from magnetic separation were adjusted to a 7 X 105 

cell per 1ml with cell culture media RPMI 1640. 1 ml of media containing 7 X 105 NK cells 

were plated into a 24 well flat bottom plate and 1000U of human recombinant IL-2 (rhIL-2) into 

each well to activate and increase the number of NK cells. NK cells were cultured in the 

presence of rhIL-2 for 5 days. NK cell numbers doubled after 5 days of culture with IL-2.  
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2.13.5 NK cells sorting 

 
 
On day 5 after culture, the number and viability of NK cells were determined using 

haemocytometer. The cells were then labelled with 30ul of an antibody cocktail per 2 million 

cells containing anti-NK1.1 (NK1.1-PE and anti- TCR-β (TCR-β-APC) fluorescently labelled 

antibodies. The cells were incubated for 30 minutes at 4ºC in the dark. Then 500ul of MACS 

staining buffer was added and the cell suspension centrifuged at 1400 RPM for 4 minutes. The 

supernatant containing untreated antibodies was removed completely and cell pellet was 

resuspended in 500ul/107 cells of MACS staining buffer. 

NK1.1 positive and TCR-β negative cells were sorted using a BD FACSAria sorter to obtain a 

highly pure NK cell population. These highly pure NK cells were adoptively transferred into 

ApoE-/- Rag2-/- γc-/- mice. 
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Table 2.8: NK cell culture media and buffers for NK cell isolation 

Materials Constituents 

Culture media (RPMI 

1640) (Gibco) 

• 10% fetal calf serum (heat inactivated at 

600C for 30 minutes 

• 5% penincilin/streptomycin (Gibco) 

• 5% Glutamax  (Gibco) 

• 50mM 2-mercaptoethanol (Sigma) 

• 5% non essential amino acid (Gibco) 

• 5% Sodium pyruvate (Gibco) 

• 5% HEPES (Gibco) 

Human recombinant IL-2 

(National Cancer 

Institute,USA) 

• 6,000,000 U 

PBS without Ca2+ and 

Mg2+ (PBS-/-) 

• Pre-made, media services 

MACS staining buffer  • PBS-/- 

• 2mM EDTA 

MACS biotin-antibody 

cocktail (Miltenyi Biotec) 

• As per manufactures description. 

MACS anti-biotin micro 

beads 

• As per manufactures description. 
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2.14 RNA extraction 

 

RNA was extracted from aortic arch pooled from 3-4 mice using the solution D and Dnase 

treatment using Qiagen clean up method (Refer to Table 2.9 and 2.10 for materials). Blood 

vessels were grinded into a powder under liquid nitrogen using a mortar and pestle. 500ul of 

solution D (4M Guanidium thiocyanate, 25mM Sodium citrate, 0.1M 2-mercoptoethanol, 0.5% 

Sorkosyl, dH2O) was added onto the tissue and a little liquid nitrogen was added to allow the 

solution D to freeze. Tissues were further disrupted and grinded into a fine powder. The powder 

was then transferred to a clean labelled eppendorf tube and the powder was thawed out. 

Combined solution of 540ul of phenol/chloroform (pH 4.7) and 45ul NaAc (2M, pH 5.2) was 

added to the lysate and was mixed with using pipette. The lysate was centrifuged at 14000rpm 

for 30 minutes at 4oC. The supernatant were transferred into a clean eppendof tube containing 

400ul of isopropanol and the tube was inverted slowly. The eppendorf tube was maintained at -

20 oC for 5 minutes and centrifuged at 14000 RPM in 4oC for 15 minutes. The supernatant was 

aspirated using a fine pasteur pipette and 300ul of RNA grade isoproponal was added and left at 

room temperature for 2 hours. After 2 hours, 300ul of RNA grade isoproponol was added and 

spun at 14,000 RPM at 4OC for 15 minutes. The supernatant was aspirated and the pellet was 

washed in 400ul of 70% RNA grade ethanol and spun for 8 minutes at room temperature. The 

supernatant was then aspirated and the pellets were dried at 37oC and resuspended in 20ul of 

RNase free water. RNase-free water was pipetted onto the column and tubes were spun for 1 

minute at 14000 RPM. Eluted RNA can be stored at -80 C before Dnase treatment. 

 

The Dnase treatment was performed using RNeasy mini kit from Qiagen to remove 

contaminating genomic DNA. 
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The volume of each eluted RNA in eppendorf tubes was adjusted to 100ul using RNase free 

H2O and 350ul of  buffer RLT plus β-Mercaptoethanol (350ul RLT + 3.5ul of β-

mercaptoethanol and was mixed thoroughly with a pipette. 250ul of 100% ethanol was then 

added to dilute the RNA and was thoroughly mixed by pipetting. The sample was applied on to 

the silica membrane in an Rneasy mini column placed in a 2ml collection tube and tube was 

centrifuged for 15 seconds at 10,000 RPM, the flow-through was and collection tube was 

discarded. The was then transferred to a new collection tube and 350ul of Buffer RW1 was 

pipetted into the Rneasy mini column and further centrifuged for 15 seconds at 10,000 RPM, and 

flow through was discarded. 80ul of Dnase was added directly onto the silica gel membrane of 

the column and incubated at room temperature for 15 minutes. After incubation, 350ul of Buffer 

RW1 was added into the mini column and centrifuged for 15 seconds at 10,000 RPM and flow-

through was discarded. 500ul of Buffer RPE was added to wash the column and further 

centrifuged for 15 seconds at 10,000 RPM and flow-through was discarded. Another 500ul of 

Buffer RPE was added to the column and centrifuged for 2 minutes at 10,000 RPM and the 

column was transferred to a clean 2ml collection tube. The tube was further centrifuged to 

eliminate ethanol contamination at the next step. To elute, the column was transferred to a clean 

eppendorf tube and 30ul of RNase free H2O was pipetted directly to the silica membrane of the 

column, and the tube was gently centrifuged for 1 min. A further 30ul of RNase free H2O was 

added to the column and spun for another 1 minute. The elution was stored at -80oC. 
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Table 2.9: Reagents used for RNA extraction. 

Materials Constituents Supplier 

Solution D • 4M Guanidium 

thiocyanate,  

• 25mM Sodium citrate, 

• 0.1M 2-mercoptoethanol,  

• 0.5% Sarkosyl,  

• dH2O 

In house 

Phenol/choloroform (pH 4.7) Pre made Amresco 

NaAc (2M, pH5.2) Pre made  

RNA grade isoproponal Pre made  

70% RNA grade ethanol Pre made Qiagen 

RNase-free H20 Pre made Qiagen 

 

 

Table 2.10: Reagents used for Dnase treatment 

Materials Supplier 

Buffer RLT Qiagen 

β-mercaptoethanol Sigma 

Buffer RW1 Qiagen 

Buffer RPE Qiagen 

Buffer RDD Qiagen 

Rnase Qiagen 

Rnase free H2O Qiagen. 
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2.15 RNA gel electrophoresis 

 

RNA integrity and concentration was determined by gel electrophoresis. 

A  30ml RNA (1%) gel was prepared using 21.6ml sterile H2O, 3ml 10XMOPS (RNA running 

buffer), and 0.3g agarose, heated and mixed until agarose fully dissolved, and allowed to cool 

before adding 1ul ethidium bromide and 5.4ml formaldehyde. 

To prepare RNA samples for electrophoresis, 6ul buffer “F” (500ul deionized formamide, 100ul 

RNA running buffer, 222ul sterile H2O, 178ul formaldehyde) was added to 500ng of RNA and 

heated at 60º C for 15 minutes and cooled on ice for 2 minutes. 2ul of loading dye was added to 

prepared sample, mixed, centrifuged, and loaded onto 1% agarose gel and run at 100V in 1X 

MOPS for approximately 1 hour. Gel was incubated overnight in distilled water to remove 

ethidium bromide before observing under UV light. RNA bands were visualised under UV light 

and photographed using FujiFilm instant black and white film. 

 

 

2.16 Real Time PCR (RT- PCR) 

 

2.16.1 Reverse Transcription 

 

To reverse transcribe extracted RNA, 30ng of RNA is prepared in a 10ul reaction. Reaction tubes 

comprise of 1ul 10X Taq Man RT Buffer, 2.2ul 25mM MgCl2, 2ul of 2.5mM deoxyNTP’s, 0.5ul 

50uM Random Hexamers, 0.2ul Rnase Inhibitor (20U/ul 0.25ul of Multiscribe (50U/ul), 1ug 

RNA and RNase-free H20 to make the total reaction mix of 10ul. Reverse Transcription was 

carried out on the PCR machine (Refer to Table 2.11 for thermal cycling parameters). 
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Table 2.11: Thermal cycling parameters for Reverse Transcription reactions 

 Temp. Time 

Incubation 25º C 10 min 

Reverse Transcription 48º C 30 min 

Reverse Transcription 

activation 

95º C 5 min 

 

 

2.16.2 Primer designing 

 

Primers for real-time PCR were designed using the default conditions within the Applied 

Biosystems, Primer Express program, with a minimum length specified of 18 nucleotides, and a 

maximum length specified of 30 nucleotides. Amplified fragment sizes ranged from 60-150 bp.  

Nucleotide sequences encoding the cDNA of each gene assessed were obtained from the NCBI 

website using either BLAST or Entrez, and the position of exons and introns were delineated by 

comparison to the corresponding genomic sequence. Primers for each cDNA were chosen to 

span the largest intron within the gene sequence, so that the possibility of amplifying trace 

amounts of genomic DNA was minimized; dissociation stages during the real-time run 

confirmed that primers for each gene amplified only cDNA. Each cDNA primer pair was also 

checked in BLAST to confirm non-homology to other cDNAs. The 18s internal control primers 

were obtained from Applied Biosystems. (Refer to Table 2.12 for primers designed) 

 

 

 

 



 119

Table 2.12: Primer sequences. 

Primer Sense Sequence (5’ →3’ ) Anti-Sense sequence 

 ( 5’→ 3’) 

*IL-1β AAG AAT CTA TAC CTG 

TCC TGT GTA ATG AAA 

TGG GTA TTG CTT 

GGG ATC CA 

*ICE GGC ATT AAG AAG GCC 

CAT ATA GAG 

TGA GCC CCT GAC 

AGG ATG TC 

*18S CGG CTA CCA CAT CCA 

AGG AAG GCA 

GCT GGA ATT ACC 

GCG GCT GCT GGC 

*Primers supplied by Gene Works. 

 

 

2.16.3 Real time PCR (RT-PCR) 

 

RT-PCR was used to detect and quantitate mRNAs encoding Interleukin-1 converting 

enzyme/caspase-1(ICE), and Interleukin-1beta (IL-1β) in the RNA of aortic arch. Each reaction 

tubes comprised 10ul of SybrGreen, 1ul sense primer, 1ul Anti Sense primer, 6ul RNase-free 

H20 and 2ul of cDNA which makes up 20ul reactions. Each reaction is carried out in duplicates. 

RT-PCR was carried out on the 7500 Fast Real Time PCR machine (Applied Biosystems) 

according to RT-PCR conditions as outlined in Table 2.13. The real time PCR data was analysed 

using 7500 V.2.0.4 software 9 (Applied Biosystems). 
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 Table 2.13:. RT-PCR conditions 

Primer Reverse 

Transcription 

Denaturation Amplification 

Denaturation  Annealing  Elongation   Temp. Time Temp. Time

Temp. Time Temp. Time  Temp.  Time 

Cycles  

All 

primers 

50°C 35 

min 

94°C 2 

min 

94°C 2 sec 60°C 30 

sec 

70°C 1min 45 

 

 

2.16.4 Comparative Ct calculations 

 

The real time RT-PCR results are quantified by using the comparative Ct method. This method 

compares the Ct values of the samples of interest with a control (non-treated sample). Ct values 

are normalized to 18S housekeeping gene. The 2-[delta][delta] Ct method is calculated where  

[delta][delta]Ct = [delta]Ct sample – [delta]Ct control. [delta]Ct sample is the Ct value for 

samples normalized to 18S housekeeping gene and [delta]Ct control is the Ct value  for control 

also normalized to 18S housekeeping gene. Therefore the relative aortic mRNA abundance of 

gene of interest was calculated using 2-[delta][delta] Ct (Applied Biosystem) [621]. 

 

2.17 Superscript one-step RT-PCR 

 

For detection of Rae-1δ, Rae-1ε, MULT-1, and H60 expression, the Superscript one-step RT-

PCR method (Invitrogen #10928-034) was used, essentially as described by the 

manufacturer. Briefly, 150 ng of RNA in a total volume of 25 ul was reverse-transcribed and 
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subjected to amplification with specific primers (0.2 uM each primer) using the following 

cycling conditions: 

 

 Table 2.14: Superscript RT-PCR conditions 

Primer Reverse 

Transcription 

Denaturation Amplification 

     Denaturation Annealing  Elongation  

 Temp. Time Temp. Time Temp. Time Temp. Time  Temp.  Time 

Cycles 

All 

primers 

50°C 30 

min 

94°C 2 

min 

94°C 15 

sec 

60°C 30 

sec 

70°C 1 

min 

35 

 

  
Following cycling, 10 ul of product was electrophoresed in 2% Agarose/1x TAE gels containing 

ethidium bromide to visualize the amplified products, with pX174/HaeIII DNA (Promega) as 

size markers.  Gels were photographed under UV illumination.  

 

2.18 Statistical analysis 

 

Statistical analyses to compare two groups were performed using Student’s t-test when data 

followed a normal distribution or Mann-Whitney U test when data did not follow a normal 

distribution. Normality was determined using the D’Agostino and Pearson omnibus normality 

test. One-way ANOVA was used to compare more than two groups, and the significance 

between two groups analysed by Tukey post-test. All statistical analyses were performed using 

the software GraphPad Prism v5.02. P-value < 0.05 was considered statistically significant.  
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3 NK cells promote the development of Atherosclerosis in ApoE-/- 
mice. 

 
 
 

3.1 Introduction 

 
 
 Atherosclerosis is an intimal inflammatory disorder characterized by lesions that contain 

cholesterol, immune cells, smooth muscle cells and a necrotic core. Macrophages, dendritic cells 

and T cells are the major immune cells populating developing lesions but other less abundant 

immune cell types also contribute to pathology [622]. NK cells are present in early lesions in 

human [623] and also more advanced lesions [606]. They are a small population infiltrating 

about 0.5% of the total lymphocyte population, lying in close proximity to the luminal 

endothelium, under necrotic cores deep within plaques as well as in shoulder region [606]. NK 

cells have also been detected in atherosclerotic lesions of mice [614]. Whilst not yet proven that 

NK cells could be attracted to developing lesions via specific chemokines such as MCP-1 and 

Fraktalkine (CX3CL1) which are highly expressed in lesions [624, 625]. Developing lesions also 

express IL-15, a critical trophic and activating cytokine required for NK cell development, 

activation and proliferation [626]. NK cells have the potential to modulate atherosclerosis via 

NK inhibitory receptors and NK activating receptors which recognize MHC class I molecules 

including homologues such as MICA and MICB [627].  

 

 Despite such studies the role of NK cells in the development of atherosclerosis is still 

unclear. Studies using mice with a beige mutation to determine the role of NK cells in 

atherosclerosis have been reported. Beige mutation mice have a defect in lysosomal 

fusion/fission and trafficking and the deficiency causes defects in cytolytic function of NK cells 
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[628]. Early studies using mouse with beige mutation suggest that atherosclerosis may be 

unaffected by NK cells. More recently, a study examined at the role of NK cells in 

atherosclerosis in mice harbouring the beige mutation on a LDLR-deficient background [629]. 

The results from this study indicated that beige mutation mice deficient in LDLR exhibited 

increased atherosclerosis compared to LDLR-/- mice, suggesting that NK cells play an anti-

atherogenic role. The mutation in the beige mutation mice involves the Lyst gene, which is a 

homologue to the protein implicated in autosomal recessive human Chediak Higashi syndrome 

that has a complex phenotype of partial albinism, immunodeficiency, bleeding diathesis and 

neuropthy [62]. Since the mutation in beige mice results in a complex phenotype and not just 

defects related to NK cell cytolytic function, therefore it is not a suitable model to determine the 

role of NK cells in atherosclerosis. Furthermore, since Lyst gene is involved in lysosomal 

trafficking and the beige mutation does no result in a total defect in lysosomal trafficking of NK 

cells, hence there maybe defects in lysosomal trafficking in other cell types that lead to the 

increase in atherosclerosis. Functional changes in lysosomal trafficking in other cells such as 

lesion macrophages are possible, which could increase the formation of foam cells and augment 

atherosclerosis.    

 

 More recent studies have utilized Ly49 transgenic mice. Whitman et al used the Ly49A 

transgenic mouse over expressing the inhibitory Ly49A receptor under the control of the 

granzyme A promoter [614]. Reconstitution of LDLR-/- mice with Ly49A transgenic bone 

marrow following high fat feeding resulted in a reduction in lesion size compared to control 

LDLR-/- mice given a non-transgenic bone marrow, suggesting a pro-atherogenic role for NK 

cells. However this model is also not totally specific for NK cells as the results maybe influenced 

by other cell types, particularly NKT and CD8+ T cells [630]. CD8+ T cells are known to express 

granzyme A [631] and overexpression of Ly49A attenuates their immune responses [632]. 
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Similarly NKT cells express granzyme A [633]; Ly49A receptors on these cells attenuate their 

activation [634]. Thus it is clear that in these studies the importance of NK cells could be 

overestimated due to simultaneous expression of CD8 and NKT cells. NKT cells are also known 

to augment development of atherosclerosis [300, 303]. 

 To clarify these issues in relation to the importance of NK cells in development of 

atherosclerosis, I investigated the role by depleting NK cells using a NK cell specific depleting 

antibody, anti-asialo GM1 [635]. I definitely demonstrated that NK cells, despite being a very 

minor immune cell type in lesions contribute to development of atherosclerotic lesions in ApoE-/- 

mice fed a high fat diet. 
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3.2 Methods 

 

3.2.1 Mice and treatment 

 
 
ApoE-/- mice (C57BL/6 background) were fed a high fat diet consisting of 21% butter fat and 

0.15% cholesterol from 6 weeks of age for 8 weeks. The mice were treated by intravenous (i.v) 

injection with either anti-asialo GM1 antibodies (54µg/injection) or rabbit serum (NRS) 

(54µg/injection) every 5 days for eight weeks (Refer to Chapter 2: Materials and Methods, page 

95, Table 2.1 for details of reagents used).  

 

3.2.2 Tissue collection  

 
 
At the end of the study, mice were killed by administering an overdose of pentobarbitone and 

body weight was determined. Blood was collected for cholesterol and triglyceride measurements, 

and the aortic sinus was dissected and frozen in OCT for subsequent sectioning and histological 

and immunohistochemical studies. Spleen and blood was also collected for FACS analysis of 

immune cells as described in Chapter 2: Materials and Methods, page 95. All experiments were 

approved by the AMREP Animal Ethics Committee. 
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3.2.3 Lipid analysis 

 

 
At the end of study after 8 weeks of high fat diet, blood was collected by cardiac puncture and 

plasma lipid was measured for cholesterol, triglyceride, HDL, and LDL levels (Refer to Chapter 

2: Materials and Methods; page:96). 

 

3.2.4 Tissue Sectioning 

 
 
The frozen aortic sinus were sectioned at 6 µm in thickness and collected on microscope slides 

for subsequent histological and immunohistochemical studies (Refer to Chapter 2: Materials and 

Methods; pages 96). 

 

3.2.5 Atherosclerotic lesion size analysis 

 
 
Sections of aortic sinus were stained with Oil Red O and examined using light microscopy and 

cross-sectional area of lipid deposition was quantified (Refer to Chapter 2: Materials and 

Methods; page: 97 and 102). 

 

3.2.6 Immunohistochemistry 

 
 
Antibodies against CD68, α smooth muscle actin, CD31, VCAM-1 and CD4 were used for 

immunohistochemical analyses of macrophages, smooth muscle cells, endothelial cells, vascular 

adhesion molecule-1 and CD4+ T cells in frozen sections of the aortic sinus, respectively. CD68- 
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, α smooth muscle cell actin and VCAM-1 positively stained areas were quantified by Optimus 

software. I microscopically counted CD31-stained endothelial cells and CD4-stained T cells 

within the atherosclerotic lesions (Refer Chapter 2: Materials and Methods; pages: 99-102). 

 

3.2.7 Flow cytometry analysis 

 
 
NK cells, monocytes and lymphocyte populations in peripheral blood and spleen were analysed 

using flurochrome-conjugated Abs on a BD FACS calibur. For NK cells, PE-conjugated NK1.1 

and allophycocyanin-conjugated TCR-β Abs were used. For non-NK lymphocytes and monocyte 

populations, FITC-conjugated CD4, PerCP-conjugated CD8, PE-conjugated NK1.1, 

allophycocyanin-conjugated TCR-β, PE -conjugated CD22  and PerCP-conjugated CD11b 

(Refer Chapter 2: Materials and Methods; page 102). 

 

 

3.2.8 Statistical analyses 

 
 
Statistical analyses were performed using Student’s t-test, and analysed using the software 

GraphPad Prism v5.02. P-value <0.05 were considered statistically significant. 
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3.3 Results 

 

3.3.1 Specificity of NK cell depletion by anti-asialo GM1 antibodies in ApoE-/- mice. 

 

To determine the effectiveness of the anti-asialo GM1 antibody treatment, I examined its effects 

on NK cells in peripheral blood. Five days after a dose of anti-asialo GM1 antibody, NK cells in 

blood were reduced by more than 90% (P < 0.05; Figure 3.1, panel A). To determine the 

specificity of anti-asialo GM1 antibody, I also examined its effects on NK cells, other 

lymphocytes and monocyte population in spleen five days after administration of anti-asialo 

GM1 or NRS. NK cells in the spleen were also reduced by almost 90%, 5 days after a dose of 

anti-asialo GM1 (P < 0.05; Figure 3.2 A). Other lymphocyte and monocyte populations, namely 

CD4+ and CD8+ T-cells, CD22+ B-cells, NKT cells as well as CD11b+ monocytes were 

unaffected in the spleen (P > 0.05; Figure 3.2 A). Similarly, NK cells were still reduced by about 

90% in the blood at the end of the study, after 8 weeks on HFD (P<0.05; Figure 3.1, panel B). At 

the end of the study, spleen NK cells were reduced by about 50% (P<0.05; Figure 3.2 B and 

other lymphocyte and monocyte populations were unaffected (P>0.05; Figure 3.2 B).  

 

3.3.2 NK depletion attenuates development of atherosclerosis. 

 

To determine the role of NK cells on atherosclerosis lesion development, I initially assessed lipid 

accumulation using Oil Red O stain at the aortic sinus. Analysis of Oil Red O-stained aortic root 

cross sections of atherosclerotic lesions indicated a 70% reduction in lesion size in the anti-asialo 

treated mice which was independent of plasma cholesterol (P < 0.05; Figure 3.3).  
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Figure 3.1:FACS analysis density plots of ApoE-/- mice treated with anti-asialo GM1 or NRS. 

Panel (A) below represent FACS analysis of peripheral blood collected 5 days after the 

administration NRS or anti-asialo GM1. Panel (B) below represents FACS analysis of blood at 

the end of the study, after 8 weeks of HFD in mice treated with NRS and anti-asialo GM1. Bar 

graph shows the means ± SEM from 4 mice from each group, *P < 0.05 from NRS. Cells were 

stained for NK1.1 and TCR-β surface markers, NK1.1 positive and TCR-β negative population 

depicts NK cell population (regions on A and B marked as NK cells).  
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Figure 3.2: Absolute numbers of NK cells and other lymphocytes and monocyte population in 

the spleen of ApoE-/- mice treated with anti-asialo GM1 or NRS. (A) Bar graph shows the 

means ± SEM of total number of NK, NKT, CD4+,CD8+,B (CD22+) cells and monocytes 

(CD11b+) from spleen of 4 mice from each group collected 5 days after administration of NRS 

or anti-asialo GM1, *P < 0.05 from NRS. (B) Bar graph shows the means ± SEM of total number 

of NK, NKT, CD4+,CD8+,B (CD22+) cells and monocytes (CD11b+) from spleen of 4 mice from 

each group collected at the end of the study, *P < 0.05 from NRS.   

 

 

 

A 

B 

* 

* 



 131

    
 

 

 

     NRS anti-asialo GM1
0

10000
20000
30000
40000
50000
60000
70000
80000
90000

*

A
re

a 
St

ai
ne

d 
(u

m
2 )

 

  

Figure 3.3: Lipid accumulation in atherosclerotic lesion in ApoE-/- mice treated with anti-

asialo GM-1. Oil Red O stained lipid accumulation in the aortic sinus from mice treated with 

either (A) NRS or (B) anti-asialo GM1. (C) Bar graph represented mean ± SEM of area stained 

from 8 to 9 mice in a group; *P<0.05. Scale represents 100µm. 
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3.3.3 NK cell depletion and macrophage accumulation in atherosclerotic lesions. 

 

Activated NK cells are known to secrete chemokines including chemokine that attract 

monocytes. This includes CCL3 (macrophage inflammatory protein-1α), CCL4 (macrophage 

inflammatory protein-1β), and CCL5 (RANTES) [203]. Also, these chemokines have been 

shown to attract macrophages expressing CCR5 receptors in HIV-1 infections [636]. To 

determine whether the depletion of NK cell affects the recruitment of macrophages to 

atherosclerotic lesions, I examined the macrophage accumulation at the aortic sinus. The 

depletion of NK cells, reduced macrophage accumulation at the aortic root by 60% in mice 

treated with anti-asialo GM1 antibodies compared to NRS treated mice, (P < 0.05; Figure 3.4).  

 

3.3.4 NK cell and smooth muscle cells and endothelial cells in atherosclerotic lesions. 

 
NK cell derived pro-inflammatory cytokines such as IFN-γ and TNF-α are known to influence 

SMC proliferation and migration [637, 638]. IFN-γ has been shown to stimulate SMC 

proliferation [637], whilst TNF-α promotes vascular SMCs migration and mitogenesis [638]. 

Thus I examined whether NK cell depletion affected the accumulation of SMCs within 

developing atherosclerotic lesions. Alpha-smooth muscle cells were apparent in lesions within 

the fibrous cap of both control and the treatment groups.  There was no difference in the SMC 

population between NRS and anti-asialo GM1 treated mice (P > 0.05; Figure 3.5).  

 

Endothelial cells (ECs) proliferation and migration enhances angiogenesis of arterial vessels to 

preserve cardiac functions following infarction [605]. NK cell derived IFN-γ and TNF-α can also 

influence the proliferation and migration of ECs. IFN-γ have been shown to inhibit ECs 

proliferation and migration and induces a change in endothelial cell morphology [639]. In 
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contrast TNF-α activates endothelial cell and enhance their proliferation and migration [640]. 

Therefore, I counted the intra lesional CD31, positive endothelial cells to determine the effects of 

NK cell depletion on luminal microvessels. Anti-asialo GM1 treatment tended to reduce CD31 

positive cells in the lesions but the difference did not reach statistical significance (P>0.05). The 

number of CD31 cells per unit area of lesion was similar in both treatment groups, suggesting 

that the apparent reduction in CD31 positive cells reflected a smaller lesion in the anti-asialo 

GM1 treated group (Figure 3.6). These CD31 cells were apparent in the fibrous cap and 

occasionally within the lesion. 
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Figure 3.4: Macrophage accumulation in atherosclerotic lesions in mice treated with anti-

asialo GM1. CD68 positive staining (brown stain) in the aortic sinus from mice treated with 

either (A) NRS or (B) anti-asialo GM1. (C) Bar graph represented mean ± SEM of area stained 

from 8 to 9 mice in a group; *P<0.05. Scale represents 100 µm. 
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Figure 3.5: Percentage of SMC in atherosclerotic lesions in mice treated with anti-asialo 

GM1. Smooth muscle cell staining (dark brown stain as indicated by arrows) was observed in 

atherosclerotic lesions at the aortic sinus valves of both (A) NRS and (B) anti-asialo GM1 treated 

mice. (C) Bar graph represent mean ± SEM of percentage of SMC in atherosclerotic lesions from 

8-9 mice in each group; P>0.05. Scale represents 40 µm.  
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Figure 3.6: CD31 endothelial cell staining in atherosclerotic lesions of ApoE-/- mice treated 

with anti-asialo GM1. CD31 positive staining (see arrows, brown) is observed in the lesions of 

cross sections of aortic sinus from both (A) NRS and (B) anti-asialo treated mouse. (C) Bar 

graph represent mean ± SEM, number of CD31 positive cells in atherosclerotic lesions from 8-9 

mice in each group; P>0.05. Scale represents 40 µm. 

C 
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3.3.5 NK cell depletion and VCAM-1 expression. 

 

NK cells secreted TNF-α and IFN-γ may activate endothelial cells that leads to increased in 

surface expression of cell adhesion molecules especially vascular cell adhesion molecule -1 

(VCAM-1). VCAM-1 facilitates the recruitment of inflammatory cells to arterial wall and their 

transmigration [641]. VCAM-1 is expressed not only by ECs but also by macrophages, fibroblast 

and SMC in the arterial wall [642, 643]. Thus I examined the effects of NK depletion on VCAM-

1 expression in atherosclerotic lesion.VCAM-1 within lesions was unaffected, VCAM-1 was 

mainly expressed in endothelial cells and occasionally within the lesions in both NRS and anti-

asialo GM1 treated groups  (Figure 3.7, P > 0.05).  

 

3.3.6 NK depletion and CD4+ T cell recruitment. 

 

Activated NK cells produce T cell-recruiting chemokines including IL-8, macrophage 

inflammatory protein-1α (MIP-1α), MCP-1 and RANTES [644]. To determine whether NK cells 

promote recruitment of CD4 T cells into the atherosclerotic lesions, I examine the number of 

CD4+ T cells in the lesions. NK depletion did not affect the number of CD4+ T cells recruited 

into the atherosclerotic lesion, the number of CD4+ T cells was similar in both control and 

antibody treated group (Figure 3.8, P>0.05). T cells were located throughout the lesions in both 

studied group. 
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Figure 3.7: VCAM-1 expression in atherosclerotic lesions in ApoE-/- mice treated with anti-

asialo GM1. VCAM-1 was expressed in both (A) NRS and (B) anti-asialo GM1 treated mice. 

(C) Bar graph represent mean ± SEM, of percentage of VCAM-1 in atherosclerotic lesions from 

8-9 mice in each group; P>0.05. Scale represents 40 µm.  
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Figure 3.8: CD4+ T cell staining in atherosclerotic lesions of ApoE-/- mice treated with anti-

asialo GM1. CD4 T cell positive staining (see arrows, brown) is observed in the lesions of cross 

sections of aortic sinus from both (A) NRS and (B) anti-asialo treated mouse. (C) Bar graph 

represent mean ± SEM, number of CD4 positive cells in atherosclerotic lesions from 8-9 mice in 

each group; P>0.05. Scale represents 40 µm. 
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3.3.7 NK cell depletion and plasma cholesterol, triglyceride, HDL and VLDL/LDL 

levels. 

 

Plasma lipoprotein concentration have been shown to affect NK cell activity [645, 646]. The 

increase in VLDL/LDL concentration have been shown to increase NK cell cytotoxicity levels, 

in contrast the increase in HDL concentration decrease NK cell cytotoxicity [647]. Therefore, I 

examined the effects of NK cell depletion on plasma lipoprotein levels of VLDL/LDL and HDL 

together with total cholesterol and triglyceride levels. The NK cell depletion did not affect 

cholesterol, triglyceride, HDL and VLDL/LDL levels, these levels were similar in both NRS and 

anti-asialo GM1 treated group (Table 3.1, P>0.05). Despite significance differences in extent of 

atherosclerosis in ApoE-/- mice treated with anti-asialo GM1, the body weights of mice from 

each group were not affected. 
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Table 3.1: Body weight and plasma cholesterol levels of ApoE-/- treated with NRS or Anti-

asialo GM1 fed a high fat diet for 8 weeks. 

 

Group Weight (g) Total 

Cholesterol 

Triglyceride VLDL/LDL HDL 

NRS 28.3 ± 0.6 

(9) 

16.2 ± 1.9 

 (9) 

2.2 ± 0.2  

(9)  

13.0 ± 1.5 

(9) 

2.1 ±0.4 

 (9) 

Anti-asialo 

GM1 

28.2 ± 0.6 

(8) 

13.7 ± 2.5 

 (8) 

2.7 ± 0.5 

 (8) 

11.0 ± 2.0 

(8) 

1.5 ± 0.4 

(8) 

 
p>0.05 compared to NRS treated mice 
Total cholesterol, triglyceride, VLDL/LDL and HDL measurements in mmol/L. 
Number of mice in each group is indicated in parentheses. 
Data represent the mean ± SEM.  
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3.4 Discussion 

 

 This study has definitely demonstrated that NK cells despite being very minor 

lymphocyte population in developing atherosclerotic lesions profoundly influence development 

of atherosclerosis. Depleting NK cells by more than 90% attenuated lesion size and macrophage 

accumulation. Whilst not specifically examined the reduction in macrophage accumulation could 

be due to the lack of production of NK cell derived chemokines or cytokines in the lesions. 

 

 Treatment of ApoE-/- mice with anti-asialo GM1 depleting antibody every 5 days was 

highly effective in reducing the circulating number of NK cells by about 95% on the 5th day after 

the first injection. At the end of the antibody treatment for 8 weeks whilst on high fat diet, 

significantly reduced spleen NK cells by about 50%, determined by FACS analysis, further 

supporting the ability of anti-asialo GM1 in effectively depleting NK cells in fat fed ApoE-/- 

mice. FACS analysis of other lymphocyte populations namely NKT, CD4+ T, CD8+ T, and B 

cells were all unaffected by the antibody treatment. Since asialo GM1 antigen is also expressed 

by monocytes, it was possible that this population could also be affected by the antibody 

treatment. However the monocyte population was not affected by the antibody treatment regime. 

Anti-asialo GM1 appear to be highly specific for NK cells in contrast to NK1.1 as this latter 

antibody also depletes NKT cells which also express NK1.1 [648]. 

Recently treatment with anti-asialo GM1 antibodies has been also shown to deplete 

basophils [649]. It is unlikely that depletion of basophils contributes to the reduced 

atherosclerosis in ApoE-/- mice treated with anti-asialo GM1 antibodies as these cells do not 

accumulate in atherosclerotic lesions [324]. In hyperlipidemic rabbits they accumulate in the 

aortic adventitia and to a much smaller extent in normal intima and developing fatty streaks. 

 



 143

 My findings that NK cell depletion attenuates atherosclerosis contrast with studies using 

beige mutation mice. In the first study using the beige mutation mice, focused on these mice as a 

model for defective platelet functions. The study demonstrated that NK cells were not involved 

in the development of atherosclerosis [610]. In the second study, in the fat fed beige mutation 

mice harbouring LDLR-/- , NK cells were reported to be anti-atherogenic [629]. However, there 

were concerns regarding the use of beige mouse as a model to determine the role of NK cells in 

atherosclerosis. The mutation in beige mice, involving the Lyst gene resulted in complex 

phenotype that is beyond the defects in NK cell cytolytic activity [650, 651]. Furthermore, the 

beige mutation did not show a complete defect in the lysosomal trafficking; function of the Lyst 

protein, therefore the increase in atherosclerosis observed in the study using LDLR-/- mice could 

be due to changes in lysosomal trafficking in other cell types particularly macrophages that could 

result in an increase in foam cell formation hence increased in atherosclerosis [652, 653].   

 Rather my findings are consistent with the study using Ly49A transgenic mice. In both 

instances, lesions were reduced by 70%. Whilst it is possible that in the Ly49A transgenic mice, 

NKT cells might have also been affected, this is not reflected in lesion size. One possible 

explanation is that NKT cells could activate NK cells. For example, the sequential activation of 

NK cells by NKT cells promoted an anti-tumor response, however the inhibition of both NK and 

NKT cells promoted tumor growth [654]. This simultaneous inhibition of NKT and NK cells 

does not produce any additive effects.  

 

 Previous studies have not examined whether NK cell modulate the characteristics of 

developing lesions. Therefore, I investigated the effects of depleting NK cells on cell 

composition of the lesion, and the expression of adhesion molecules. The depletion of NK cells 

reduced macrophage accumulation at the aortic sinus by about 60% compared to control. The 

decrease in macrophages recruited into the lesion in NK cell depleted mice may be due to two 
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reasons, (1) NK cell maybe expressing chemokines such as CCL5 and CCL4 that attracts 

macrophages expressing their chemokine receptor CCR5, and (2) since activated NK cells are 

potent IFN-γ secretors and NK cell derived IFN-γ maybe involved in macrophage differentiation 

or activation in atherosclerosis. However, further investigation is required to examine the role of 

NK cell derived chemokines and cytokines in atherosclerosis. 

 I also examined the smooth muscle cell (SMC) content of the lesions. The depletion of 

NK cells, did not affect the SMC content of the lesions, in both instances atherosclerotic lesions 

were covered by a SMC rich cap. One possible reason why NK cells do not modulate SMC of 

ECs despite being significant produces of IFN-γ and TNF-α, is their relative small numbers in 

lesions. It is likely that IFN-γ and TNF-α from other immune cells in developing lesions are the 

major producers of these cytokines. IFN-γ is produced by T cells [655] and TNF-α is produced 

by activated macrophages [656].  

 

 Since the number of NK cells in atherosclerotic lesion is relatively small, the detection of 

NK cells using immunohistochemical studies has been difficult. Study by Whitman et al using 

the transgenic Ly49A mice, detected NK cells using asialo GM 1 antibody, and the study 

revealed small numbers of positively stained cells in the lesions [614]. I have also attempted to 

identify NK cells in atherosclerotic lesions of ApoE-/- mice using various antibodies such as 

NKp46 and also asialo GM1. However the immunohistochemistry staining resulted in non-

specific binding of antibodies that prevented the detection of NK cells.  

 

 Activated NK cells have been shown to promote TNF-α–stimulated endothelial cell 

proliferation and enhanced angiogenesis to preserve cardiac function following infarction [605]. 

Furthermore, uterine NK cells have been shown to produce angiogenic growth factors including 

vascular endothelial growth factors (VEGF) and TGF-β1 which have been shown to facilitate 
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angiogenesis in arterial vessels [657, 658]. However, in my study NK depletion did not affect 

angiogenesis as the lesional endothelial cell expression was similar in both studied group. It is 

possible that NK cells might affect vascularisation of more advanced lesions [659] but this 

clearly require further investigations. 

 

 In summary, NK cells are pro-atherogenic and appear to regulate macrophage 

accumulation in lesions. It’s possible that NK cell derived chemokines contribute to their pro-

atherogenic effects but other mechanisms are equally possible, for example their cytolytic 

effects.  
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4 Poly IC induced NK cell activation promotes the development of 
atherosclerosis. 

 

 

4.1 Introduction 

 

 Atherosclerosis is a chronic inflammatory disorder of the vessel wall and both innate and 

adaptive immune responses have been shown to influence the disease progression [3]. The innate 

signals within the lesion including microbial and viral products and endogenous danger signals 

during tissue injury promotes the development of atherosclerosis through inflammatory 

processes [660-662]. Activation of the innate immune system is important for inducing an 

inflammatory response by triggering pattern recognition receptors [537] . NK cells play a major 

role as effector cells of the innate immune system in anti-microbial activity. NK cells can be 

activated through various receptors depending on the ligands presented by target cells.   

 

 NK cells can be activated by viral dsRNA which can be mimicked by poly IC [541]. 

More recently endogenous mRNAs including RNA released from necrotic cells have been 

implicated in atherosclerosis [663]. RNA including poly IC can interact with TLR3 and MDA5 

to activate NK cells. TLR3 is expressed by NK cells as well as other cells in atherosclerotic 

lesions and it has been shown to protect against atherosclerosis [547]. MDA-5 is also expressed 

by NK cells. MDA-5 is a cytosol sensor which detects poly IC that penetrates into cytosol 

through a yet to be defined mechanisms [537]. Both MDA-5 and TLR3 initiate downstream 

signalling pathway that lead to activation of a similar array of transcription factors that mediate 

expression of proinflammatory cytokines and molecules involved in antigen presentation [541, 

664]. 
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 Given that atherosclerosis is characterized by a pro-inflammatory milieu, and associated 

with virus RNA infections, and degraded host RNA accumulate within atherosclerotic plaque, 

and activated NK cells respond to viral dsRNA and a potent producer of IFN-γ that are pro-

atherogenic, I investigated the role of poly IC activated NK cells on the development of 

atherosclerosis. 

 

 The aim of this study was to determine whether activation by poly IC augments 

development of atherosclerosis and to determine whether the activation of NK cells with poly IC 

is the major cell type that is responsible for the increase in atherosclerosis.  
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4.2 Methods 

 

4.2.1 Mice and treatment 

 
 
Six week old ApoE-/- mice were administered (5ug/g body weight) poly IC through intra-

peritoneal injections 3 times per week. Control mice were treated with sterile 0.9% saline. Mice 

were treated with poly IC for 8 weeks while on high fat diet (HFD).  

To determine whether poly IC activation of NK cell are not dependent on T and B cells, six week 

old ApoE-/- Rag2-/- (C57BL/6 background) mice were administered with poly IC for 8 weeks 

while on HFD.  

To determine whether the activation by poly IC was NK cell specific, five week old ApoE-/- mice 

were treated with 54ug of protein G column, purified anti-asialo GM1 every 5 days till the end of 

the study together with poly IC starting at 6 weeks of age and high fat diet feed for 8 weeks 

(Refer to Chapter 2: Materials and Methods, page 95 and 106 for details of reagents used).  

 

4.2.2 Tissue collection 

 

At the end of all experimentations mice were killed with an overdose of sodium pentobarbitone, 

aortic sinus was dissected and frozen in OCT for subsequent sectioning and histological and 

immunohistochemical analyses. All experiments are approved by the AMREP Animal Ethics 

Committee (Refer to Chapter 2: Materials and Methods; pages 95-96). 
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4.2.3 Tissue Sectioning 

 
 
The frozen aortic sinus were sectioned at 6 µm in thickness and collected on microscope slides 

for subsequent histological and immunohistochemical studies (Refer to Chapter 2: Materials and 

Methods; page 96). 

 

4.2.4 Flow cytometry analysis 

 
 
To determine NK cell activation , NK1.1+ TCR- NK cells were gated using PerCP-conjugated 

NK1.1 and allophycocyanin-conjugated TCR-β and analysed using PE-conjugated CD69 (Refer 

to Chapter 2:Materials and Method page 102)    

 

4.2.5 Atherosclerotic lesion size analysis 

 
 
Sections of aortic sinus were stained with Oil Red O and examined using light microscopy and 

cross-sectional area of lipid deposition was quantified (Refer Chapter2: Materials and Methods; 

pages: 97 and 102). 

 

4.2.6 Immunohistochemistry 

 
 
Antibodies against CD68 and α smooth muscle actin were used in immunohistochemical 

analyses of macrophages, and smooth muscle cells in frozen sections of the aortic sinus, 
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respectively. CD68- and α smooth muscle cell actin positively stained areas were quantified by 

Optimus software. (Refer Chapter2: Materials and Methods; pages 99-102). 

 

4.2.7 NK cell culture with Poly IC  

 
 
NK cells were isolated from spleen of ApoE-/- mice after two i.p doses of (5µg/g) Poly IC [542] 

or saline after magnetic separation using Automacs. Isolated NK cells were cultured with sterile 

0.9% saline for 24 hours (Refer to Chapter 2: Materials and Methods, pages 110-111 for NK cell 

culture method).  

 

4.2.8 Cytokine assay 

 
 
To determine the cytokines secreted by NK cells when stimulated with Poly IC, supernatant from 

the culture of NK cells with saline were analysed using Bio-Plex cytokine assay (Bio Rad). This 

cytokine assay detects an array of cytokines including GM-CSF, IFN-γ, IL-2, IL-12, IL-10 and 

TNF-α. (Refer to Chapter 2: Materials and Methods page 107).  

 

4.2.9 Statistical analyses 

 

Statistical analyses were performed using Student’s t-test, or one way ANOVA using the 

software GraphPad Prism v5.02. P-value <0.05 were considered statistically significant. 
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4.3 Results 

 

4.3.1 Poly IC activates NK cells in vivo  

 

Poly IC is a well known NK cell activator to induce NK cell IFN-γ production to enhance Th1 

polarization [542]. The activation status of NK and T cells was determined in ApoE-/- mice by 

the expression lymphocyte activation marker CD69 on NK and T cells. FACS analysis 

confirmed that the expression of CD69 on NK cells (NK1.1+, TCR-β-) and T cells (TCR-β+) was 

upregulated in ApoE-/- mice 24 hours after Poly IC treatment (Figure 4.1). 

 

 

4.3.2 Poly IC augments atherosclerosis  

 

 Since TLR3 activation exert a pro-inflammatory response and vascular and immune cells 

involved in atherosclerosis express TLR3 [665, 666], I initially examined the effects of 

activation of TLR3/MDA-5 by Poly IC on atherosclerosis. Lipid accumulation using Oil Red O 

stain at the aortic sinus was initially examined to assess the lesion size. Analysis of Oil Red O-

stained aortic sinus cross sections of atherosclerotic lesions indicated a 40% increase in lesion 

size in the Poly IC treated mice (*P < 0.05; Figure 4.2).  
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Figure 4.1: CD69 expression on spleen NK and T cells. (A) FACS dot plot represent NK cells 

gated as NK1.1+, TCR-β- cells and T cell as TCR+ cells. Histogram represented the increased 

expression of CD69 positive (B) NK cells (blue line) and (C) T cells (in dotted red line) 24 hours 

after Poly IC treatment. 
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Figure 4.2: Lipid accumulation in atherosclerotic lesion in ApoE-/- mice treated with Poly IC. 

Oil Red O was used to stain lipid accumulation in the aortic root from mice treated with either 

(A) saline or (B) Poly IC. (C) Bar graph represented mean ± SEM of area stained from 13 to 15 

mice in a group; *P<0.05. Scale represents 100 µm. 
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4.3.3 Poly IC and lesion cell composition 

 

Activated NK cells have been shown to express chemokines CCL3 (macrophage inflammatory 

protein-1α), CCL4 (macrophage inflammatory protein-1β), and CCL5 (RANTES). These 

chemokines have monocyte chemotactic ability which increases the infiltration of macrophages 

to sites of inflammation and macrophages express the natural receptors CCR5 for these 

chemokines [667, 668]. Therefore I examined the effects of Poly IC activation on macrophage 

accumulation at the aortic sinus.  Macrophage accumulation was increases by about 40% in Poly 

IC treated mice compared to control (P<0.05, Figure 4.3 A).  

 

NK cell activation with Poly IC enhances the IFN-γ and TNF-α production and cytotoxicity of 

NK cells [526, 534]. As previously discussed IFN-γ and TNF-α are known to stimulate SMC 

migration and proliferation [637, 638]. In contrast, the increase in NK cell cytotoxicity may also 

promote the apoptosis of SMC which lead to unstable atherosclerotic lesion development. Thus, 

I examined the SMC content of the lesion, the number of alpha-smooth muscle positive cells in 

the lesion was unaffected by Poly IC treatment (P>0.05, Figure 4.3 B). 
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Figure 4.3: Characteristics of atherosclerotic lesions from ApoE-/- mice treated with Poly IC or 

saline. (A) Photomicrograph together with mean data demonstrating macrophage accumulation 

(CD-68 positive cells, brown stain) in the aortic sinus of saline and Poly IC treated mice. Scale 

bar represents 100 µm. (B) Photomicrograph together with mean data demonstrating smooth 

muscle cell content (alpha SM actin positive cells, dark brown stain shown with arrows) in aortic 

sinus, measured as alpha smooth muscle immunostaining (% area). Scale bar represents 250 µm. 

Bar graph shows means ± of at least 13 mice from each group. *P < 0.05 from saline treated 

mice. 
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4.3.4 Affects of Poly IC on atherosclerosis are not dependent on T and B cells. 

 

Since T cells most probably CD8 T cells were activated by Poly IC [669], and T cells have been 

implicated in atherosclerosis. Therefore to determine whether the effects of NK cell activation is 

not dependent on T cell responses, I examined atherosclerotic lesions in ApoE-/- Rag2-/- treated 

with Poly IC. The lesion size and lipid accumulation at the aortic sinus of  ApoE-/- Rag2-/- treated 

with Poly IC was increased by about 50% compared to ApoE-/- Rag2-/- mice treated with saline 

(Figure 4.4 A, P<0.05).  

Macrophage accumulation was also increased by about 65% in Poly IC treated ApoE-/- Rag2-/- 

mice (Figure 4.4 B, P<0.05). 

 

4.3.5 Effects of Poly IC on lesion cell composition in ApoE-/- Rag2-/- mice 

 

To determine if poly IC treatment affected lesion composition and inflammatory mediators in 

ApoE-/- Rag2-/- mice, I examined the effects of Poly IC treatment on SMC content and VCAM-1 

expression. SMC content of the lesion in the absence of T cells in ApoE-/-Rag2-/- mice was 

unaffected (Figure 4.5 A).  

VCAM-1 has been shown to be important in atherosclerosis. VCAM-1 facilitates monocyte and 

T cells infiltration into the lesion [670]. The expression of VCAM-1 was unaffected by NK cell 

activation by Poly IC in T cell deficient mice ApoE-/- Rag2-/- (Figure 4.5 B). 
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Figure 4.4: Characteristics of atherosclerotic lesions from ApoE-/- Rag2-/- mice treated with 

Poly IC. (A) Photomicrograph together with mean data demonstrating lipid accumulation (Oil-

Red O stain, red stain) in the aortic root of Poly IC and saline treated mice. (B) Photomicrograph 

together with mean data demonstrating macrophage accumulation (CD-68 positive cells, brown 

stain) in the aortic root of  Poly IC and saline treated mice. Bar graph shows SEM ± of at least 5 

mice from each group. *P < 0.05 from Poly IC treated mice. Scale bar represents 100 µm. 
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Figure 4.5: Smooth muscle cell and VCAM-1 content of ApoE-/- Rag2-/- lesions. (A) Bar graph 

represented mean data demonstrating smooth muscle cell content (alpha SM actin positive cells, 

brown stain)  and (B) VCAM-1 expression in atherosclerotic lesion at the aortic root, measured 

as alpha smooth muscle cell and VCAM-1 positive staining (% area). Bar graph shows SEM ± of 

at least 5 mice from each group, P > 0.05.  
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4.3.6 NK cell depletion attenuates the effect of Poly IC on lesion size 

 

TLR3 is expressed on macrophages and dendritic cells and these cells have been implicated in 

atherosclerosis. Therefore, to evaluate whether the effects of Poly IC on atherosclerosis is NK 

cell specific, I assessed the lesion size of ApoE-/- mice treated with Poly IC and anti-asialo GM1. 

The lesion size assessed by the accumulation of lipid in the aortic root using Oil red O stain was 

reduced by 40% in the Poly IC and anti-asialo GM-1 treated ApoE-/- mice compared to Poly IC 

and NRS treated mice (*P<0.05, Figure 4.6 A). The macrophage accumulation at the aortic root 

was also reduced by about 40% (*P<0.05, Figure 4.6 B). To confirm whether the decrease in 

lesion size is mediated by NK cells, lesion size from anti-asialo GM1 treated mice were 

compared with anti-asialo GM1 + Poly IC mice and only Poly IC treated mice. The reduction in 

lesion size in Poly IC + anti-asialo GM1 treated group was similar to mice treated with only anti-

asialo GM1 treated mice compared to ApoE-/- mice treated with Poly IC (Figure 4.6 C).  
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Figure 4.6: Characteristics of atherosclerotic lesions from ApoE-/- mice treated with Poly IC 

and anti-asialo GM1. (A) Photomicrograph together with mean data demonstrating lipid 

accumulation (Oil-Red O stain, red stain) in the aortic root of Poly IC and NRS; and Poly IC and 

anti-asialo GM1 treated mice. (B) Photomicrograph together with mean data demonstrating 

macrophage accumulation (CD-68 positive cells, brown stain) in the aortic root of Poly IC and 

NRS; and Poly IC and anti-asialo GM1 treated mice. (C) Bar graph represented mean data 

comparing lesion size of anti-asialo GM1, Poly IC and anti-asialo GM1 and Poly IC treated mice 

at the aortic root. Bar graph shows SEM ± of at least 13 mice from each group. *P < 0.05 from 

Poly IC and NRS treated mice. Scale represents 100 µm.   
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4.3.7 Poly IC induced secretion of GM-CSF and IFN-γ but not TNF-α by NK cells 

 
 
The activation of NK cells enhances NK cell derived cytokine including IFN-γ, TNF-α, and 

GM-CSF. To determine the cytokines released by NK cells in vivo when activated by Poly IC, 

NK cells from the spleen of mice treated with Poly IC or saline were isolated and further 

cultured with saline for 24 hours and supernatant from culture was used to perform a cytokine 

assay, assay detected a 78% increase in GM-CSF, 95% increase in IFN-γ, and no difference in 

TNF-α cytokines (Table 4.1). 
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Table 4.1: Cytokines produced by NK cells stimulated with Poly IC. Table shows the 

increase in NK cell derived cytokines IFN-γ, TNF-α and GM-CSF from supernatant collected 

following incubation of NK cells (isolated from Poly IC treated mice) with saline.  

 

Cytokines (pg/ml)  

Treatment IFN-γ TNF-α GM-CSF 

Saline 3.575 1.57 2726.225 

Poly IC 75.255 1.57 12600.530 
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4.4 Discussion 

 

 My findings have demonstrated that synthetic analog dsRNA Poly IC augments the 

development of atherosclerosis and the increase in atherosclerosis lesion size was mediated by 

Poly IC activation of NK cells and not activation of T and B cells. These results support earlier 

study that concluded NK cells were pro-atherogenic where the depletion of NK cells ameliorated 

atherosclerosis, in turn the activation of NK cells by Poly IC exacerbated atherosclerosis. 

 

 The treatment of ApoE-/- mice with Poly IC augmented atherosclerosis development. 

Previous study has shown that Poly IC or self-RNA induces a robust inflammatory response in 

human coronary arteries by eliciting cytokines and chemokines production by intrinsic vascular 

cells and stimulating VSMCs. This inflammatory responses were potentiated by IFN-γ that 

upregulated dsRNA receptor expression [666]. However this study did not investigate the 

mechanism by which Poly IC promotes the inflammatory response, for example which immune 

cells that is activated by Poly IC to produce a pro-inflammatory environment and the effects of 

Poly IC treatment on atherosclerosis. Rather it suggests that Poly IC treatment induces a pro-

inflammatory environment of the vessel which favors the development of atherosclerotic lesions.  

 

 Poly IC is a well known activator of NK cells, inducing NK cells to produce 

inflammatory cytokine IFN-γ, increases NK cell cytotoxicity and increases chemokines CCL3, 

CCL4, and CCL5 expression on NK cells [534, 542, 671, 672]. I examined the activation status 

of NK cells after stimulation with Poly IC in ApoE-/- mice, CD69 activation marker on spleen 

NK cells was upregulated. CD69 is a differentiation antigen expressed shortly after lymphocyte 

activation [673]. CD69 itself promotes NK cell mediated cytolytic activity, enhance NK cell 

proliferation and induce TNF-α secretion by NK cells [674, 675]. The upregulation of NK cell 
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activation marker indicates that NK cells in ApoE-/- mice are activated by Poly IC and suggest 

the involvement of NK cells in the increase in lesion size. However, CD69 expression on T cells 

was also upregulated, indicating T cell have been activated. The T cell most probably activated is 

CD8+ T cells rather than CD4+ T cells as Poly IC treatment have been shown to upregulated 

CD69 expression on CD8+ T cells [669]. Since poly IC is able to activate CD8+ T cells and CD8+ 

T cells have been implicated in atherosclerosis [295, 297], I also treated ApoE-/- Rag2-/- with 

Poly IC, these mice are deficient in both T and B cells but NK cells are normal to determine 

whether the effects of Poly IC on atherosclerosis is dependent on T cells. Poly IC treatment again 

increased lesion size in these mice, suggesting that Poly IC might be activating NK cell to 

promote atherosclerosis and T cell may be activated secondary to NK cell activation as the CD69 

expression on T cells were upregulated after Poly IC treatment in ApoE-/- mice, NK activation 

results in IFN-γ secretion by NK cells that potentially could enhance Th1 cell polarization.  

 To confirm that the increase in lesion size is mediated by NK cell activation, I treated 

ApoE-/- mice with NK depleting antibody anti-asialo GM1 and Poly IC. NK cell depletion 

reduced atherosclerotic lesion in Poly IC treated mice. Additionally when compared data from 

ApoE-/- mice treated with only anti-asialo GM1 and both anti-asialo GM1 + Poly IC treated 

mice, lesion size of both groups were similar, this confirms that Poly IC mediated atherosclerotic 

lesion development is dependent on NK cell activation.  

 To rule out the possibilities of Poly IC activating macrophages independent of NK cells 

to promote atherosclerosis, I also compared data from lesion size of ApoE-/- mice treated with 

only NRS (data from Chapter 3) and ApoE-/- mice treated with anti-asialo GM1 + Poly IC (data 

not shown, as the data for lesion size of ApoE-/- mice treated with NRS was extracted from 

Chapter 3 for comparison purposes). There was a high tendency for lesion size in ApoE-/- mice 

treated with anti-asialo GM1 to be reduced compared to ApoE-/- mice treated with NRS, these 

experiments needs to be carried out concurrently to confirm these results. However, macrophage 
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accumulation at the aortic sinus in ApoE-/- mice treated with anti-asialo GM1 + Poly IC were 

significantly reduced compared to ApoE-/- mice treated with NRS + Poly IC (Figure 4.6B), 

indicating that Poly IC maybe specifically be activating NK cells to promote atherosclerosis and 

macrophages maybe activated secondary to Poly IC NK cell activation, Poly IC NK cell 

activation results in expression of chemokines by NK cells that potentially could attract and 

activate macrophages in atherosclerotic lesions.  

  

 Poly IC treatment also increased the accumulation of macrophages in the developing 

lesion. Poly IC has been shown to activate NK cells, and Poly IC activated NK cells highly 

express chemokines CCL3, CCL4 and CCL5 [672]. These chemokines on NK cells potentially 

form chemotaxis with macrophages that express CCR5 and assist the recruitment of 

macrophages into the atherosclerotic lesions. VCAM-1 facilitates the infiltration of monocytes 

and T cells into the inflammatory sites. The expression of VCAM-1 was unaffected in Poly IC 

treated double knockout mice that lack both T and B cells. This further confirms the recruitment 

of macrophages into atherosclerotic lesions is dependent on NK cell chemokines rather than the 

adhesion molecules. Further investigations are required to determine the chemokines expressed 

by NK cells in developing atherosclerotic lesions. 

 Activated NK cells are known to secrete IFN-γ, TNF-α, GM-CSF and IL-10. Cytokine 

assay detected an increase in these cytokines when NK cells were stimulated in vivo with Poly 

IC.  In atherosclerosis, NK cells are most likely be secreting IFN-γ to promote the development 

of atherosclerosis. NK cell derived cytokines IFN-γ may be inducing T helper cell polarization 

and exerts a pro-inflammatory response to promote atherosclerotic lesion development; 

additionally IFN-γ itself may promote atherosclerotic lesion development.  
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 TLR3 is expressed by immune cells such as NK cells, macrophages and dendritic cells. 

Poly IC has been shown to modulate macrophage cholesterol metabolism [676]. This study 

reported that Poly IC inhibits the ability of macrophage to efflux excess cholesterol through 

TLR3 and may regulate the development of atherosclerosis. This study also suggests a pro-

atherogenic role for Poly IC in atherosclerosis. Previously, my study has revealed that 

macrophage recruitment into the lesion might be dependent on chemokines expressed on 

activated NK cells; hence Poly IC might be activating NK cells to recruit macrophages into the 

lesion and subsequently prevents cholesterol homeostasis that leads to atherosclerotic lesion 

development. Human NK cells have been reported to express TLR3, and Poly IC directly 

activates NK cells through TLR3 [534], however this is not the case for mouse NK cells. Mouse 

NK cells are activated indirectly through dendritic cells expressing TLR3 when treated with Poly 

IC. CD8α-DC also expresses TLR3 and Poly IC treatment has been reported to enhance CD8α-

DC maturation which results in pro-inflammatory cytokine secretion such as IL-12 and IL-18 

which then activates NK cells in vivo [542]. Therefore further investigation is needed to 

determine if Poly IC activates NK cells directly or indirectly through dendritic cells.  

 My study contrast with a recent study that has reported a protective role for TLR3 in the 

arterial wall [547]. Mice deficient in TLR3 and fed a chow diet, accelerated the onset of 

atherosclerosis. This study also found that Poly IC induced TLR3 expression on VSMCs, 

increased pro-inflammatory cytokines, anti-inflammatory cytokines and anti-apoptotic genes, 

increased expression of VCAM-1 and chemokines MCP-1 and CCL5, and the study stresses that 

the anti-inflammatory and anti-apoptotic production that mediated the TLR3 dependent 

protection against disease. In studies linking inflammation and atherosclerosis, increased 

expression of VCAM-1, chemokines and pro-inflammatory cytokines usually facilitates the 

leukocyte infiltration into the intima and promote the development of atherosclerosis.  However 

this study did not report on the leukocytes infiltration in atherosclerosis, they reported that 
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macrophage accumulation in TLR3-deficient mice at the aortic root tended to be increased but 

not significant. Another explanation for the contradicting results between my study and this 

study is that this study did not look at the effects of Poly IC on atherosclerosis, they only looked 

at the effects of TLR3 perhaps Poly IC could be activating its other sensor MDA-5 to promote 

atherosclerosis. Poly IC activation of MDA-5 have been shown to be involved in controlling 

viral infection [677]. In terms of Poly IC activating NK cells, it has been reported that MDA-5 

was crucial for NK cell activation, whereas TLR3 had only a minor impact on NK cell activation 

[541]. Therefore, whether the activation of NK cell is mediated via MDA-5 in atherosclerosis 

needs further investigation. 

 

 These finding further supports the pro-atherogenic role of NK cells. NK cell activation by 

MDA-5/TLR3 agonist promotes the development of atherosclerosis and the effects of NK cells 

on atherosclerosis are independent of T cells. 
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5 Mechanisms activating NK cells during development of 
atherosclerosis: Role of NKG2D receptors and NKT cells. 

  
 

5.1 Introduction 

 
 
 Previously I have shown that NK cells contribute to the development of atherosclerosis 

and then activation by Poly IC further augments development of atherosclerosis. Whilst these 

studies clearly demonstrate a pro-atherogenic role for NK cells, the mechanisms responsible for 

their activation during development of atherosclerosis are not known. It is possible that either 

activation of NK cells via NKG2D activating receptors or via NKT cells may contribute to the 

pro-atherogenic effects. 

 

 Reactive oxygen species are known to be elevated during development of atherosclerosis 

and has been associated with DNA damage [678-680]. DNA damage has been reported in 

atherosclerosis [679] and can affect both macrophages and smooth muscle cells to downregulate 

MHC class I molecules [681]. DNA damage upregulates NKG2D ligands which in turn can 

activate NK cell activating receptor NKG2D [489]. NKG2D ligands upregulated include Rae-1, 

MICA and MICB [682, 683]. It is possible that upregulation of such ligands can contribute to 

NK cell activation during development of atherosclerosis. 

 

 It is also possible that NKT cells contribute to NK cell activation. Pharmacological 

stimulation of NKT cells with α-Galactosylceramide (α-GalCer), a glycolipid, that binds to 

CD1d molecules on antigen-presenting cells, have been reported to rapid downstream activation 

of NK cells to secrete IFN-γ, express CD69 , become more cytotoxic and proliferate. This is 
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partly dependent on IFN-γ production by NKT cells to activate NK cells [188]. This mechanism 

have also been shown to be involved in anti-tumor responses that are dependent on the 

production of IFN-γ by NKT cells and NK cells [684]. NKT cells have also been implicated in 

augmenting the development of atherosclerosis. α-GalCer activates invariant NKT cells and 

promotes atherosclerosis by producing pro-inflammatory cytokines IFN-γ and IL-2 [300, 303]. 

However, whether the mechanism of activation of NK cells by NKT cells is operative in 

atherosclerosis is currently unknown. 

 

 In the present study I investigated these two possibilities, specifically whether NKG2D 

receptor activation in ApoE-/- mice contributes to the development of atherosclerotic lesions by 

neutralizing NKG2D receptors and whether NKT cells were essential for the pro-atherogenic 

effects of NK cells by depleting NK cells in NKT cell deficient ApoE-/- Jalpha18-/- mice.   
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5.2 Methods  

 

5.2.1 Animals and Treatment  

 
 
Animals ApoE-/- and NKT cell deficient ApoE-/-Jalpha18-/- mice aged between 6-8 weeks old 

were used in these studies. Both these strains were fed a high fat diet as described in Chapter 2: 

Materials and Methods, for 8 weeks while on treatment. 

To determine the significance of NK cell activation by NKG2D receptors for atherosclerosis, 

ApoE-/- mice were treated with hamster anti-mouse NKG2D antibodies (C7 clone) or control 

hamster IgG (250µg i.p.) twice weekly for eight weeks [685]. The dose (250ug ip) and frequency 

(twice weekly) of NKG2D antibodies given to the ApoE-/- mice was identical to the dose 

administered by Smyth et al [685]. This dose of anti-NKG2D antibody enhances the sensitivity 

of mice to methylcholanthrene-induced fibrosarcoma and also completely suppresses NKG2D 

mediated rejection of RMA- S-Rae-1beta tumour cells in mice.   

To determine whether NKT cells are required for the pro-atherogenic effects of NK cells, ApoE-/-

Jalpha18-/- mice were treated with anti-asialo GM-1 antibodies (54ug/injection) or rabbit serum 

(54ug/injection) every 5 days for eight weeks whilst on a high fat diet (Refer to Chapter 2: 

Materials and Methods page 95). Normal rabbit serum (NRS) is a control used in this study for 

rabbit asialo GM1 antibody. The treatment of NRS alone does not affect the development of 

atherosclerosis, therefore the treatment of mice with NRS + anti-asialo GM1 would be expected 

to produce similar results to mice treated with asialo GM1.   
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5.2.2 Tissue collection  

 
 
At the end of the study period, mice were administered an overdose of pentobarbitone and body 

weight was measured. Plasma was collected for cholesterol and triglyceride measurements, 

aortic sinus was dissected and frozen in OCT for subsequent sectioning and histological and 

immunohistochemical (Refer to Chapter 2: Materials and Methods pages 95). All experiments 

were approved by the AMREP Animal Ethics Committee. 

 

5.2.3 Purification of anti-NKG2D antibodies 

 
 
Monoclonal anti-NKG2D antibodies were purified from culture supernatants of C7 hybridoma 

cells using a protein G column [619] (Refer to Chapter 2: Materials and Methods; pages 104-

106). 

 

5.2.4 Bio-activity of anti-NKG2D neutralizing antibody 

 
 
The inhibitory activity of the antibody was tested in an in vitro lysis assay using a standard 4 

hour 51Cr release assay, incubating 51Cr labelled RMA-S-Rae1β (tumor cells) and activated 

spleen derived NK cells isolated from ApoE-/- mice (treated with IL-2 to activate NK cells) in the 

presence and absence of anti-NKG2D antibodies (30µg/ml and 60µg/ml) [686] . The isolation of 

splenic NK cells and cytotoxicity assay is described in Chapter 2: Materials and Methods; pages 

107-109. 
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5.2.5 Plasma cholesterol analysis 

 
 
Plasma samples were sent to Southern Cross Pathology Australia, (Clayton, Australia) for 

measurements of total plasma cholesterol, HDL-cholesterol, VLDL/LDL cholesterol and 

triglyceride levels using Beckman Coulter reagents as described in Chapter 2 Materials and 

Methods, page 96. 

 

5.2.6 Tissue Sectioning 

 
 
The frozen aortic sinus were sectioned at 6 µm in thickness and collected on microscope slides 

for subsequent histological and immunohistochemical studies (Refer to Chapter 2: Materials and 

Methods; page 96). 

 

5.2.7 Atherosclerotic lesion size analysis 

 
 
Sections of aortic sinus were stained with Oil Red O and examined using light microscopy and 

cross-sectional area of lipid deposition was quantified (Refer Chapter2: Materials and Methods; 

pages 97 and 102). 
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5.2.8 Histology 

 
 
Sections of aortic sinus were stained with haematoxylin and eosin for analysis of necrotic core, 

sections were then examined using light microscopy and cross-sectional area of necrotic core 

was quantified (Refer Chapter2: Materials and Methods; pages 98 and 102).  

 

 

 

5.2.9 Immunohistochemistry 

 
 
Abs against CD68, and α smooth muscle actin were used in immunohistochemical analyses of 

macrophages and smooth muscle cells in frozen sections of the aortic sinus, respectively. CD68- 

and α smooth muscle cell actin positively stained areas were quantified by Optimus software 

(Refer Chapter 2: Materials and Methods; pages 99-102). 

 

5.2.10 Rae-1δ, Rae-1ε, MULT-1, and H60 expression 

 
 
For the detection of Rae-1δ, Rae-1ε, MULT-1, and H60 in atherosclerotic lesions, RNA was 

extracted from aortic arches of ApoE-/- mice fed a high fat diet for 8 weeks. Extracted RNA was 

reverse-transcribed and subjected to amplification with specific primers using the Superscript 

one-step RT-PCR method. The products of RT-PCR were electrophoresed in 2% Agarose gels to 

visualize the amplified products and gels were photographed under UV illumination. RNA 

extraction, primer sequences, and Superscript one-step RT-PCR methods are described in detail 

in Chapter 2: Materials and Methods; pages 114-117, 120. 
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5.2.11 Flow cytometry 

 
 
NK cells in peripheral blood of ApoE-/- Jalpha18-/- was analysed using flurochrome-conjugated 

Abs on a BD FACS calibur following treatment with anti-asialo GM1 antibodies. For NK cells, 

PE-conjugated NK1.1 and allophycocyanin-conjugated TCR-β Abs were used (Refer to Chapter 

2: Materials and Method page 102). 

 

5.2.12 Statistical analyses 

 
Statistical analyses were performed using Student’s t-test, and analysed using the software 

GraphPad Prism v5.02. P-value <0.05 were considered statistically significant. 
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5.3 Results 

 

5.3.1 NKG2D receptor activation and Atherosclerosis  

 

5.3.1.1 mRNA encoding NKG2D ligands are expressed by cells in developing 
atherosclerotic lesions 

 

Since DNA damage have been reported in atherosclerosis and NKG2D ligands are upregulated 

during DNA damage [489, 680], I initially investigated whether ligands that activate NKG2D 

receptors are expressed in atherosclerotic lesions. RT-PCR analysis of mRNA isolated from 

atherosclerotic lesions from ApoE-/- mice fed a high fat diet for 8 weeks, indicated high 

expression NKG2D ligands Rae-1δ, Rae-1ε and MULT-60; but not H60 (Figure 5.1). 

 

5.3.1.2 Efficacy of anti-NKG2D antibodies 

 
To determine the efficacy of purified anti-NKG2D antibodies, I performed a standard 4 hour 

Chromium-51 assay by co-culturing activated NK cells (isolated from ApoE-/-  mice treated with 

IL-2) with RMA-S-Rae-1β tumor cells together with either anti-NKG2D or hamster IgG; anti-

NKG2D prevented the lysis of RMA-S-Rae-1β tumor cells by NK cells (Figure 5.2). The 

antibody concentration used in the in vitro testing was in par to the amount used in the in vivo 

study in mice. 
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Size in bp                                         528              514               450           500 
  
                                                       Rae-1δ       Rae-1ε          MULT-1      H60 
 

 
 
 
 
 
 
Figure 5.1: NKG2D ligands are present in atherosclerotic lesions of ApoE-/- mice.  

RNA from aortic arches of ApoE-/- mice fed a high fat diet for 8 weeks was subjected 

 to RT-PCR to detect RAE-1δ, RAE-1ε, MULT-1 and H60, ligands for NKG2D activating 

 receptor. Expression of RAE-1δ, RAE-1ε and MULT-1 were observed but not H60. 
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Figure 5.2: Efficacy of Anti-NKG2D neutralizing antibody. Cytotoxic activity of NK cells was 

tested against RMA-S-Rae-1β tumor cells in the presence of 30µg/ml and 60µg/ml of anti-

NKG2D mAb or control hamster IgG by 4h 51Cr release assay at several effector : target ratios 

(20:1 and 6.33:1 shown). Anti-NKG2D prevented the lysis of tumor cells by NK cells. 
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5.3.1.3 Anti-NKG2D treatment does not attenuate atherosclerosis 
 

To determine whether the presence of ligands in lesion were functionally significant for NK cell 

activation during development of atherosclerosis, I treated ApoE-/- mice with an anti-NKG2D 

neutralizing antibody. Treatment with the neutralizing antibody did not affect development of 

atherosclerosis suggesting alternate mechanisms of activation of NK cells in atherosclerosis; the 

Oil Red O stained area of developed lesions in mice treated with the NKG2D neutralizing 

antibody was similar to controls (P>0.05, Figure 5.3A).  

Since activated macrophages can express NKG2D ligands Rae-1, and NK cells have been 

reported to interact with these macrophages through its NKG2D receptors [687], I examined the 

effects of anti-NKG2D on the recruitment of macrophages into atherosclerotic lesions. The 

accumulation of CD68 positive macrophages at the aortic sinus were unaffected by the treatment 

and was similar in both control and antibody treated mice (P>0.05, Figure 5.3B).  
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Figure 5.3: Anti-NKG2D administration does not affect development of atherosclerotic lesions 

in ApoE-/- mice. (A) Photomicrograph together with mean data demonstrating lipid accumulation 

(Oil-Red O stain, red stain) in the aortic root of control Hamster IgG and anti-NKG2D treated 

mice. (B) Photomicrograph together with mean data demonstrating macrophage accumulation 

(CD-68 positive cells, brown stain) in the aortic root of control Hamster IgG and anti-NKG2D 

treated mice. Bar graph shows SEM ± of at least 13 mice from each group. P > 0.05 from Hamster 

IgG mice. Scale represents 100 µm.  
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5.3.1.4 Anti-NKG2D treatment does not affect composition of atherosclerotic lesions 
 

Since the treatment with NKG2D neutralizing antibodies did not affect the development of 

atherosclerotic lesion, I examined the composition of the lesions in ApoE-/- mice treated with 

anti-NKG2D. The alpha smooth muscle content of the lesion was unaffected by anti-NKG2D 

antibodies (P>0.05, Figure 5.4A). 

Since NK cells lyse tumor cells via NKG2D activating receptors and the administration of anti-

NKG2D neutralizing antibody should inhibit this effect, I examined for the appearance of 

necrotic core (accellular, result of apoptosis of cells) in the atherosclerotic lesion in these mice. 

The necrotic core sizes in atherosclerotic lesions were similar in both  anti-NKG2D and hamster 

IgG treated ApoE-/- mice, this suggest that NK cells promote target cell apoptosis in the 

development of atherosclerosis, however this is not dependent on their activation by activating 

receptor NKG2D (P>0.05, Figure 5.4B).  

 

5.3.1.5 Anti-NKG2D treatment does not affect plasma lipids or body weight 
 

Since the increase in plasma lipoprotein increases NK cell effector functions mainly its lytic 

functions [647], the plasma cholesterol, triglyceride, VLDL/LDL and HDL levels were 

examined. At the end of 8 weeks of high fat diet, the administration of NKG2D neutralizing 

antibody into ApoE-/- mice did not affect plasma cholesterol, triglyceride, VLDL/LDL and HDL 

levels. In addition, the body weight of ApoE-/- mice was also unaffected (P > 0.05, Table 5.1). 
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Figure 5.4: Anti-NKG2D administration does not affect atherosclerotic lesion composition in 

ApoE-/- mice. (A) Photomicrograph together with mean data demonstrating smooth muscle cell 

content (alpha SM actin positive cells, dark brown stain shown by arrow) in aortic sinus, 

measured as alpha smooth muscle immunostaining (% area). (B) Photomicrograph together with 

mean data demonstrating percentage of necrotic core per lesion area (stained with H&E stain,       

marked) in atherosclerotic lesion. Bar graph represented SEM ± of at least 7 mice from each 

group. P >0.05 from hamster IgG treated mice. Scale represents 250 µm. 
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Table 5.1: Body weights and plasma cholesterol levels of ApoE-/- mice treated with anti-

NKG2D and fed a high fat diet for 8 weeks. 

 
Group Weight (g) Total 

Cholesterol 

Triglyceride VLDL/LDL HDL 

Hamster IgG 31.0 ± 0.8 (15)  18.7 ± 2.3 (15) 1.5 ± 0.3 (15) 15.6 ± 1.9 (15) 2.4 ± 0.2 (15) 

anti-NKG2D 30.1 ± 0.6 (12) 15.4 ± 1.9 (12) 1.1 ± 0.2 (12) 12.9 ± 1.6 (12) 2.0 ± 0.3 (12) 

 
 
p > 0.05 compared to Hamster IgG 
Total cholesterol, triglyceride, VLDL/LDL and HDL measurements are in mmol/L. 
Number of mice in each group is indicated in parentheses. 
Data represent the mean ± SEM. 
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5.3.2 NK cell activation by NKT cells and Atherosclerosis 

 
 
 

5.3.2.1 Anti-asialo GM1 antibody treatment depletes NK cells in ApoE-/-Jalpha18-/- mice 
 
 
Initially I determined the efficacy of anti-asialo GM1 antibody treatment of NKT cell deficient 

ApoE-/-Jalpha18-/- mice in depleting NK cells. Mice were treated with anti-asialo GM1 or NRS 

and NK cell population in peripheral blood were examined 5 days after the treatment. NK cells 

were reduced by about 90% in the peripheral blood of ApoE-/-Jalpha18-/-, consistent with the data 

obtained from ApoE-/- mice see (see Chapter 3: Results) (Figure 5.5). 

 

5.3.2.2 NK cell depletion in ApoE-/-Jalpha18-/- mice does not attenuate atherosclerosis. 
 

NK cells have also been shown to be activated by NKT cells [188, 635]. To determine whether 

such a mechanism might be operating in atherosclerosis we treated ApoE-/-Jalpha18-/- mice with 

anti-asialo GM1 antibodies. Jalpha18-/- mice do not possess NKT cells but other lymphocyte 

populations-NK cells and T-lymphocyte populations are normal  [615]. ApoE-/-Jalpha18-/- mice 

when fed a high fat diet developed significant atherosclerosis although less than ApoE-/- mice, 

consistent with a significant role for invariant V alpha 14 NKT cells in the development of 

atherosclerosis [688]. Treatment of these mice with anti-asialo GM1, did not affect development 

of atherosclerosis ( P > 0.05, Figure 5.6 A ), with Oil Red O stained area at the aortic root and 

CD68 (macrophage) stained areas similar to that in control mice ( P > 0.05, Figure 5.6 B ). This 

lack of effect of anti-asialo GM1 antibodies in the ApoE-/-Jalpha18-/- mice markedly contrasts 

with the effects of anti-asialo GM1 treatment in ApoE-/- mice (Figure 3.3), consistent with a role 

for NKT cells in activating NK cells during development of atherosclerosis. 
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Figure 5.5: NK depletion in peripheral blood of ApoE-/- Jalpha18-/- mice. Dot plot from FACS 

analysis show NK1.1+ TCR-β- (NK) cells in peripheral blood are depleted in ApoE-/- Jalpha18-/- 

mice 5 days after first dose of (B) anti-asialo GM1 or (A) NRS. (C) Bar graph represent the 

means ± SEM from 3 mice from each group, *P < 0.05 from NRS. Cells were stained for NK1.1 

and TCR-β surface markers, NK1.1 positive and TCR-β negative population depicts NK cell 

population (regions on A and B marked as NK cells).  
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Figure 5.6: Atherosclerotic lesions in ApoE-/- Jalpha18-/- mice treated with anti-asialo GM-1. 

(A) Photomicrograph together with mean data demonstrating lipid accumulation (Oil-Red O 

stain, red stain) in the aortic root of control NRS and anti-asialo GM1 treated mice. (B) 

Photomicrograph together with mean data demonstrating macrophage accumulation (CD-68 

positive cells, brown stain) in the aortic root of control NRS and anti-asialo GM1 treated mice. 

Bar graph represented mean ± SEM of area stained from 10 to 12 mice in a group; P>0.05. Scale 

bar represents 100 µm. 
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5.3.2.3 Body weight and plasma cholesterol unaffected by anti-asialo GM1 in ApoE-/-

Jalpha18-/- mice. 
 

At the end of 8 weeks of high fat diet, the administration of NK depleting antibody into ApoE-/-

Jalpha18-/- mice did not affect plasma cholesterol, triglyceride, VLDL/LDL and HDL levels. In 

addition, the body weight of ApoE-/-Jalpha18 mice was also unaffected (P > 0.05, Table 5.2). 
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Table 5.2: Body weights and plasma cholesterol levels of ApoE-/-Jalpha18-/- mice treated 

with anti- asialo GM1 and fed a high fat diet for 8 weeks. 

 

 
Group Weight (g) Total 

Cholesterol 

Triglyceride VLDL/LDL HDL 

NRS 31.4 ± 0.8 (9)  27.4 ± 1.7 (12) 2.4 ± 0.3 (12) 22.1 ± 1.3 (12) 4.2 ± 0.3 (12) 

Anti-asialo 

GM1 

33.6 ± 0.9 (10) 27.7 ± 1.5 (11) 3.0 ± 0.3 (11) 21.0 ± 1.2 (11) 4.3 ± 0.4 (11) 

 
 
p > 0.05 compared to NRS 
Total cholesterol, triglyceride, VLDL/LDL and HDL measurements are in mmol/L. 
Number of mice in each group is indicated in parentheses. 
Data represent the mean ± SEM. 
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5.4 Discussion 

 

 In the present study, I have shown that the pro-atherogenic effects of NK cells are 

dependent on the presence of NKT cells and activation of NKG2D receptors on NK cells is not 

required for the proatherogenic effect. 

 

 NK cells can be activated by a number of mechanisms including via NKT cells and 

NKG2D activating receptors. NKT cell have been shown to rapidly activate NK cells to secrete 

IFN-γ, become more cytotoxic and proliferate [188]. This mechanism have also been shown to 

be involved in anti-tumor responses that are dependent on the production of IFN-γ by NKT and 

NK cells [566, 684]. NKT cells have also been implicated in augmenting the development of 

atherosclerosis. Therefore, to determine whether such a mechanism is operative in 

atherosclerosis I treated invariant NKT cell deficient ApoE-/- Jalpha18-/- mice with NK cell 

depleting antibody. In the present study ApoE-/- Jalpha18-/- mice were used to asses the 

importance of NKT cells for the proatherogenic effects of NK cells. Since lesions that develop in 

these mice are relatively small compared to ApoE-/- mice, about half the size, it is possible that 

additional mechanisms often than NKT cells might contribute to NK cell activation [689] which 

could not be detected using ApoE-/- Jalpha18-/- mice. Consequently, activated NKT cells using α-

galactosylceramide in ApoE-/- mice which were depleted of NK cells by treating with anti-asialo 

GM1, unfortunately die prematurely and whilst purification of the anti-asialo GM1 reduced the 

incidence of death no relative results were obtained (data not shown). 

 

 In addition to NK cell activation by NKT cells, NK cells can be also activated by other 

mechanisms. NKG2D receptors can activate NK cells to produce cytokines and cytotoxicity 

which could contribute to the proatherogenic effect. Activating ligands for these receptors 
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include Retinoic acid early inducible-1(Rae-1) and murine UL-16-binding protein-like transcript 

1 (MULT-1). Despite the expression of activating ligands in atherosclerotic lesions, NKG2D 

receptor activation was not apparent on NK cells during development of atherosclerosis, 

indicated by the lack of attenuation of atherosclerosis by anti-NKG2D neutralizing antibodies. 

The reason is to why NK cells were not activated in this manner despite the presence of 

activating ligands was not investigated. However, it is likely that inhibitory Ly49 receptors are 

involved. NKG2D receptor-mediated NK cell function is regulated by inhibitory Ly49 receptors 

[690]. Ly49 receptors are highly expressed on NK cells [441] and their MHC class I ligands are 

highly expressed on atherosclerotic lesions [304]. Thus it is possible that these inhibitory 

receptors prevent ligands induced NKG2D receptor activation in atherosclerotic lesions. It is also 

possible that NKG2D ligands are downregulated on atherosclerotic lesions. IFN-γ can down-

regulate NKG2D ligand expression and impair NKG2D-mediated cytolysis of melanoma by NK 

cells [691]. Since IFN-γ is abundant in atherosclerotic lesion [692], it possible that these NKG2D 

ligands are downregulated in atherosclerotic lesions preventing NKG2D-mediated NK cell 

activation. Additionally it is also possible that NKG2D receptor expression on NK cells is 

downregulated by IL-12 [693]. IL-12 have been detected in atherosclerotic lesions and promote 

the development of atherosclerosis [164, 694], hence IL-12 may be involved in reducing the 

NKG2D receptor expression on NK cells thus preventing NKG2D mediated NK cell activity.    

 

 In summary, my findings suggest that pro-atherogenic effects of NK cells are dependent 

on presence of NKT cells. However, NK cells could also be activated independently of NKT 

cells through several other mechanisms including by dendritic cells and cytokines. The role of 

these mechanisms on NK cell pro-atherogenic activity needs to be elucidated.    
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6 Proatherogenic effects of NK cells are dependent on cytotoxicity 
not cytokines. 

 

6.1 Introduction 

 

 Previously I demonstrated that NK cell pro-atherogenic activity was dependent on their 

activation by NKT cells. However, it is not known whether NK cells exert their pro-atherogenic 

effects by secreting cytokines or cytotoxic molecules. Activated NK cells produce and secrete 

cytokines as well as cytotoxins.  

 

 IFN-γ is a major cytokine secreted by NK cells. Whilst the role of NK cells derived IFN-γ 

has yet to be determined, IFN-γ is expressed in human and mouse atherosclerotic lesions. 

Deletion of IFN-γ receptor in ApoE-/- mice attenuates atherosclerosis [158]. IFN-γ stimulates 

expression of VCAM-1 on endothelial cells [695], MHC class II on macrophages and vascular 

smooth muscle cells, and lipoprotein receptors on vascular smooth muscle cells, all potentially 

proatherogenic effects [150, 642, 696]. It also decreases collagen synthesis by SMCs [697] and 

proliferation [698, 699], effects that lead to development of unstable atherosclerotic lesions . 

Deletion of IFN-γ receptor in ApoE-/- mice alters somewhat the plasma cholesterol lipoprotein 

profile [158]. Exogenous IFN-γ increases development of atherosclerotic lesions, simultaneously 

increasing CD4+ T cells and MHC class II- presenting cells whilst slightly reducing plasma 

cholesterol levels [190].  

 

 NK cells could theoretically also augment atherosclerosis by killing cells. Fas ligand 

(FasL)-mediated cytotoxicity is exhibited in NK cells through ligation of their activating 
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receptors (Fas); expressing of Fas ligands accelerates atherosclerotic lesion formation [700]. 

Tumor necrosis factor (TNF)- related apoptosis-inducing ligand (TRAIL) is predominantly 

expressed by immature NK cells and its role in atherosclerosis is unclear, these cells lose 

expression of TRAIL upon maturation [701]. Perforin and granzyme B are also secreted by 

activated NK cells.  Perforin and granzyme B have been detected in atherosclerotic lesions [575, 

702]. It is likely that when these agents are released, they enter target cell by endocytosis, and 

perforin-facilitated entry of granzyme B into the nucleus of the target cells to initiate DNA 

fragmentation and apoptosis [703] of vascular cells in atherosclerotic lesions. However, the 

significance of NK cell mediated cytotoxicity through perforin and granzyme B in 

atherosclerosis have not been elucidated.  

 

 Apoptosis induced by NK cells mediated by cytolytic molecules such as granzyme B and 

perforin can lead to post apoptotic necrosis and enlarged necrotic lesion development as 

phagocytosis of apoptotic cells by macrophages is impaired in atherosclerosis [704]. 

Furthermore necrotic cells can activate the NRLP3 inflammasomes [705] leading to activation of 

proatherogenic cytokines IL-1 β and IL-18 [162, 191]. 

 

 In the present study, I investigated the importance of NK cells derived IFN-γ, perforin 

and granzymeB for the development of atherosclerosis. These studies involved adoptive transfer 

of IL-2 stimulated NK cells from IFN-γ, perforin or granzyme B knockout mice into ApoE-/-

Rag2-/-γc-/- that are deficient in T, B, NKT and NK cells.   
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6.2 Methods 

 

6.2.1 Mice 

 
 
ApoE-/-Rag2-/-γc-/- (C57BL/6 background) mice were used as recipient mice for the studies. 

These mice are deficient in T, B, NKT and NK cells and obtained from Monash Medical Centre, 

details in Chapter 2 Materials and Methods, page 94. IFN-γ-/-, granzyme B (GrzB)-/-, perforin 

(pfp)-/- mice (all on C57Bl/6 background) were used as donor mice for isolation of splenic NK 

cells. C57BL/6 mice (WT) were also used as control donor mice.  

 

6.2.2  Isolation of NK cells and adoptive transfer  

 
 
ApoE-/-Rag2-/-γc-/- mice received splenic NK cells isolated from C57BL/6, IFN-γ-/-, GrzB-/-, pfp-/- 

mice. NK cells were isolated by magnetic separation of non-NK cells using automacs separator. 

This method retains antibody labeled non-NK cells, and enriched, untouched NK cells were 

isolated. To obtain sufficient NK cells for adoptive transfer, isolated NK cells were expanded in 

cell culture using recombinant human Interleukin-2 (rhIL-2) for 5 days. The cultured NK cells 

were purified by BD FACSAria sorter based on staining for PE-conjugated NK1.1+ and APC-

conjugated TCR-β-. Details for the isolation of NK cells are described in Chapter 2 Materials and 

Methods, pages 110-113. In all cases, 3 million NK cells were adoptively transferred into 6-8 

weeks old ApoE-/-Rag2-/-γc-/- mice and the mice were commenced on a high fat diet (HFD) for 8 

weeks. Injections of NK cells were repeated 4 weeks later whilst mice on the HFD. Control mice 

were administered sterile 1X PBS.  
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6.2.3 Tissue collection  

 
 
At the end of the study, mice were administered an overdose of pentobarbitone and body weight 

was measured. Plasma was collected for cholesterol and triglyceride measurements, aortic sinus 

was dissected and frozen in OCT for subsequent sectioning and histological and 

immunohistochemical analyses. Aortic arches were cleaned of fat and snap frozen in liquid 

nitrogen for mRNA extraction. All experiments were approved by the AMREP Animal Ethics 

Committee. All methods are described in detail in Chapter 2: Materials and Methods; page 95. 

 

6.2.4 Analysis of gene expression by real-time PCR 

 
 
Expression of pro-IL-1β and caspase-1 (ICE: IL-1β converting enzyme) in atherosclerotic arches 

was determined by real-time PCR. Primer designing, RNA extraction and real-time PCR 

methods are described in Chapter 2 Materials and Methods, pages 114-120. 

 

6.2.5 Flow cytometry 

 
 
Cells were stained with PE-conjugated NK1.1, and APC-conjugated anti-TCR-β antibodies to 

detect NK cells. Data was acquired using FACSCalibur as described in Chapter 2 Materials and 

Methods, page 102. 

 

 

 



 194

6.2.6 Tissue Sectioning 

 
 
The frozen aortic sinus were sectioned at 6 µm in thickness and collected on microscope slides 

for subsequent histological and immunohistochemical studies (Refer to Chapter 2: Materials and 

Methods; pages 96). 

 

6.2.7 Immunohistochemistry and histology 

 
 
Aortic sinus were stained and analyzed for Oil red O, macrophages and VCAM-1 as described in 

Chapter 2 Materials and Methods, pages 97 to 102. Sections were also assessed for necrotic core 

size, defined as accellular area within atherosclerotic lesions, using H&E stain. 

 

6.2.8 Plasma cholesterol analysis 

 
 
Plasma samples were sent to Southern Cross Pathology Australia, (Clayton, Australia) for 

measurements of total plasma cholesterol, HDL-cholesterol, VLDL/LDL cholesterol and 

triglyceride levels using Beckman Coulter reagents as described in Chapter 2 Materials and 

Methods, page 96. 

 

6.2.9 Statistical analyses 

 
 
Statistical analyses were performed using Student’s t-test, or one way ANOVA using the 

software GraphPad Prism v5.02. P-value <0.05 were considered statistically significant. 
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6.3 Results 

 

6.3.1 Purity of cultured NK cells 

 

Purity of the cells was assessed by FACS.  Negative selection by automacs separator yield purity 

of 26% of NK cells and 5 days after culture the purity had increased to 81% (Figure 6.1A and B). 

Adoptive transfer of these cells indicated that this purity was insufficient for studies on 

atherosclerosis. FACS profiling of liver lymphocytes in ApoE-/-Rag2-/-γc-/- indicated, expansion 

of additional lymphocyte population particularly T cells compared to PBS treated mice (Figure 

6.1C and 6.1D). Thus although this approach has been used to study the anti-tumor function of 

adoptively transferred NK cells in vivo [591], this purity is insufficient for studies on 

atherosclerosis probably because of the long duration of the experiments. Further purification of 

the rhIL-2 cultured NK cell population by BD FACSAria sorting provided the requested purity. 

The sorted cells were 99.9% pure of NK cells (NK1.1+ TCR-β-) and there were no other 

lymphocytes expansion in liver of ApoE-/-Rag2-/-γc-/- after adoptive transfer of these sorted NK 

cells compared to PBS treated control mice (Figure 6.2).  

 

6.3.2 Upregulation of CD69 activation marker on cultured NK cells 

 

Because NKT cells are required to activate NK cells during development of atherosclerosis (see 

Chapter 5) and they are absent in ApoE-/-Rag2-/-γc-/- recipient mice, NK cells were activated 

whilst in cell culture by co-culture with rhIL-2. FACS analysis of the cultured IL-2 stimulated 

NK cells indicated high expression of CD69, an activation marker (Figure 6.3). 
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Figure 6.1: NK cell purity before and after culture, and after adoptive transfer.  

(A) FACS dot plot shows NK cells (NK1.1+-PE conjugated, TCR-β−-APC-conjugated) before 

culture and (B) after culture with rhIL-2. (C) FACS dot plot of T and NK cells in the liver of 

ApoE-/-Rag2-/-γc-/- recipient mice 8 weeks after adoptive transfer of NK cells of 81.5% purity 

showing a large increase in T cells as well as NK cells. (D) FACS dot plot of PBS treated control 

ApoE-/-Rag2-/-γc-/- mice with no NK or T cells. 
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Figure 6.2: NK cell purity before and after NK cell sorting. (A) FACS dot plot shows NK cells 

(NK1.1+ cells conjugated with PE fluorochrome conjugate) culture sample before sorting on the 

BD FACSAria sorting machine. (B) NK cell analysis on the BD FACS calibur after sorting, with 

99.9% purity, NK cells depicted by NK1.1+TCR- cells. (C) FACS dot plot of NK cells in the 

liver of ApoE-/-Rag2-/-γc-/- recipient mice 8 weeks after adoptive transfer of NK cells of 99.9% 

purity showing an increase in NK cells only. (D) FACS dot plot of PBS treated ApoE-/-Rag2-/-γc-

/- mice with no NK cells 
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Figure 6.3: CD69 upregulation on cultured FACS purified NK cells. (A) FACS dot plot shows 

highly pure NK cells after culture and sort. (B) Histograms show the high expression of CD69, a 

marker of NK cell activation on rhIL-2 cultured and sorted NK cells (black histogram) compared 

to unstimulated NK cells (red, dotted histogram). 
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6.3.3 NK cell reconstitution in ApoE-/-Rag2-/-γc-/- mice. 

 

To determine the fate of adoptively transferred NK cells, I analyzed the NK cell population in 

ApoE-/-Rag2-/-γc-/- transferred with NK cells and PBS. Four weeks after the second adoptive 

transfer of 3 million of sorted NK cells, there were approximately 2.6x105 NK cells present in 

the liver of ApoE-/-Rag2-/-γc-/-mice (Figure 6.4). However the total number of NK cells in the 

liver did not reconstitute to normal levels of NK cells in ApoE-/- mice which is about 4.0x105 

cells in the liver. 
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Figure 6.4: NK cells in liver of ApoE-/- Rag2-/- γc-/- mice four weeks after adoptive transfer. (A) 

FACS dot plot analysis of liver NK cells show that NK cell were absent in PBS treated ApoE-/-

Rag2-/-γc-/- (circled region), (B) approximately 2.6x105 NK cells were detected in the liver of 

recipient ApoE-/-Rag2-/-γc-/- mice compared to (C)  4.0x105 NK cells in normal ApoE-/- mice. (D) 

Bar graphs represented the mean ± SEM of number of NK cells in liver of 4-6 mice in a group. 
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6.3.4 WT NK cells and IFN-γ deficient NK cells increase atherosclerotic lesion size 

upon adoptive transfer to ApoE-/-Rag2-/-γc-/- mice. 

 

After 8 weeks on a high fat diet, as expected adoptive transfer of WT NK cells augmented 

atherosclerosis (16230 ± 1631 µm2 in control mice administered vehicle vs 31430 ± 3015 in 

mice transferred with C57BL/6 WT NK by 48% ; p < 0.05, Figure 6.5 A ). Similarly macrophage 

accumulation in lesions also increased by about 52% in WT NK cells transferred group 

compared to control mice administered vehicle (*p < 0.05, Figure 6.5 B ).  

  

Since IFN-γ is known to augment atherosclerosis [189] and activated NK cells secrete IFN-γ, I 

also investigated whether NK cell derived IFN-γ was required for the proatherogenic effects of 

NK cells. Similar to WT NK cell adoptive transfer, NK cells from IFN-γ-/- mice also augmented 

lesion size ( 16230 ± 1631 µm2 in control mice administered vehicle vs 28560 ± 3524 in mice 

transferred with IFN-γ-/- NK cells; *p < 0.05, Figure 6.6 A)  by about 43 %. Macrophage 

accumulation in lesions was also tended to increase but was not significant compared to control 

mice (p >0.05, Figure 6.6 B)  
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Figure 6.5: NK cells promote the development of atherosclerosis. ApoE-/-Rag2-/-γc-/- mice were 

injected with PBS (control, left), or C57BL/6 WT NK cells (right) and fed a high fat diet for 8 

weeks. Aortic root cross-sections were stained with (A) Oil-red-O (red stain) to detect lipids, (B) 

anti-CD68 mAb (brown stain) to detect macrophages. Bar graphs represented the mean ± SEM 

of area stained from 5-6 mice in a group, *P < 0.05; **P < 0.01. Scale represents 100 µm. 
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Figure 6.6: NK cell-derived IFN-γ is not required for proatherogenic activity. ApoE-/-Rag2-/-γc-

/- mice were injected with PBS (control, left), or IFN-γ-/- NK cells (right) and fed a high fat diet 

for 8 weeks. Aortic root cross-sections were stained with (A) Oil-red-O (red stain) to detect 

lipids, (B) anti-CD68 mAb (brown stain) to detect macrophages. Bar graphs represented the 

mean ± SEM of area stained from 5-6 mice in a group, *P < 0.05. Scale bar represents 100 µm. 
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6.3.5 Proatherogenic effects of adoptively transferred NK cells are dependent on  

granzyme B. 

 

NK cells produce and secrete granzyme B, which has been implicated in cell apoptosis and 

inflammation [706], In atherosclerosis, granzyme B have been implicated in vascular SMC 

apoptosis [575]. To examine the significance of NK cell-derived granzyme B on the ability of 

NK cells to promote atherosclerosis, splenic NK cells were isolated from granzyme B-deficient 

mice, and adoptively transferred to ApoE-/-Rag2-/-γc-/- mice. Granzyme B deficient NK cells did 

not increase lesion size in ApoE-/-Rag2-/-γc-/- mice. The lesions of mice that received granzyme 

B-deficient NK cells had similar lipid and macrophages content to ApoE-/-Rag2-/-γc-/- control 

mice treated with sterile PBS (Figure 6.7, p > 0.05). 
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Figure 6.7: NK cell deficient in granzyme B (grzB) did not promote atherosclerosis. ApoE-/-

Rag2-/-γc-/- were injected with PBS (control, left), or grazyme B-/- NK cells (right) and fed a high 

fat diet for 8 weeks. Aortic root cross-sections were stained with (A) Oil-red-O (red stain) to 

detect lipids, (B) anti-CD68 mAb (brown stain) to detect macrophages. Bar graphs represented 

the mean ± SEM of area stained from 5-6 mice in a group, P > 0.05. Scale bar represents 100 

µm. 
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6.3.6 Proatherogenic effect of adoptive transferred NK cells is dependent on perforin. 

 

To examine the mechanism by which NK cell-derived granzyme B promotes the development of 

atherosclerosis, I next examined whether perforin was also required. Perforin facilitates the entry 

of granzyme B into the cell nucleus for induction of apoptosis [703]. Adoptive transfer of 

perforin-deficient NK cells to ApoE-/-Rag2-/-γc-/- and feeding a high fat diet for 8 weeks did not 

augment atherosclerosis. The lesion size assessed by Oil Red O stain was similar in both 

perforin-deficient NK cell treated mice and vehicle treated ApoE-/-Rag2-/-γc-/- mice (Figure 6.8A; 

p > 0.05). Similarly macrophage accumulation at the aortic sinus was also unaltered in mice 

transferred with perforin-deficient NK cells compared to control ApoE-/-Rag2-/-γc-/- mice (Figure 

6.8 B; p > 0.05).   
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Figure 6.8: NK cell deficient in perforin (pfp) did not promote atherosclerosis. ApoE-/-Rag2-/-

γc-/- were injected with PBS (control, left), or perforin-/- NK cells (right) and fed a high fat diet 

for 8 weeks. Aortic root cross-sections were stained with (A) Oil-red-O (red stain) to detect 

lipids, (B) anti-CD68 mAb (brown stain) to detect macrophages. Bar graphs represented the 

mean ± SEM of area stained from 5-6 mice in a group, P > 0.05. Scale bar represents 100 µm. 
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6.3.7 NK cell-derived perforin and granzyme contributes to necrotic core development 

in atherosclerotic lesion.    

  

NK cell-derived granzyme B and perforin are required by NK cells to mediate their 

proatherogenic effects, possibly through the killing of cells involved in atherosclerosis. To 

examine this possibility, I determined whether the size of necrotic cores associated with 

atherosclerotic lesions was decreased by adoptive transfer of perforin and granzyme B deficient 

NK cell. Necrotic core results from the loss of cells in lesion due to apoptosis and is associated 

with lesion instability and inflammation [707] and the defective clearance of apoptotic 

macrophages ,leading to secondary necrosis [238]. Adoptive transfer of perforin-deficient NK 

cells resulted in a decrease in necrotic core associated with aortic sinus lesions compared to mice 

receiving WT NK cells that express perforin. The percentage of lesion area occupied by necrotic 

core reduced by about 60% in mice receiving perforin-deficient NK cells compared to mice 

receiving WT NK cells (Figure 6.9, P<0.05).  

 

Similarly adoptive transfer of granzyme B-deficient NK cells also resulted in reduced necrotic 

cores associated with aortic sinus lesions compared to mice receiving WT NK cells. In these 

mice, percentage of lesion area occupied by necrotic cores was reduced by about 70% compared 

to mice transferred WT NK cells (Figure 6.9, P<0.05).  
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Figure 6.9: Perforin and granzyme B deficiency in NK cells reduces acellular area in lesions. 

ApoE-/-Rag2-/-γc-/- mice were injected with (A) PBS (Control), (B) WT NK cells (C57BL/6 NK 

cells), (C) pfp-/- NK cells or (D) grzB-/- NK cells and fed a high fat diet for 8 weeks. Aortic root 

sections were stained with haemotoxylin and counterstained with eosin. Acellular area was 

defined as regions lacking hemotoxylin nuclei staining (marked by     ) and expressed as 

percentage of lesion area. (E) Bar graph represented mean ± SEM of percentage of necrotic core 

in atherosclerotic lesions from 5-6 mice in each group; *P < 0.05. Scale bar represents 250 µm. 
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6.3.8 NK cell-derived perforin and granzyme B contributes to inflammation in 

atherosclerosis  

 

Increase in apoptosis in atherosclerosis results in accumulation of apoptotic cells and cellular 

debris due to impaired clearance by macrophages [708] leads to secondary necrosis [709]. The 

increase in necrotic cells can lead to increased inflammasomes including NLRP3 inflammasomes 

activation [705]. The activation of inflammasomes by necrotic cells induces caspase- 1 

activation, and causes the release of proinflammatory cytokines IL-1β and IL-18 that augment 

inflammation and atherosclerosis [162, 191]. Therefore I examined whether the deficiency in 

perforin or granzyme B in NK cells in atherosclerotic lesions can potentially reduce 

inflammation. Real-time PCR analysis of aortic arch mRNA encoding pro-IL-1β and caspase-1 

(ICE) indicated reduced mRNA levels in both these factors in lesion of mice that received 

perforin-deficient NK cells or grazyme B-deficient NK cells. The levels of pro-IL-1β and 

caspase-1 in these mice were similar to control ApoE-/-Rag2-/-γc-/- (Figure 6.10, P > 0.05).  

 

IL-1β increases the expression VCAM-1 on endothelial cells [710]. To determine if the increase 

in IL-1β in atherosclerotic lesion in mice transferred with WT NK cells affected the VCAM-1 

expression, immunohistochemistry was performed on aortic sinus sections to assess the levels of 

VCAM-1 expression. VCAM-1 expression was unaffected by WT NK cell transfers and 

expressed in atherosclerotic lesions of all groups (Figure 6.11, P>0.05). 
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Figure 6.10: Perforin and granzyme deficiency reduces inflammation in atherosclerotic 

lesions. Mice injected with control (PBS), WT NK cells (C57BL/6 NK cells), pfp-/- NK cells or 

grzB-/- NK cells then fed a high fat diet for 8 weeks. RNA was extracted from atherosclerotic 

aortic arch. Lesions from mice adoptively transferred with pfp or grzB deficient NK cells 

showed lower expression of proinflammatory cytokine IL-1β and caspase-1.  
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Figure 6.11: Transfer of perforin- or granzyme B-deficient NK cells did not affect VCAM-1 

expression in lesions. ApoE-/-Rag2-/-γc-/- mice were injected with (A) PBS (Control), (B) WT NK 

cells (C57BL/6 NK cells), (C) pfp-/- NK cells or (D) grzB-/- NK cells and fed a high fat diet for 8 

weeks. Aortic sinus cross-sections were stained for VCAM-1 (brown stain). (E) Bar graph 

represented the mean ± SEM of percentage area stained atherosclerotic lesions from 5-6 mice in 

each group; P>0.05. Scale bar represents 250 µm. 
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6.3.9 Plasma cholesterol levels and body weight of ApoE-/-Rag2-/-γc-/- with different 

adoptively transferred cultured NK cells. 

 

To determine if the transfer of NK cells affects the hypercholesterolemia state of ApoE-/- Rag2-/- 

γc-/- mice, total cholesterol levels were examined. Despite the significance difference in the 

extent of atherosclerotic lesion size in ApoE-/- Rag2-/- γc-/- mice transferred with WT NK cells, 

IFN-γ-, granzyme B- or perforin-deficient NK cells the body weights of mice from each group 

were not affected. Although, the total LDL cholesterol and triglyceride were moderately higher 

in mice transferred with perforin-deficient mice (total triglyceride 2.9±0.2mmol/L; LDL-chol 

35.2±3.0mmol/L) compared to those transferred with WT NK cells (total triglyceride 

1.9±0.3mmol/L; LDL-chol 25.1±3.2mmol/L) (Table 6.1), this did not influence the severity of 

atherosclerosis in those mice. Atherosclerotic lesion size in mice adoptively transferred with WT 

NK were increased despite a significant decrease in triglyceride levels in WT NK cell transferred 

ApoE-/-Rag2-/-γc-/- mice compared to control mice. There was no significant difference in HDL-

cholesterol levels between all groups (Table 6.1). 
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Table 6.1: Body weights and plasma cholesterol levels of ApoE-/-Rag2-/-γc-/- mice fed a high 

fat diet for 8 weeks. 

 

Group Weight (g) Total 

Cholesterol 

Triglyceride VLDL/LDL HDL 

ApoE-/-Rag2-/-γc-/- control 33.2 ± 0.7 (5)  29.1 ± 1.4 (5) 3.8 ± 0.8 (5) 23.4 ± 0.9 (5) 4.4 ± 0.4 (5) 

ApoE-/-Rag2-/-γc-/- WT NK 34.0 ± 1.2 (5) 31.3 ± 3.9 (5) 1.9 ± 0.3 (5)* 25.1 ± 3.2 (5) 5.4 ± 0.7 (5) 

ApoE-/-Rag2-/-γc-/- IFN-γ-/- NK 35.0 ± 1.3 (5) 34.2 ± 2.6 (5) 4.6 ± 1.9 (5) 26.7 ± 2.2 (5) 5.5 ± 0.5 (5) 

ApoE-/-Rag2-/-γc-/- pfp-/- NK 36.6 ± 0.8 (5) 39.2 ± 1.7 (5) 2.9 ± 0.2 (5)* 35.2 ± 3.0 (5)* 2.7 ± 1.6 (5) 

ApoE-/-Rag2-/-γc-/- grzB-/- NK 33.0 ± 0.5 (5) 24.8 ± 5.1 (5) 1.7 ± 0.3 (5) 24.8 ± 5.1 (5) 3.8 ± 1.2 (5) 

 

*p < 0.05 compared to ApoE-/-Rag2-/-γc-/- WT NK 
Total cholesterol, triglyceride, VLDL/LDL and HDL measurements are in mmol/L. 
Number of mice in each group is indicated in parentheses. 
Data represent the mean ± SEM. 
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6.4 Discussion 

 

  The major findings of this study are that IL-2 activated NK cells promote the 

development of atherosclerosis via mechanisms involving the secretion of perforin and granzyme 

B. Adoptive transfer of perforin- or granzyme B-deficient NK cells into endogenous lymphocyte 

deficient mice ApoE-/-Rag2-/-γc-/- did not augment atherosclerosis compared to adoptive transfer 

of wild-type NK cells. Secondary necrosis mechanism seems to be involved in the 

proatherogenic activity of NK cells, as inflammation and lesion necrotic core (acellular regions) 

was reduced in mice adoptively transferred with perforin- and granzyme B deficient NK cells. 

Hence, NK cells are proatherogenic by exerting their cytolytic functions. 

 

 Perforin is a cytolytic protein in the cytoplasmic granules of NK cells. Upon 

degranulation, perforin is thought to insert itself to the surface membrane of target cells forming 

a pore. Although perforin are highly cytotoxic, its ability to induce target cell apoptosis is 

dependent on granzymes, especially granzyme B [568, 711, 712]. Granzyme B, a serine protease 

in the cytoplasmic granules of NK cells, cleaves target cell proteins to induce caspase-mediated 

and caspase-independent cell death [712]. My findings indicate that both perforin and granzyme 

B secretion by NK cells are important for the proatherogenic activity of NK cells. However, it is 

also possible that granzyme B may induce apoptosis independent of perforin by inducing 

apoptosis of SMCs by cleaving extracellular proteins such as fibronectin [575] but it is likely to 

be a minor mechanism as for both perforin and granzyme. Although the mechanism by which 

perforin and granzyme B augments atherosclerosis was not directly investigated, my findings 

indicate that the necrotic cores of atherosclerotic lesion in ApoE-/-Rag2-/-γc-/- mice adoptively 

transferred with perforin- and granzyme-deficient NK cells were reduced compared to mice 

adoptively transferred with wild-type NK cells, suggests that  secondary necrosis resulting from 
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a defective phagocytic clearance of apoptotic debris [238], contributes to a proinflammatory 

response and increase in lesion size. NLP3 inflammasomes that have been previously implicated 

in atherosclerosis [713] is activated by necrotic cells [705]. Necrotic cells are known to activate 

inflammasomes resulting in increased activity of caspase-1. Caspase-1 cleaves pro-IL-1β and 

pro-IL-18 to their respective active forms which are pro-atherogenic [162, 191]. Necrotic cells 

are also known to release nucleosomes that contains substances such as HMGB1 [714] which are 

also proatherogenic [715]. Since it is not possible to measure active IL-1β or IL-18, I measured 

the pro-IL-1β and caspase-1 expression in lesions and also changes that can be mediated by IL-

1β in lesions such as VCAM-1 protein expression [162]. There was an increase in pro-IL-1β and 

caspase-1 in ApoE-/-Rag2-/-γc-/- transferred with wild-type NK cells and a decrease in mice 

transferred with NK cell deficient in perforin and grazyme B that suggest that the decrease in 

necrotic cells may potentially decrease inflammasome activation and caspase-1 activation and 

hence reduction in secretion of  IL-1β secretion and inflammation. VCAM-1 an adhesion 

molecule that is essential in recruiting cells mediating the development of atherosclerosis [716]. 

The expression of VCAM-1 protein in lesions was not affected by adoptive transfer of wild-type, 

perforin-deficient and granzyme B –deficient NK cells. In this instance, the expression of 

VCAM-1 maybe regulated by NK cell derived IFN-γ, IFN-γ induces VCAM-1 expression on 

endothelial cells [717]. These results so far supports the hypothesis that secondary necrosis in 

atherosclerosis leads to a more severe inflammation in atherosclerotic lesions that results in 

augmentation of atherosclerosis. However, further investigation is required to further establish 

this hypothesis.    

  

 IFN-γ has been known to exert many of the effects of NK cells. NK cell derived IFN-γ 

plays a major role in anti-tumor responses, anti-viral and anti-bacterial responses. IFN-γ also 

plays a vital role in the development of atherosclerosis [158]. However, adoptive transfer of IFN-
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γ-deficient NK cells into ApoE-/-Rag2-/-γc-/- mice surprisingly increased lesion size. One possible 

explanation for the lack of effect form NK cell-derived IFN-γ in atherosclerosis is the low 

numbers of NK cells present in atherosclerotic lesion [257] compared to other IFN-γ producing 

cells such as macrophages which are present in large numbers within the lesion.  

 

 In this study, I used a mouse model ApoE-/-Rag2-/-γc-/- which lacked endogenous 

lymphocytes including NK cells. Importantly, this model allowed me to focus entirely on the 

mechanisms that NK cells may utilize in promoting their proatherogenic activity. I explored the 

important molecules in the in vivo proatherogenic responses mediated by adoptively transferred 

NK cells such as perforin, granzyme B and IFN-γ. Therefore, the purity of NK cells obtained 

from these various knockout mice was crucial in elucidating the role of each of these molecule 

expressed on NK cells on atherosclerosis. Initially I used a well known NK cell isolation 

protocol that have been used to study the response of adoptively transferred NK cells on tumor 

inhibition [591], however the purity of NK cells obtained by this method was insufficient for the 

model of atherosclerosis. There were T cells contamination in liver of recipient  ApoE-/-Rag2-/-γc-

/- mice at the end of 8 weeks whilst on high fat diet, therefore I had to perform one additional 

step from the protocol described in the above source by sorting IL-2 cultured NK cells by FACS 

sorter to obtain a 99% pure NK cell population.  The only possible explanation for the 

importance of purity for atherosclerosis is that other immune cell types particularly T cells can 

expand rapidly in lymphopenic mice [718] and account for the increase in lesion size. 

 

 Adoptively transferred NK cells are able to survive and proliferate effectively in 

lymphocyte deficient Rag2-/-γc-/- mice [432]. Since adoptively transferred NK cells rapidly 

proliferate in the liver, the extent of NK cell reconstitution in the liver of ApoE-/-Rag2-/-γc-/- mice 

were determined after 4 weeks of transfer. Usually in a normal ApoE-/-, NK cells comprise 
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around 4x105 cells  in the liver, however in adoptively transferred NK cell deficient ApoE-/-

Rag2-/-γc-/- mice, there was only around 2.0x105 NK cells indicating that the amount of NK cell 

transferred was not sufficient to reconstitute the liver, however this is enough to exacerbate 

atherosclerosis. Therefore, this suggest that the  number of NK cells is not critical in promoting 

atherosclerosis, however the impact of their cytotoxic effector functions was sufficient to 

augment the development of atherosclerosis. 

 

 My previous findings indicate that NK cells are activated by NKT cells probably by IFN-

γ to exert their proatherogenic effects and ApoE-/-Rag2-/-γc-/- lack NKT cells. NK cells can be 

activated via number of different mechanisms. In normal conditions, there are other mediators 

such as IL-2 and IL-12 produced by T cells and dendritic cells that could possibly activate NK 

cells to exert their proatherogenic activity. Additionally, in the presence of other immune cells, 

activated NK cells can potentially activate bystander immune cells such as CD8+ T cells, 

macrophages and B cells to promote an immune response [719-721] that can further exacerbate 

atherosclerosis. However, further studies are needed to further substantiate this hypothesis.  

 

 In summary, my findings extend the principle that NK cell is pro-atherogenic and they 

exert their pro-atherogenic effects through their lytic granules perforin and granzyme B, together 

they promote cell lysis or necrosis in atherosclerotic lesions.  
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7 General Discussion 
 

 
 
 The role of NK cells in development of atherosclerosis is controversial with studies 

suggesting no involvement or a proatherogenic involvement. My findings have unambiguously 

defined the role of NK cells in atherosclerosis and the mechanisms by which they promote 

atherosclerosis. Specifically I have shown that (1) specific depletion of NK cells ameliorates 

atherosclerosis whilst their activation augments atherosclerosis; (2) NK cells require NKT cells 

for them to exert their proatherogenic effects, presumably for activating NK cells and (3) the 

mechanism by which NK cells exert their proatherogenic effects is by releasing the cytotoxic 

molecules perforin and granzyme B rather than proinflammatory cytokines such as interferon-γ.  

 

 NK cells have been identified in both mouse and human atherosclerotic lesions [606, 

614]. Despite their presence in developing atherosclerotic lesions, their role in atherosclerosis 

has been unclear. Studies using the beige mutation mice that exhibit defects in NK cell cytolytic 

function suggest that atherosclerosis may be unaffected by NK cells [610]. More recent studies 

examining the role of NK cells using mice harbouring the beige mutation on a LDLR-deficient 

background suggested that NK cells may be protective against atherosclerosis, as these mice 

exhibited increased atherosclerosis [608]. However, this model is not specific for NK cell as 

these mice exhibit a complex phenotype that is more than a deficiency in NK cell cytolytic 

function; cytotoxic T lymphocyte function is also impaired and during infection such cells 

expand in number to compensate for their reduced cytolytic activity [327]. Unfortunately NK 

cell numbers were not monitored in the beige mutant LDLR deficient mice. A more recent study 

by Whitman utilizing LDLR-/- chimeric mice whose bone marrow had been reconstituted with 

bone marrow from Ly49A transgenic mice resulted in a reduction in atherosclerosis, suggesting 
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a proatherogenic role for NK cells [614]. However, Ly49A receptor expression is not restricted 

to NK cells and NKT cells as well as CD8+ and CD4+ T cells have been reported to express 

Ly49A [722-724]; suppression of these cells may have contributed to the reduction in 

atherosclerosis as both NKT cells and CD4+ T cells have been shown to be pro-atherogenic 

[261, 303]. My studies indicate that NK cells augment development of atherosclerosis. I used a 

direct approach to determine the role of NK cells in atherosclerosis by using an antibody that 

specifically depletes NK cells in ApoE-/- mice. Other lymphocyte populations as well as 

monocyte cell populations were unaffected during NK cell depletion using anti-asialo GM1 

antibodies confirming the selectivity of this antibody for NK cells.  

 

 As my study indicated that the depletion of NK cells ameliorates atherosclerotic lesion 

development, I also examined whether the activation of NK cells further augments development 

of atherosclerosis. Polyinosinic-polycytidylic acid (Poly I:C), a double-stranded RNA analog 

recognized by melanoma-differentiation associated gene 5 (MDA5) and TLR3, activates NK 

cells in vivo [541].  I examined whether this agent augmented development of atherosclerosis in 

the ApoE-/- mice fed a high fat diet. Poly IC exacerbated the development of atherosclerosis. 

Since Poly IC has been shown to also activate CD8+ T cells [725], I also examined its effects on 

atherosclerosis in ApoE-/- Rag2-/- mice. These mice are deficient in B and T cells but not NK 

cells [318, 726]. In these mice Poly IC also augmented development of atherosclerosis lesions 

suggesting a strong dependency on NK cells.  To confirm the dependency of Poly IC effects on 

atherosclerosis on NK cells I also examined the effects of Poly IC in NK cell depleted (using NK 

cell depleting antibody, anti-asialo GM1) ApoE-/- mice. NK cell depletion in these mice reduced 

the development of atherosclerosis compared to ApoE-/- mice treated with just Poly IC. Whilst 

my studies indicate a dependency of Poly IC’s proatherogenic effects on NK cells, it remains to 

be determined whether this is a consequence of directly activating NK cells or an indirect action 
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via activation of CD8+ dendritic cells [542]. CD8+ dendritic cells also express MDA-5 and 

TLR3 and is activated by Poly IC. Also, in the present study I did not examine whether 

activation was the consequence of Poly IC interacting with TLR3 or MDA-5 or both receptors. 

However, given the results of a recent study indicating that TLR3 plays a protective role in 

atherosclerosis [547], it is tempting to speculate that Poly IC mediated activation may be via 

MDA-5. However, this remains to be proven.  

 

 An important question not previously addressed is how NK cells are activated during 

development of atherosclerosis. NK cells can be activated by several mechanisms, including 

cytokine-dependent mechanisms involving IL-2, IL-12, IL-15 or IL-18 [727], via Fc-gamma RIII 

[728], via NKT cells [188] and/or via their activating receptor NKG2D [729]. Activated NKT 

cells can stimulate NK cell proliferation and cytotoxicity [306], effects partly attributed to IFN-γ 

produced by ΝKT cells [188, 306, 566, 730]. My studies indicate that NKT cells contribute to 

NK cell activation during development of atherosclerosis since atherosclerotic lesions were 

similar in size in mice deficient in invariant NKT cells in ApoE-/-  Jalpha18-/-  and in NK cell 

depleted ApoE-/-  Jalpha18-/-  mice. Whether the activation of NK cells by NKT cells is dependent 

on IFN-γ secreted by NKT cells need further investigations. As to the role of NKG2D receptors 

in activating NK cells during development of atherosclerosis, my studies indicate that these 

receptors are not involved despite the high expression in lesions of its ligands Rae-1δ, Rae-1ε 

and MULT-1. It is possible that the expression of NKG2D receptors on NK cells is 

downregulated by inhibitory Ly49 receptors expression on NK cells, inhibiting them from 

exerting their proatherogenic effects [690]. Given that atherosclerotic lesions express abundant 

amounts of MHC class 1 which are ligands for Ly49 inhibitory receptor, far greater than 

expressed by normal tissue [304], this may have prevented NK activation via NKG2D receptors 

despite the presence of activating ligands in atherosclerotic lesions. 
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 Theoretically, NK cells can promote atherosclerosis via a number of mechanisms, by 

producing pro-inflammatory cytokines or cytotoxins. Activated NK cells are high producers of 

IFN-γ [731],  a Th1 cytokine known to augment development of atherosclerosis [158], by 

enhancing leukocyte recruitment, cell activation, and foam cell formation [732, 733]. Despite 

this importance of IFN-γ, NK cell derived IFN-γ did not contribute to development of 

atherosclerosis; the increase in atherosclerosis after adoptive transfer of IL-2 activated NK cells 

deficient in IFN-γ to ApoE-/- Rag2-/- γc-/- was similar to transfer of wild-type IL-2 activated NK 

cells. In contrast, the ability of NK cells to exert their proatherogenic response was highly 

dependent on their secretion of cytotoxic molecules, perforin and granzyme B. Both perforin and 

granzyme B are involved in NK cell target cell-mediated apoptosis. Perforin facilitates the entry 

of granzyme B into the nucleus of target cells to initiate DNA fragmentation and cell apoptosis 

[703]. Since both perforin and granzyme B are important for NK cells to promote 

atherosclerosis, my findings indicate that NK cell mediated apoptosis and post apoptotic necrosis 

is important for development of atherosclerotic lesions.  This is supported by my findings that 

mice receiving perforin-deficient and granzyme B-deficient NK cells exhibit lesions with smaller 

necrotic cores. Increased frequency of cell death and impaired clearance of apoptotic cells by 

macrophages in lesions results in secondary cell necrosis, and development of larger necrotic 

cores [709]. The increase in the number of necrotic cells can potentially increase inflammation 

within atherosclerotic lesions, by activating inflammasomes [734]. NLRP3 inflammasomes have 

been implicated in atherosclerosis [713]. Their activation by necrotic cells results in the 

activation of caspase-1 also known as IL-1-β converting enzyme (ICE) which in turn processes 

pro-IL-1beta and pro-IL-18 to active (secreted) proatherogenic IL-1β and IL-18 [162, 705]. The 

direct effect and involvement of inflammasomes in the proatherogenic effects of NK cells was 

not investigated, since it is not possible to measure active IL-1β. My findings that the pro-IL-1β 

and caspase-1 protein expression were reduced in atherosclerotic lesions of  ApoE-/- Rag2-/- γc-/- 
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mice transferred with perforin– and granzyme B –deficient NK cells is consistent with the 

proatherogenic effects involving inflammasome activation [162]. It is possible that the reduction 

in necrotic cell numbers in atherosclerotic lesions of ApoE-/- Rag2-/- γc-/- transferred with perforin 

and granzyme B deficient NK cells, reduced inflammasomes activation hence reduced caspase-1 

activation and active IL-1β secretion.  Necrotic cells are also known to release HMGB1 [735] 

which is present in significant quantities in cells within atherosclerotic plaques [736] and been 

shown to be proatherogenic [715]. Thus it appears that NK cells indirectly mediate down stream 

proinflammatory and proatherogenic effects, by augmenting post apoptotic necrotic cell 

numbers. 

 

 In addition to investigating how NK cells promote atherosclerosis, I also examined 

whether NK cells modulated cell composition of atherosclerotic lesions. Activated NK cells 

produce cytokines and chemokines. NK cell derived pro-inflammatory cytokines IFN-γ and 

TNF-α are known to influence both smooth muscle cell (SMC) and endothelial cell (EC) 

proliferation and migration, and chemokine expressed by NK cells are known to attract other 

immune cells particularly macrophages and T cells [203, 637-640, 644]. Therefore I examined 

the effects of NK cell on lesion cell composition by examining the lesion content of SMC, EC, 

macrophages and CD4+ T cells. However, there were no changes in SMC, EC and CD4+ T cells 

content of the lesion, except for macrophage content of the lesion. Since it appears that NK cells 

indirectly mediate downstream proinflammatory and proatherogenic effects by augmenting post 

apoptotic necrotic cell numbers which may activate inflammasomes and possibly nucleosomes 

such as HMGB1, it is possible that these macrophages are recruited into atherosclerotic lesions 

via such mechanisms. Inflammasomes activation that leads to active IL-1β secretion may 

potentially increase MCP-1 expression by endothelium cells augmenting the recruitment of 

macrophages to developing lesions [162]. HMGB1 has been shown to be involved in the 
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migration of macrophages into atherosclerotic lesions to augment atherosclerosis [715]. 

Although NK cells are also capable of producing cytokines and chemokines such that 

chemoattract monocytes/macrophages to atherosclerotic lesions, this probably makes a very 

minor contribution to lesion development as the ability of NK cells to increase atherosclerosis is 

clearly dependent on granzyme B and perforin. 

 

 An important issue that arises from the present studies is whether pharmacological 

targeting of NK cells might be a useful therapeutic strategy to prevent atherosclerosis. At present 

one can only speculate as to how this might be achieved as there are currently no specific 

inhibitors that prevent NK cell activation. One possible approach may be to target specific 

chemokines that are responsible for the homing of NK cells to atherosclerotic lesions. Whilst I 

did not directly assess NK cell homing to lesions, the fact that necrotic core size in 

atherosclerotic lesions was dependent on NK cells and NK cell derived perforin and granzyme B 

indicate that NK cells exert their pro-atherogenic effects within developing atherosclerotic 

lesions. NK cells have been previously shown to accumulate in mouse and human atherosclerotic 

lesions [11, 606, 614, 623].  NK cells express chemokine receptors CCR5, CXCR3 and CX3CR1 

[203, 737] for chemokines RANTES, CXCL10 and fractalkine (CX3CL1) that are expressed in 

atherosclerotic lesions [204, 216, 284]. Targeting one or more of these chemokines would be 

expected to attenuate the pro-atherogenic effects of NK cells. Similarly, targeting perforin might 

also be expected to attenuate their pro-atherogenic. Recently, inhibitors of perforin have been 

developed to prevent the cytolytic actions of NK cells and cytotoxic T lymphocytes [738]. 

Clearly, further experimentation is required to more critically assess these potential therapeutic 

strategies to prevent the proatherogenic effects of NK cells.  
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Another important issue is to what extent lesions that develop at the aortic sinus of mice 

are representative of human atherosclerotic lesions; atherosclerosis does not develop at the aortic 

sinus of humans. Atherosclerosis is a complex disease that affects very specific sites of the 

vasculature. Hemodynamic forces are largely responsible for dictating which vascular sites are 

susceptible to disease whilst systemic and local immune factors modulate subsequent disease 

development and progression. These latter factors-immune cells and cytokines are similar in 

human and mouse atherosclerotic lesions [8, 739], indicating that development and progression 

of atherosclerosis is regulated by similar cellular and inflammatory factors in both instances. The 

increased susceptibility of aortic sinus in mice to atherosclerosis compared with humans is most 

likely related to heart rate [740]. Heart rate is very rapid in mice (550 beats per minute) 

compared to humans (70 beats per minute) and consequently blood flow is disrupted to a much 

greater extent, i.e., much more turbulent than in the human aortic sinus, increasing the 

susceptibility of this site to atherosclerosis. Bassiouny et al have shown that heart rate is an 

important determinant of atherogenesis [741]. 

 

 In conclusion, my studies indicate that NK cells within developing atherosclerotic lesions 

augment atherosclerosis by secreting the cytotoxic molecules perorin and granzyme B. The 

magnitude of the effects of NK cells on lesion development is dependent not only on NK cell 

number but also on their activation status. During development of atherosclerosis NK activation 

appears dependent on NKT cells whilst activating receptors on NK cells, such as NKG2D 

receptors have little if any role. My studies suggest that targeting NK cells may be a useful 

therapeutic strategy to attenuate development of atherosclerosis.   
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