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Summary

A patient based study was designed to analyze serum concentrations of 10 known 

inflammatory markers, GM-CSF, IFN-7, IL-10, IL-12p70,IL-lp, IL-2, IL-6, IL-8, TNF-a and 

CXCL16 in asymptomatic and symptomatic pre-operative atherosclerotic patients and 

healthy controls. This was carried out using the eletrochemilluminescence and enzyme-linked 

immunosorbent assays. The inflammatory markers under investigation have all been 

associated with CVDs, either a pro-inflammatory, anti-inflammatory or both. Comparing first 

time pre-operational carotid atherosclerotic patients against healthy controls, five out of the 

ten cytokines/chemokines mentioned above had significantly different serum levels; IL-10, 

IL-8, IL-6, TNF-a and CXCL16. Patients were divided into sub-groups; age, statin therapy, 

risk factor presence, % stenosis and asymptomatic or symptomatics to investigate for 

significant association. Significant differences were found between asymptomatics and 

symptomatics, smokers, non-smokers and ex smokers, % stenosis and over and under 65 yoa.

It was then decided to further investigate the relationship between TNF-a and CXCL16 as 

both cytokines appeared to have an important impact in groups analysed.

As TNF-a and CXCL16 expression differed between patients and controls, both significantly 

(CXCL16 was higher in controls), it was deemed appropriate to investigate their association 

in protein expression studies in endothelial cells, the site o f plaque development. Using a 

novel biochip, which was compatible with confocal laser microscopy, and a pulsatile pump, 

endothelial cells (EC) were subjected to a number of different conditions such as static v 

pulsatile, stimulated v unstimulated and time dependent in order to elucidate the expression 

patterns of the receptor form of CXCL16. As ICAM-1 is expressed in normal, disturbed, 

unstimulated and TNF-a stimulated environments, it was decided to use ICAM-1 as a 

positive control. The main findings from this set o f experiments concluded that normal 

pulsatile flow o f 10 dyne/cm^, increases but does not appear to induce ICAM-1 expression
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yet it initiates CXCL16 expression in ECs. TNF-a also increases ICAM-1 expression and 

mildly induces CXCL16 expression. Combining both stimulants showed ICAM-1 increase 

drastically in intensity and over 24 h expression was sustained. However, ECs stimulated 

with both TNF-a and pulsatile flow did not sustain CXCL16 over 24 h and its expression 

appeared to be exhausted. OxPAPC was also investigated as a stimulant for ECs. It had no 

effect on ICAM-I or CXCLI6. Normal laminar flow up-regulating ICAM-1 and inducing 

CXCLI6 may pose a threat to normal endothelial function, because together they bind 

monocytes and oxLDL which infiltrate the endothelial barrier and build up in the intima 

depending on the amount o f  receptors expressed. If pro-inflammatory cytokines are a 

presence already, specifically in individuals who possess atherosclerotic risk factors, they too 

will heighten the inflammatory response and contribute to plaque development or rupture. A 

third aim was to investigate the CXCL16 gene for evidence o f  allelic expression imbalance. 

Unstable angina pectoris and post myocardial infarct patients and lymphoblastoid cell lines 

heterozygous for the gene were tested. This was also done for IL-18 as it has been identified 

as a CXCLI6 inducer. Clinical samples revealed imbalance in both CXCL16 and IL-18. but 

inactivated cell lines only showed positive AEI for IL-18. Because TNF-a has shown 

significant findings in the previous two studies, it was used to stimulate cell lines to 

investigate its potential at causing allelic imbalance in CXCLI6 gene. In cell lines stimulated 

with 100 ng/fi I TNF-a 50% showed positive imbalance.

The work that was carried out in these studies involves many methods and technologies to 

incorporate in vivo and in vitro work on gene and protein expression to contribute to 

atherosclerotic research and to ultimately develop therapeutics and diagnostics for the 

prevention and treatment o f  this complex disease.
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CHAPTER 1

General Introduction
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1.1 Cardiovascular diseases (CVDs)

Cardiovascular diseases (CVD) affect the cardiovascular system which includes the heart, 

arteries and veins (Maton 1993) (Table 1.1). Statistics released from the World Health 

Organisation (W HO) on the global atlas on CVD prevention and control revealed that in 2008 

17.3 million people died from CVD (WHO). Their statistics also predict that more than 23 

million people will die annually from the disease and that it will be the major global killer 

within the next fifteen years (Hansson and Libby, 2006. WHO). Classified as a disease o f  the 

western world, CVDs in fact, have highest mortality rates across the Middle East and central 

Africa (WHO). In Ireland, each year an average o f  2,000 people die from stroke, more than a 

combined total o f  deaths from breast, prostate and bowel cancer (Irish Heart Foundation, 

IHF).

Table 1.1 Types of CVD (WHO)

1. Coronary heart d isease Disease o f  the hearts blood vessels
2. Stroke Obstruction o f  blood supply to the brain 

(ischem ic/haem orrhagic stroke)
3. Congenital heart disease H oles in the heart, abnormal heart chambers and valves 

caused by genetic/environm ental factors
4. Rheumatic heart disease Streptococcal bacteria dam age the heart m uscle & 

Valves
5. Peripheral arterial disease D isease o f  leg and arm arteries
6. Aortic aneurysm Rupture o f  aorta
7. D eep venous throm bosis & pulmonary 

Em bolism
Blood clots in leg veins

8. Other C V D Tumours o f  the heart, brain, heart m uscle & valves
9. Other risk factors on the vascular system Inflammation , drugs, alcohol, toxins

Apart from mortality rates CVDs also hugely impact global burden. In 2002 coronary artery 

disease (CAD) and stroke were the second and third highest diseases to impact on the lives o f  

men behind HlV/AlDS while in women they were the third and fourth behind depressive 

disorders and HIV/AIDS (WHO). An estimated 30,000 people in Ireland are living with 

disabilities acquired by stroke (IHF).
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CA D  and stroke are the two most common sub-groups o f  CVD globally and both are caused 

by atheroma formation within major arteries. “Atherosclerosis remains the leading cause o f  

morbidity and mortality in the Western world, the causes o f  atherosclerosis are 

multifactorial and knowing them could allow earlier prevention and detection o f  the 

disease (Shaaban and Duerinckx. 2000)” .

1.2 Atherosclerosis

Atherosclerosis is a chronic progressive disease which is mainly characterized by 

hyperlipidemia / hypercholesterolemia and fibrous elements in large and medium sized 

arteries and results in the thickening o f  the arterial wall (Lusis, 2000 and Libby, 2000). In 

fact, atherosclerosis is a systemic disease that can affect not only the heart, but also the brain, 

kidney, aorta and peripheral arteries (Muller et al., 2010). The build up o f  plaque in arteries 

begins in adolescence and evolves through the decades. However, not all individuals become 

symptomatic (Libby, 2006). Obstruction o f  blood flow through the coronary arteries results in 

a myocardial infarction, which may be fatal, and obstruction o f  blood flow to arteries 

supplying the brain results in stroke. Stroke sufferers experience irreversible loss o f  brain 

cells. Ischemic gangrene and abdominal aortic aneurysms are also results o f  impaired blood 

flow (Hansson and Libby, 2006 and Sherer and Shonfeld, 2006).
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1.3 Risk Factors associated with atherosclerosis 

Table 1.2 Risk Factors associated with atherosclerosis (Lusis, 2000)

Genetic & (Genetic Environmental Mendelian disorders
variations )

Blood pressure 
(Angiotensinogen, b2- 
adrenergic receptor, 
A lpha-adducin)

• High fat diet • ApoAI deficiency 
(apoA I) Tangier disease 
(ABC I transporter)

Type II Diabetes • Lack o f  exercise •

•

Familial
hypercholesterolaem ia 
(LD L receptor)
Familial defective apoB- 
100 (apoB)

• Systemic inflammation 
(RA)

• Infectious agents • Haemostasis disorders

• M etabolic syndrome Smoking •

•

H omocystinuria
(cystathionine
b-synthetase

Elevated levels o f
lipoprotein(a)
(Apolipoprotein(a))

Low anti-oxidant levels • M O D Y l (hepatocyte 
nuclear factor 4a)5, 
M ODY2 (glucokinase) 
M 0D Y 3 (hepatocyte 
nuclear factor I a

Gender (male)

•

Glucorticoid-remediable 
aldosteronism  
Liddle's syndrome 
Mineralocorticoid 
receptor

Reduced HDL 
levels(H epatic lipase. 
ApoAI-ClII-AIV cluster, 
Cholesteryl ester transfer 
protein, Lipoprotein 
lipase)

• Elevated LDL/VLDL 
(ApoE)

• Coagulation (Fibrinogen 
B, Plasminogen activator 
Promoter polymorphism

• inhibitor type 1, Factor 
VIII)
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1.4 Stages of Atherosclerosis 

1.4.1 The endothelium monolayer

“The healthy  endo the lium  is a m ono layer  o f  cells tha t is an active paracrine, endocrine and 

autocrine o rgan  exerting  m any  im portan t hom eosta tic  flinctions” (Reriani et al., 2010). it is 

located be tw een  b lood  and tissue (Figure  1.1) and involved in all stages o f  arterial lesion 

developm ent.  Its initial ac tivation  is crucial to  a therom a initiation. The endothelium  plays a 

principle role in the  regulation  and m ain tenance  o f  vascular  tone, cellular adhesion, 

an ticoagulan t properties, sm oo th  m uscle  cell (S M C ) proliferation, signal transduction, lipid 

hom eostas is  and vessel wall in flam m ation  (D avies  1995, D avignon and Ganz, 2004). In 1977 

Ross et al., put forw ard  their response  to  injury hypothesis  w h ich  suggested  that injury to 

arterial E C s results in desquam ation  and lesion developm ent.  Sources  o f  injury include; 

hyperlip idem ia , hom ocystine , m etabolites ,  im m unologic  injury, infectious agents  and 

m echanical factors. These  injuries lead to endothelial d is rup tion  and de tachm ent which 

expose  underly ing tissue and give access to  an excess  am ount o f  harmful m olecules  such as 

cholesterol and m acrophages  (Ross  et al., 1977).

A ctivation o f  the endothelia l  cell (EC) induces the synthesis  and secretion o f  adhesion 

m olecules, selectins, chem ok ines  and cytokines  such as tu m o u r  necrosis  factor alpha (TN F- 

a ) ,  vascular  endothelia l g row th  factor (V E G F ), and interleukins (ILs) (S im a et al., 2009).

23



Masl:*l (-O f ^
F ib tc d K t  A i» * n d to

Figure 1.1 The normal endothelium monolayer, intima media and adventitia. Atheroma initiation  
involves all three o f  these cell layers. The intimia media is mostly composed o f smooth muscle cells 
and the adventitia contains a mixture of fibroblast and mast cells. (Libby et al., 2011)

Activation o f  EC dysfunction is firstly seen in increased barrier permeability allowing excess

lipoproteins and monocytes to infiltrate the inlirna and inner layers more easily. Reduced

efflux o f  the lipoproteins allows for their subsequent enzymatic modification, oxidation and

glycation. There are many enzymatic sources o f  reactive oxygen species (ROS) in the

mammalian cell, including mitochondrial respiration, lipoxygenase, cyclooxygenase, xanthine

oxidase, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and nitric oxide (NO)

synthase, the latter three have been studied extensively in CVD (Cai and Harrison, 2000).

Lipid oxidation triggers a number o f  events including endothelium release o f  chemotactic 

factors, mainly monocytic chemotactic protein ( MCP-1), vascular cell adhesion molecule - 

l ( V C A M - l )  and intracellular adhesion molecule -1 (lCAM-1), and E/P selectin 

expression on the vessel wall. This molecule combination encourages leukocyte rolling 

and infiltration into where monocytes and macrophages rapidly phagocytose the 

oxidised low density lipoprotein (oxLDL) using receptors such as CXCL16. Unmodified 

LDL does not contribute to foam cell formation, as it is undetectable to the scavenger 

receptors SR-A and CD36 o f  macrophages (Berliner and Watson, 2005).



Fatty streak and foam  celt formation

The cholesterol rich macrophages are known as foam cells and over time these cells die and 

form the necrotic core o f  the fibrous lesion. This is a precursor to the advanced lesion which 

is usually formed by the addition o f  SM Cs and SMC extracellular matrix (Figure 1.2) 

(Lusis, 2000). Cholesterol is a major component in the membranes o f  mammalian cells. 

As previously mentioned, an excessive amount leads to atherosclerosis progression. 

Accumulation o f  cholesterol can be due to an increase in cholesterol uptake, a non­

functioning cholesterol trafficking system and reduced cholesterol efflux (Li et al., 2013).
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Figure 1.2 Fatty streak and plaque formation (Libby et al., 2011). The diagram to the left 
illustrates the binding o f monocytes to the endothelium  adhesion molecules and subsequent 
infiltration from the blood flow into the arterial wall and foam cell formation. The diagram to the 
right illustrates the beginning o f  the atheroma and the different cells involved.

Apolipoprotein E (ApoE) is essential for the sufficient metabolism o f  triglyceride rich

lipoproteins. This apolipoprotein is secreted by macrophages and encourages cholesterol

secretion to the High D ensity  L ipopro te in  (HDL). Its presence is crucial for the

prevention o f  foam cell formation. Animal knock out studies ApoE -/- show that without

the gene for this protein atherosclerotic plaque progresses more rapidly. In the late 90s

studies showed the involvement o f  CD40 and its ligand CD40L in advanced lesion
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development as it is expressed on SMCs, ECs and macrophages. This combination is 

the trigger for multiple events including cytokine production, adhesion

molecule expression and matrix metalloproteinases (MMP) production(Sch6nbecketa l.,2000). 

1.4. L I  Cellular composition of atherosclerotic plaques

The composition o f  atherosclerotic plaques is a crucial factor in determining rupture, 

thrombosis and clinical events (Randi et al., 2003). The atherosclerotic plaque is composed o f  

a necrotic lipid core (>40%) o f  esterified cholesterol and cholesterol crystals and dead white 

blood cells w ith a monolayer o f  endothelial cells covering it. The fibrous cap which separates 

blood from the plaque components cap include matrix molecules such as collagen, elastin. 

and proteoglycans, derived from SMCs (Shah, 2003). Cap thinning is usually followed by 

plaque rupture.

1.4.1.2 EC arid SMC communication

Myoendothelial bridges connect ECs and SMCs (Spagnoli et al., 1982; Little et al., 1995) and 

communicate through paracrine pathways (Cunningham and Gotlieb, 2005). Flow models 

have confirmed the bidirectional cross-talk between the two cell types as the EC monolayer is 

the only cell exposed to the SS. Depending on flow type, SMCs respond differently to 

disturbed shear stress by regulating cell proliferation, migration and differentiation 

contributing to lesion size. Activated, they also increase expression o f  growth factors and 

cytokines i.e. MCP-1 and VCAM-1. However, in laminar flow SMCs contribute to an 

atheroprotective environment (Chiu et al., 2004).

1.4.2 Plaque disruption and rupture

Plaque rupture and thrombus formation are specific events that takes place in coronary

atherosclerosis which leads to a mycordial infarct, carotid atherosclerosis however, involves

the development o f  plaque which leads to the thickening o f  the arterial wall only and prevents
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blood flow causing stroke. Both types o f  atherosclerosis have com m on risk factors and initial 

development stages (Figure 1.1-1.2) such as ICAM-1 expression, and low shear stress 

association, however the extent o f  atherosclerosis differs depending on the vessel under 

investigation (femoral, abdominal, coronary or carotid) and also the specific region o f  the 

artery (i.e. carotid bifurcation) (Bots et al., 2007).

Studies have shown significant correlation between mean internal media thickness (IMT) and 

advancing coronary artery disease (CAD). Kablak-Ziembicka et al, concluded that IMT 

increases with advancing CAD (Kablak-Ziembicka et a., 2004) and Hodis et al found IMT to 

predict risk o f  coronary events in a more significant manner than coronary arterial measure o f  

atherosclerosis and lipid measurements (Hodis et al., 1998). A review by Bots et al., discussed 

the relationship o f  carotid and coronary disease from the literature published and concluded 

that multiple lines o f  evidence support the measurement o f  IMT to predict cardiovascular 

events for future treatment options (Bots et al., 2007). This project investigated protein and 

gene expression o f  the same molecules in both types o f  arterial disease to investigate if the 

same markers were valid.

“Understanding the distribution o f  mechanical stress in an atherosclerotic plaque is an 

important prerequisite to understanding plaque rupture. The stresses within the plaque are 

determined by the complex mechanical properties and variable mixture o f  plaque components 

(Lee et al., 1991).’Tlaques can be either high-risk vulnerable plaques or stable and low risk.

Events leading to a focal weakening in plaque structure and potential rupture include a 

necrotic lipid pool, macrophage infiltration, pulsatile and circumferential stresses and various 

plaque components such as inflammation mediators (Lutgens et al., 2003).

Features o f  vulnerable plaque include, outward remodelling, large lipid core (>40%), 

inflammatory cell infiltration o f  fibrous cap (macrophages > 25 cells per 0.3mm diameter), 

increased neovascularity and a thin fibrous cap (<65 um) o f  smooth muscle cells and collagen
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and potential thrombosis due to contact between platelets and a highly thrombogenic necrotic 

core (Figure 1.3) (Shah, 2003, Virmani et al., 2006). "They are also characterised by 

increased circulating ICAM. VCAM, MMP, TNF-a, lL-6, lL-10 and lL-18" (Sima et al., 

2009). Physical plaque disruption can be caused by a number o f  ways. Superficial erosion, 

micro-haemorrhaging o f  the microvascular channels due to neoangiogenesis and fracturing o f  

the fibrous cap. Very few studies have focused on endothelial desquamation as an initiator o f  

lesion disruption. Therefore little information is available on the mechanisms involved 

(Virmani et al., 2006, Hansson 2001, Hansson et al., 2002).
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Figure 1.3 Rupture o f coronary plaque. This event involves the release o f  platelets and the 
necrotic core into the arterial blood flow which results in a myocardial infarct (Libby et al., 2011).

Richardson et al 1989 demonstrated an important role o f  circumferential stress within a 

fibrous lesion. An increase in circumferential stress is caused by the fibrous cap decreasing in

thickness. Richardson et al research involved investigating the relevance o f  these stresses to

the stresses o f  atherosclerotic tissue failure. They found that plaques do not usually fracture at

circumferential stresses lower than 300kPa. Richardson concluded that there were three

factors in explaining the high circumferential stress and fracture association. Firstly an

increase in blood pressure is directly proportional to increases in circumferential stress which
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may lead to a myocardial infarct. Therefore a chronic rise in blood pressure is inevitably 

dangerous (Richardson et al., 1989).

As well as circumferential stress, pulsatile pressure causes dynamic stresses which weaken 

the plaques stable environment. In addition, evidence for stromelysin mRNA has been found 

in human atherosclerotic plaques; this protease may be one o f  the macrophage proteases 

causing plaque weakening (Henney et al., 1991). Dysregulated extracellular matrix (ECM ) 

metabolism may contribute to vascular remodeling during the development and complication 

o f  human atherosclerotic lesions. Matrix metalloproteinases (MMPs) are a family o f  enzymes 

that degrade ECM components in human atherosclerotic plaques. There are three MMP 

classes (interstitial coilagenase, MMP-1; gelatinases, MMP-2 and MMP-9; and stromelysin, 

MMP-3). Gelatinases specialized in the digestion o f  collagen fragments, basement 

membrane-type collagens, or elastin; interstitial coilagenase (MM P-1) which digests fibrillar 

collagens; and stromelysin (M M P-3), which degrades proteoglycans, fibronectin, laminin, 

elastin. and can activate the zymogen forms o f  the other MMPs as well (Galis et al., 1994).

1.5 Hemodynamic forces and artery architecture
The endothelium monolayer being the dividing factor between the vascular wail and blood 

flow is subjected to fluid forces o f  greater magnitude than any other tissue (Davies, 1986). 

The magnitude can be estimated by Poiseuille’s law, which states “that shear stress is 

proportional to blood flow viscosity and inversely proportional to the third power o f  the 

internal radius” (Malek et al., 1999). Pulsatile blood flow and pressure produce hemodynamic 

forces such as cyclic stretch, hydrostatic pressure and fluid shear stress on the EC (Tseng et 

al., 1995). Hemodynamic parameters such as disturbed and oscillatory flow and low shear 

stress have been implicated in the initiation and development o f  cardiovascular diseases 

(Anssari-Benam et al., 2013). Hemodynamic forces impact regions o f  curvature such as 

coronary arteries and bifurcations such as the carotid artery (Back et al., 2013).
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1.6 Shear stress

“  Endothelial shear stress (ESS) is a biomechanical force on the endothelial surface that is 

determined by blood flow, vessel geometry and fluid viscosity that is computationally 

estimated using fluid dynamics models and is expressed in units o f dynes/cm’" (Cunningham 

and Gotlieb., 2005). “ It is a product o f shear rate and blood viscosity”  (Chatzizisis et al., 

2007). Shear rate is the change in blood flow  from the arterial wall to the centre o f the lumen. 

Blood viscosity is the ability o f  blood to flow; it measures the internal friction that causes 

blood to resist flow.

In an equation, shear stress is expressed as t = 4^Q/7tr" where m is the viscosity, Q is the flow

rate and r is the vessel radius. The Reynolds number (Re) measures the stability o f  flow: Re =

2 .
4pQ/7i^D (g/ctn ) where p is blood density, D is vessel diameter, |i is blood viscosity and Q is

flow  rate. "This represents a ratio o f inertial flu id momentum to viscous frictional forces” 

(Cunningham and Gotlieb., 2005).

Shear stress o f  >15 dyne/cm^ induces endothelial quiescence and a gene expression profile 

which is atheroprotective, shear stress o f <4 dyne/ cm^, stimulates an atherogenic phenotype 

and is therefore present at sites o f atherosclerosis (Malek et al., 1999). Shear stress differs 

between arteries and veins, in the venous system, shear stress ranges from 1-6 dyne/cm^ 

while the arterial network experiences a greater and higher range 10-70 dyne/cm^. However,

. . .  2
this range is subject to arterial architecture as a shear stress as low as 0.5 dyne/cm can occur

in areas o f  curvature and biflircation (Malek et al., 1999).

1.6.1 Shear gradients

Shear gradients are divided into two categories- Temporal gradients are the change in shear 

stress that occurs in the same location over a short period o f time. A spatial gradient is the

difference in shear stress between two points o f a cell at the same time. White et al 2001
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developed an in vitro model that separated these gradients which previously hadn't been 

achieved. The findings suggested temporal gradients acted as stimulants for EC proliferation 

and therefore considered significant in atherosclerotic-susceptible regions. Spatial gradients 

had no greater influence on EC proliferation than steady uniform shear stress (White et al., 

2001). Significant stresses are created in the vasculature by the mechanical environment.

1.6.2 Types o f  shear stress and flow

The type o f flow depends on the region o f  the vasculature; the carotid bulb varies in flow 

types. High shear occurs in the medial wall o f  the bulb whilst oscillatory stress occurs on the 

lateral wall.

1.6.2.1 Laminar floM'

It has been suggested that undisturbed laminar flow is atheroprotective and stimulates cellular 

responses which are vital for endothelial cell function (Traub and Berk, 1998) and a healthy 

vascular system. Undisturbed laminar flow promotes an anti-inflammatory, antithrombotic, 

anticoagulative, profibrinol>tic and antihypertrophic state (Cunningham and Gotlieb, 2004). 

This type o f blood flow pattern is mainly seen in linear areas o f the vasculature and has a 

high shear stress and rate o f  average 12 dyne/cm^ (Yoshizumi et al., 2003).

1.6.2.2 Disturbed flow

Laminar flow transforms into disrupted flow, which is classified as a decrease in shear stress 

with forward and retrograde flow specifically at regions o f  curvature such as the carotid 

artery (Figure 1.4). Shear stress rate is typically <4 dynes/cm^. Areas o f  disturbed flow are 

associated with temporal and spatial shear gradients and experience recirculation, flow 

separation and reattachment (Estrada et al., 2011). This alters the homeostatic environment o f 

vascular cells and down-regulates eNOS, endothelial repair and disturbs cellular alignment. 

Leukocyte adhesion, ROS and lipoprotein permeability (Figure 1.2) are all up-regulated, 

contributing to the formation o f  a site o f  inflammation which starts as a fatty streak,
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progresses to an atheroma and finally a complex or vulnerable plaque which may rupture 

(Cunningham and Gotlieb, 2005).

1.6.2.3 Oscillatory ESS

Oscillatory stress is “periodic flow reversal with time-averaged shear stress approaching 

zero” that varies with the cardiac cycle and causes recirculation vortexes. Due to significantly 

low shear stress, cells subjected to oscillatory flow do not orientate perpendicular to direction 

o f  flow. This flow pattern occurs at the outer wall o f the carotid sinus and has a shear stress 

range o f  approx -7 to +4 dynes/cm^. Studies have shown correlation between fatty streak and 

lesion development and oscillatory flow resulting in a pro-atherogenic environment (Ku et 

aL  1985).

1.6.2.4 Pulsatile /  Pulsatile ESS

Due to PSS the vessel wall undergoes a cyclic stress composed o f radial and circumferential 

factors and the EC experiences a hemodynamic shear stress (Imberti et ai., 2002). In vivo ECs 

are exposed to pulsatile pressure (normal: 120=80 mm Hg) and cyclic stretch (normal: 6 -  

20%) at approx 80 bpm (Estrada et al., 2011). Depending on the area o f  vasculature shear 

stress varies (Table 1.3). Pulsatile flow creates a region o f flow separation and reversal at the 

sinus’s outer wall.

Table 1.3 The area o f vasculature and associated dyne/cm^ and intimal thickness (Ku et al., 
1985)

Com m on carotid 7 O.IO ±  0 .02  mm  
to 0 .15  ± 0.03 mm

Proximal internal carotid 26 0 .1 4  ± 0 .0 5  mm

M idpoint carotid sinus 17 0 .1 0 ± 0 .0 2 m m  
to 0 .15  ± 0.03 mm

Distal carotid sinus 45 0 .06  ±  0.01 mm to 
0 .0 9  ±  0 .04  mm

External carotid 13.5 0 .2 7  + 0 .15 mm to 
0 .08  ±0 .02  mm
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1.6.2.5 Steady shear stress

Steady shear stress is a flow pattern which is temporally and spatially uniform and used 

in many experimental preparations. This usually induces many o f  the same EC 

responses as pulsatile shear stress but has qualitative and quantitative differences. 

Steady shear stress causes cells to reorientate their axis parallel to the direction o f  blood 

flow; this decreases the cells resistance, lowering the shear stress (Traub and Berk, 1998).

1.6.2.6LowSS

Multiple roles o f  low ESS in atherosclerosis have been suggested. This is why low ESS 

may be a main causative factor in coronary artery disease. Low ESS promotes LDL 

permeability, uptake and synthesis, it promotes oxidative stress and the production o f  

ROS which oxidise LDL, and it reduces N O  bioavailability which is atheroprotective 

(Figure 1.4) (Li et al.. 2003). Low ESS most importantly induces inflammatory mediator 

expression and is capable o f  activating transcription factors such as N F -kP. When 

activated N F -kP upregulates gene

expression o f  adhesion molecules VCAM - and ICAM-1 and chemotactic factors such as 

MCP-1 and pro-inflammatory molecules TN F-a, IFN-y and lL-1 (Chiu et al., 2004).
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Laminar Flow Regions of Disrupted Flow
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Figure 1.4 Risk factors in combination with an increase in ROS, leukocyte adhesion, lipoprotein  
perm eability, inflammation and a decrease in eNOS, endothelial repair and cytoskeletal/cellular 
alignm ent lead to a disruption in laminar flow. Role of shear stress in atherosclerosis 
(Cunningham and Gotlieb, 2005)

Low ESS promotes ECM  degradation in the vascular wall and fibrous cap which are both 

m ade o f  collagen and elastin fibres. Low ESS upregulates M M P gene expression, in 

particular M M P2/9, these matrix degrading proteins are released from m acrophages, VSM Cs 

and endothelial cells upon activation o f  transcription factors (TFs) which upregulate pro- 

inflammatory cytokines TNF-a. IL-1, INF-y. Low ESS may play a potential role in plaque 

calcification and neovascularisation as VEGF is shown to be upregulated (Catzizisis et al., 

2007). Sakam oto et al 2006 reported m igration o f  SM Cs was decreased by shear stress o f  1.5 

Pa, how ever 0.1 Pa shear stress did not suppress m igration (Sakam oto et al., 2006).

The m ost cited factors toward initiation o f  atherosclerotic plaque in the current literature are 

abnorm alities in shear stress and flow patterns. However, clinical findings suggest that 

plaque still forms at arterial sites that are associated with steady and high shear stress rates 

(A nssari-Benam  and K orakianitis, 2013). A review o f  27 studies on low and oscillatory 

shear stress revealed in fact that the evidence supporting its part in atherosclerosis was less

34



robust than assum ed (Peiffer et al., 2013).

1.7 Mechanotransduction

Cells sense their physical environm ent by translating m echanical forces into biochemical 

signals w hich results in a m echanosensitive feedback loop known as m echanotransduction. 

M echanotransduction regulates cellular functions including differentiation, proliferation,

migration, apoptosis and hom eostasis. D isturbing this feedback process alters cell signalling 

events, such as gene and protein expression, and leads to pathophysiological changes, in th is 

case atherosclerosis (W heeler-Jones 2005).

There are m any forms o f  endothelial responses to  fluid shear stress. M ediators o f

m echanotransduction can be divided into tw o groups: In cell associated and surface/extra­

cellular associated m ediators. In cell associated m ediators consist o f  cytoskeleton 

(M icrofilam ents, M icrotubules, Interm ediate filam ents) and nuclei (Ion channels. N uclear 

lamina. Chrom atin, Gene expression). Surface/extra-cellular m echanosensors include

m em branes (Ion channels, Caveolae, Surface receptors. Lipid bilayer), surface processes 

(Prim ary cilium, Stereocillia), cell-cell adhesions (Cadherins, Gap junctions), ECM  

(Fibronectin, Collagen. Proteoglycans, Basem ent m em brane) and cell-ECM  adhesions (Focal 

adhesions, Integrins) (Figure 1.5) (Davies, 1995 and Takahashi et al., 1997).

M ediators o f  m echanotransduction activate signalling molecules (Figure 1.6), nitric oxide, 

cGM P, G-proteins and G-protein coupled receptors, ROS, inositol triphosphate, protein 

kinases, calcium  influx and transcription factors, early growth facto r-1, N F -kP and activator 

protein-1 within minutes o f  surface response. After several hours changes can then be 

identified through cytoskeleton organisation in the direction o f  flow and cell elongation (O rr 

et ai., 2006). Signalling also results in growth arrest/proliferation, inflam m atory/anti­

inflam m atory gene activation via the shear stress response elem ents located on the prom oter
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regions (Chien 2007).

According to experimental results, laminar flow  is capable o f mechanoreceptor activation and 

transduction however cells adapt to the environment and begin to down regulate pathways. 

Disturbed flow was able to sustain activation o f NF-k(3 and tissue factor promoting 

inflammation and thrombosis (Orr et al., 2006).
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Figure 1.5 The diagram illustrates the effect of shear stress on endothelial sensors (Chien 2007).
A number of surface and subendothelial activation pathways activate excessive protein 
expression which encourages atheroma formation.

Mechanotransduction in ECs has been studied with both in vivo an in vitro approaches. Many 

in vitro models have been designed to study this process as they have the advantage o f 

controlling experimental variables. However, in vivo studies are important as follow up 

studies to verify and determine applicability o f  in vitro  results.
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Figure 1.6 Mechanical stimuli signal similar to chemical stimulants (Chien 2007) and both t>pes of 
stimulants, in a disturbed environment, produce a greater potential environment for atheroma 
development.

1.8 Inflammation and atherosclerosis

In the mid 19*'’ century Virchow established the importance o f  inflammation in atherogenesis 

and in 1977 Ross et al, put forward their response to injury hypothesis. Inflammation is 

regulated by the presence o f  immune cells; vascular cells, lymphocytes, monocytes, 

macrophages, and mast cells, which may be generally classified as pro or anti-inflammatory 

and secrete over 50 types o f  cytokines. These inflammatory mediators co-ordinate the innate 

and adaptive immune response in atherosclerosis (McLaren and Ramji. 2009).

They can be split into two categories, class I and II, based on the structural homology o f  their 

receptors. Interleukins, colony stimulating factors and Interferons signal via the Janus kinase. 

However, cytokine families IL-I ( IL -la ,  IL -ip . IL - laR .  and lL-18) and T N F-a  activate 

nuclear factor-KP (NF- kP) and mitogen-activated protein (M AP) kinase (Tedgui and Mallat, 

2006). Cytokines are not the primary trigger in atherosclerosis; they are released by cells as 

an injury response at sites o f  inflammation. So far, inflammatory mediators that have been 

used as a usefitl tool to detect early to thrombotic atherogenic events include CRP, IL-18, IL- 

6 (Lamon and Hajjar, 2008).

1.9 Biomarkers and triggers of atherosclerosis
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As atherosclerosis is a com plex inflam m atory disease, there are many influential biom arkers 

which contribute to the disease's progression as well as biomarkers from atherosclerosis related 

diseases such as periodontal disease and autoim m une diseases i.e. Diabetes, RA, SLE. 

B iom arkers can be proteins, DMA and m RNA which are measured to assess biological, 

pathological processes and pharm acological responses. Biom arkers can be classified as early, 

predictive and prognostic bio m arkers depending on disease stage (Huang et al., 2010). 

Identifying biom arkers for disease and finding therapeutic targets is crucial to research and 

treatm ent and overall a populations m ortality and m orbidity rate (Uno and Nicholls, 2010). A 

good approach in investigating biom arkers in a progressive disease such as atherosclerosis 

that may take decades to show sym ptom s would be to identify separate m arkers associated 

with the different stages o f  the disease. How ever ongoing research has particularly focused 

on som e o f  the following pro and anti-inflam m atory mediators. A therosclerotic associated 

cells as discussed earlier: ECs, SM Cs, and m acrophages are all producers o f  important 

bio m arkers (Figure 1.7).
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Figure 1.7 An interconnecting network o f cells p ro d u ce  cytokines potentially associated with 
atherosclerosis (Ait-Oufella et al., 2011). The diagram above illustrates the various cytokines 
associated with the different types o f  cells involved such as macrophages, smooth muscle cells,
endothelial cells and T cells. Each cell produces a specific set o f cytokines.

1.9.1 Anti-inflammatory cytokines

1.9.1.1 Interleukin 10 (IL-10)

11-10 is classified as a pleiotrophic anti-inflammatory lymphokine that suppresses 

expression o f  IFN-y, TNF-a, GM -CSF and proliferation o f  T cells. For the immune 

system to be fully functional there must be a balance o f  pro and anti-inflammatory 

molecules in systemic circulation. IL-10 deficiency has been reported in numerous 

disease associated with inflammation including RA and SLE (Pyo et al., 2003) and

UAS, patients demonstrate an imbalance o f  T N F-a  and IL-10 levels in serum (Waehre

et al., 2002). IL-10 deficiency in atherosclerosis leads to an increase in fatty streak 

formation and proteolytic and coagulant activity (Caligiuri et al., 2003) as it inhibits
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Thl cytokine production (Fiorentino et al.,1991), reduces CC chemokine production that 

would result in leukocyte homing and downregulates lCAM-1. It also contributes to 

prevention o f  plaque destabilization by reducing MMP production. However, like other 

cytokines involved in atherosclerosis, serum levels o f  IL-iO in patients vary between 

studies and disease type (Stenvinkel et al., 2005). lL-10 plays a cross-regulatory role with 

lL-12, and inhibits its oxLDL induced release (Uyemura et al., 1996).

1.9.2 Predominately Pro-inflammatory cytokines

1.9.2.1 Tumour Necrosis Factor alpha (TNF-a)

T N F-a  is a pleiotrophic pro-inflammatory cytokine and it is mainly exported by monocytes 

and macrophages. TNF signals through the TNF receptor (TNFR) (Fragoso et al., 2013), 

TTMFR is found on endothelial cells and ultimately activates N F -k|3 which is responsible for 

cell survival, proliferation, inflammation and immune regulation. Many inflammatory 

marker genes consist o f  an NF- kP promoter region, therefore if protein expression is 

regulated by T N F -a  it may be considered as a pro-inflammatory marker. It is involved o f  all 

stages o f  atheroma formation: initiation, development, susceptibility, severity and response 

to treatment (Fragoso et al., 2013). TN F-a is involved in the production o f  chemokines (IL- 

6, CRP) and cytokines, expression o f  adhesion molecules (ICAM-1, V C A M -l),  recruitment 

o f  leukocytes, induction o f  smooth muscle cell proliferation and lipid metabolism (decreases 

HDL activity) (Bruunsgaard et al., 2000). TN F-a concentration is 200 times higher in 

intimal thickenings o f  atherosclerotic aortas than in corresponding serum samples (Rus and 

Vlaicu, 1991). A study carried out on patients suffering from RA and AS treated with anti- 

T N F-a  for 1 year had a significant reduction in aortic stiffness (Angel et al., 2012).

1.9.2.2 Interferon gamma (IFN-y)

IFN-y is the only type II interferon, type I interferons include a, P and 5. Cells which produce
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IFN-y include activated T lymphocytes (CD4+ Thl cells), natural killer cells, 

monocytes/macrophages , dendritic cells and B cells. Cytokines lL-12 and lL-18 released by 

antigen presenting cells activate IFN-y secretion from these cells. IFN-y has multiple pro- 

atherogenic roles. IFN-y signalling activates immune cells such as T-cells, macrophages and 

N K  cells, class 1 and 11 major histocompatibility complex (M HC) molecules, cytokine 

production and increased expression o f  adhesion molecules and chemokines at site o f  lesion. 

(Harvey and Ramji, 2005, Tenger et al., 2005). IFN-y is known as a pro-inflammatory 

cytokine but is likely to play both pro and anti-inflammatory role in atherosclerosis (Muhl 

and Pfeilschifler, 2003). IFN-y is involved in multiple stages o f  atherosclerosis as a pro- 

inflammatory cytokine: foam cell formation, immune response and plaque development 

(McLaren et al., 2009). Therapeutics focusing only on this cytokine have vast potential in 

prevention o f  atheroma development, a study demonstrating IFN-y neutralisation by a 

plasmid encoding soluble IFN-yR reduced lesion advances in mouse models (Gotsman and 

Lictman. 2007).

1.9.2.3 Interleukin 6 (lL-6)

IL-6 is a glycoprotein produced by monocytes/macrophages, adipose tissue and endothelial 

cells. IL-6 stimulates SMC proliferation, MCP-1 secretion from macrophages and lCAM-1 

expression on ECs. Elevated IL-6 plasma concentrations have been associated with morbidity 

and mortality rates in unstable angina (Koenig and Khuseyinova, 2007). In carotid artery and 

coronary artery patients, IL-6 had significantly higher expression levels than controls and 

correlated with the lumen diameter o f  the com m on carotid and was considered a useful 

biomarker (Larsson et al., 2005). IL-6 and IL-8 have shown significantly higher levels in 

fibrous plaque than the normal arterial wall (Rus et al., 1996).

1.9.2.4 Interleukin 2 (IL-2)
IL-2 is a known angiogenic factor which has multiple inducers, including IL-4, IL-6, TN F-a
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and itself. It has been shown to be increased in coronary artery disease (CAD) and stable

angina (SA) patients but not acute coronary syndrome (ACS) (Ozeren et al., 2003). In a study 

on carotid endarterectomies by Frostegard et al., the imbalance o f  pro and anti-inflammatory 

cytokines were significantly different, IL-2 and IFN-y were present in 30-50% o f  plaques 

(Frostegard et al., 1999).

1.9.2.5 Granulocyte Macrophage Colony Stimulating Factor (GMCSF)

G M -CSF is a cytokine responsible for the differentiation o f  progenitor cells into mature 

granulocytes and macrophages and the proliferation o f  DCs (Alberts-Grill et al., 2013). It is a 

key mediator in the response to injury phase o f  inflammation initiation. Protein and m RNA 

studies have confirmed the presence o f  GM -CSF in non-diseased arteries and its up- 

regulation in atherosclerotic human coronary arteries (Plenz et al., 1997). The expression o f  

G M -C SF in diseased arteries can be due to the excessive amount o f  oxLDL, which induces 

cytokine release by endothelial cells. The ability o f  GM -CSF to regulate granulocytes and 

macrophages contributes to plaque progression (Shaposhnik et al., 2007).

1.9.2.6 Interleukin 1 beta (IL-lfi)

O f  the IL-1 family IL - ip  is the most predominant isoform circulating in humans. Vascular 

cells can both produce and be targets o f  IL - ip  signalling. IL - ip  signals through the MARK 

pathway by binding to IL-IRI (receptor) and activates TFs and N F-kP which results in pro- 

inflammatory gene expression (Chamberlain et al., 2006). In atherosclerosis, IL - ip  is 

considered a significant contributor in all stages o f  the disease; it increases adhesion molecule 

expression, vascular permeability and SMC proliferation (Apostolakis et al., 2008).

1.9.2.7Interleukin I2p70 (IL-I2p70)

IL-12 is an important regulator o f  ThI and Th2 cell responses. It is produced by activated 

monocytes and is a T cell growth factor. IL-12 expression may be initiated by monocyte
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activation by oxLDL but not minimally modified (MM)-LDL. lL-12 p40 mRNA and IL-12 

p70 protein have been found in abundance in atheroma (Uyemura et al., 1996).

1.9.2.8 Interleukin 18 (lL-18)

11-18 is a member o f  the IL-1 family alongside IL-ip . A wide range o f  cells express this pro- 

inflammatory IFN-y inducing cytokine such as monocytes/macrophages, T and B cells, 

dendritic cells and epithelial cells (Apostolakis et al., 2008). IL -18  gene is found on 

chromosome 11: position 11 q22.2-q22.3 (Figure 1.8) (Okamura et al., 1995).

Chr 11
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Figure 1.8 Chromosome 11, location o f IL18.

IL-18 is associated with inflammatory diseases such as rheumatoid arthritis, systemic lupus 

erythematosus and skin diseases, psoriasis and atopic dermatitis (Sims and Smith, 2010). 

Unlike most cytokines, IL-18 is constitutively expressed without a stimulant. In 

atherosclerosis, IL-18 has many roles; it induces cytokines GM-CSF, TN F-a, IL-1 (3, IL-6 and 

chemokine IL-8, which significantly contribute to chronic inflammation at the site o f  lesion 

development. The most studied influence IL-18 has on immune cells is its ability to stimulate 

a potent amount IFN-y from T hl cells. A combination o f  IL-12 and IL-18 also generates IFN- 

Y on a wider range o f  cells, CD8+ T cells, B cells and N K  cells (Arend et al., 2008).

IL-18 studies have shown the presence o f  IL-18 co-localized with macrophages in 

atherosclerotic lesions while absent in healthy arterial regions. In mouse models, IL-18 

enhances atherosclerosis through IFN-y release (Whitman et al., 2002). Also, elevated levels 

o f  IL-18 in carotid and aorta atheromas correlated with the increasing potential o f  plaque
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destabilization. However, studies show conflicting results describing the role o f  IL-18 as pro- 

or anti-atherosclerotic, depending on the experimental model (Arend et al., 2008). IL-18 has 

been shown to impact on elevating C X C L I6  expression in lesions along with IFN-y 

(Tenger et al., 2004). In aortic smooth muscle cells C X C L I6  dependent aortic sm o o th  

m usc le  cell (ASM C) proliferation is mediated by IL-18 (Chandrasekar, et al., 2005). Apart 

from immune cells IL-18 also has an effect on endothelial cell expression, IL-18 

upregulates adhesion molecules ICAM-I and VCAM-1 (Apostolakis et al., 2008).

1.9.3 The network o f  serum cytokines in this study

There are numerous molecules that form a network in atherosclerosis and activate each other 

and self activate using monocytes/macrophages, smooth muscle cells and endothelial cells. 

Num erous inter-relationships have been confirmed and suggested in association with 

atherosclerosis (Figure 1.7).

T N F -a  levels are associated with increased IL-6 levels in vivo and in vitro (Mendell et al., 

1997, Bruunsgaard et al., 2000). TN F-a and IFN-y up-regulate the expression o f  C X C L I6  

from ECs and SMCs (Harvey and Ramji, 2005, Tenger et al., 2005). As IFN-y down- 

regulates scavenger receptors, this could explain its role in regulating C X C L I6  as an anti­

atherogenic factor too. IFN-y is primarily a pro-inflammatory regulator but induces anti­

inflammatory protein IL-8, and IL-12 controls the production o f  IFN-y in an inflamed 

environment (Harvey and Ramji, 2005). These cytokines are multi-factorial in atherosclerosis 

and regulate each other, IL-I(3 and TN F-a induce IL-6, while IL-6 inversely regulates TN F-a 

expression (Akira et al., 1990).

IL - ip  induces IL-6, IL-8 and CXCL16 (Smith et al., 2008, Chamberlin et al., 2006). IL-IO 

also down-regulates expression o f  IFN-y, TN F-a and GM-CSF (Pyo et al., 2003). 11-10 also
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inhibits lL-12 (Frostegard et al., 1999). More research is required to better understand the 

complex network o f  cells and their cytokines in inflammatory diseases.

1.9.4 Inflammatory mediator targets

M embers o f  each cytokine family have been identified as key players in the pathogenesis o f  

atherosclerosis and all cell types found in atherosclerotic plaque produce or respond to the 

cytokines involved. In fighting disease, the balance between pro and anti-inflammatory 

mediators is crucial and therefore controlling expression o f  cytokines through the use o f  

therapeutics is potentially promising. The limiting step in interleukin therapeutics is 

identifying which cytokines are compensatory, contributory or associated with atherosclerosis 

(Von Der Thusen et al., 2003). Different approaches to regulating interleukins involve 

inhibiting them and their receptors (anti-sense therapy), inhibiting interleukin processing 

(natural/synthetic ICE inhibitors), neutralization o f  prointlammatory interleukins (anti­

cytokine antibodies, soluble cytokine receptors and cytokine-binding proteins), IL receptor 

antagonists (IL-lra), up-regulation o f  anti-inflammatory interleukins (IL-9, lL-10, lL -1 1, IL- 

4, IL-3), inhibition o f  IL-induced gene expression (N F-kP, AP-1, STAT) and finally 

inhibition o f  interleukin signalling (tyrosine kinase inhibitors e.g. tyrphostins) (Von Der 

Thusen et al., 2003).

If  these interleukin based therapeutics cannot stand alone, the introduction o f  combination 

therapy including more than one o f  the above interleukin targeted therapies should be 

considered.

1.9.5 Anti-inflammatory therapeutics

Two recent placebo controlled clinical trials on anti-inflammatory based agents have been

carried out. Both agents are used to treat inflammatory driven diseases but could prove

beneficial for CVD. Methotrexate given at a low dose significantly reduced the number o f

vascular events and cardiovascular related deaths in RA patients and is a potential cost

45



effective method for risk prevention in patients with an inflammatory disorder (Maini et al., 

1998). Another anti-inflammatory agent which has undergone clinical trials is canakinumab. 

This antibody neutralizes 1L-1(3 and reduces CRP, and would be particularly useful for the 

secondary prevention o f  cardiovascular disease (Libby et al., 2011).

1.9.6 Scavenger receptors in atherosclerosis

Scavenger receptors are pattern-recognition receptors (PRR) expressed on macrophages, 

SMCs, monocytes, platelets, endothelial and epithelial cells. They are classified into eight 

groups (A-H) o f membrane and soluble proteins. Their flinction is to bind to pathogens and 

macromolecular complexes in order to regulate intracellular signalling (Stephen et al., 2010). 

In atherosclerosis they mediate internalization o f modified lipoproteins, lipoproteins which 

have undergone oxidation or enzymatic modification, a precursor o f foam cell development 

(Hansson & Libby, 2006).

1.9.7  Chemokines

Chemoattractants are functional messengers classified into inflammatory and homeostatic 

chemokines. Inflammatory chemokines are secreted by vascular cells such as endothelial and 

smooth muscle cells and recruit activated macrophages and T cells to sites o f  inflammation, 

in this case atheroma formation (Hansson & Libby 2006). Chemokines also play a role in 

lymphocyte differentiation and angiogenesis (Yamauchi et al., 2004).

Chemotactic cytokines are generally divided into four main groups, two major CC and CXC, 

and two minor CX3C and XC (Kraaijeveld et al., 2007), depending on the NH 2-terminal 

Cysteine m otif (Zernecke and Weber, 2010, Yamauchi et al., 2004). Approximately fifty 

chemokines have been reported on so far (Kraaijeveld et al., 2007) and many play a role in 

the development o f lesion formation.
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1 .9 .7.1 Interleukin 8 (lL-8)

II-1 and TN F-a stim ulate fibroblasts, ECs, keratinocytes and m ononuclear cells to  synthesize 

lL-8 chemokine production. IL-8 is a regulator o f  neutrophil and vascular endothelial cell 

m igration and considered an angiogenic factor. Unstable angina pectoris (UAP) patients have 

significantly higher levels o f  lL-8 in their circulation com pared to healthy controls (O zeren et 

al., 2003). Statins significantly reduce the level o f  lL-8 and IL-6 in hypercholesterolem ic 

patients (Rezaie-M ajd et al., 2002).

1.9.7.2 CXCL16

C X C L16/SR -PO X  gene has five exons, spans 6283 bp and is found on chrom osom e 17, 

position 17p l3 .2 (Figure 1.9) (H uang et al., 2010).
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Figure 1.9 Chromosome 17, location of CXCL16

CX CL16, also known as SR-PSO X, is a m ulti-functional m olecule com posed o f  four 

dom ains, a chem okine dom ain attached to a m ucin stack fused to a transm em brane and 

cytoplasm ic dom ain (Lehrke et al., 2007, Chandrasekar et al., 2003). It can be described as a 

scavenger receptor, adhesion molecule and soluble chem okine thus m aking it a triple threat in 

disease. Expression o f  CXCL16 has been reported on T-cells, dendritic cells, m acrophages 

and cytokine stim ulated ECs and SM Cs (Zernecke et al., 2010) and B cells (Lougaris et al., 

2012). CXCL16 is a known regulatory protein o f  tissue injury, fibrosis and inflam m ation. The 

role o f  CXCL16 has been controversial in clinical sam ples o f  m any diseases therefore it is o f  

critical im portance to elucidate the consequences o f  its expression.
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Soluble CXCL16

The disintegrin and metalloproteinase ADAM  10 has the ability to  cleave CXCL 16 resulting 

in a soluble chemoattractant for CXCR6 associated cells. CXCR6 has been detected on a 

variety o f  cell types, interstitial lymphocytes, N K  T cells, monocytes, dendritic cells, a subset 

o f  CD4+ or CD8+ T cells and CD4+ effector memory T cells, N K  T cells, and a subset o f  

Foxp3)? regulatory T cells in humans (Zernecke & Weber., 2009).

CXCL16 as a chemokine signals via heterotrimeric G proteins/PI3K/'PDK-l/Akt/IK.K/l_B 

activating N F-kP- In Human aortic smooth muscle cells (HASM C), CXCL16 expression 

increased NF- kP binding activity resulting in up regulation o f  TNF-a, IkP phosphorylation 

and degradation, cell to cell adhesion and ASM C proliferation (Chandrasekar et al., 2003). 

Soluble CXCL 16 has been reported to have a more definite role as a novel prognostic marker 

in predicting recurrence o f  liver metastases in colorectal cancer patients (Matsushita et al., 

2011) and as a protector against experimental glomerular injury (Izquierdo et al., 2014) 

compared to cardiovascular disease. Therefore, it is important to clarify its role in 

atherosclerosis as it does not act as a negative or positive influence on disease.

Receptor CXCL 16

CXCL 16 is also a class G scavenger receptor which binds phosphatidyl-serine, oxidised 

lipoproteins, apoptotic ceils and bacteria (Murphy at al., 2005, Lehrke et al., 2007). Pro- 

inflammatory cytokines associated with increased CXCL16 expression include IFN-y, lL-18, 

LPS and to a lesser extent TlMF-a. lL-12 and IL-15 (Wagsater et al., 2004).

CXCL 16 & atherosclerosis

Studies have shown CXCL 16 to play a role in various steps o f  atheroma initiation and 

formation, including vascular cell proliferation (Lehrke et al., 2007), endocytosis o f  oxLDL, 

but not naive LDL, leading to foam cell formation (Minami et al., 2001) and CD8+ t cell 

recruitment and IFN-y production (Yamauchi et al., 2004). CXCL 16 was also found to have

48



an effect on IL-8 and MCP-1 release (Smith et al., 2008).

The location o f  C X CL16 expression has been confirmed at sites pre-disposed to atheroma 

formation and has not been detected on the endothelium o f  healthy arteries. Increased 

expression has been reported in lesion prone areas with no visible plaque and in macrophage 

rich regions o f  advanced lesions (Hofnagel et al., 2011).

Looking at the individual roles o f  the different forms o f  CXCL16 it appears to have a pro- 

atherogenic role. However, the role o fC X C L 1 6  in CAD has been controversial.

At present, more research needs to be invested into classifying this molecule as a biomarker, 

causative factor or  therapeutic target. As there is no current reliable biomarker for ischemic 

stoke this chemokine could be a potential possibility (Sheikine and Sirsjo, 2008). Chapter 2 

investigates fijrther the serum levels and plaque presence o f  CXCL16 in humans and 

attempts to distinguish the pro or anti-atherosclerotic role.

Atherosclerosis is but one disease that C X C L I6  and its receptor CXCR6 assist in 

inflammatory and therefore disease development. Other auto-immune and inflammatory 

related diseases have identified the chemokine/receptor duo as important biomarkers.

CXCL16 in inflammatory diseases

Sarcoidosis is an immunomediated disorder o f  unknown causes. It affects many organs 

including lungs, liver and heart. CXCR6 and C X C L I6  play a pro-inflammatory role in the 

pathogenesis o f  T-cell Alveolitis in sarcoidsis. Sacrcoid CD4+ T cells in the bronchoalveolar 

express CXCR6 which then binds to C X C L I6  on the epithelial/epithelioid cells and 

pulmonary macrophages (Agostini et al., 2005).

CXCL16 is also associated with Irritable Bowel Disease (IBD). The soluble form o f  the 

chemokine, which we know as an attractant for CXCR6- expressing T cells, significantly 

increases in patients with Ulcerative Colitis and Crohn’s Disease compared to healthy 

controls (Lehrke et al., 2007).
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Gout, an inflammatory arthritis, is also shows a correlation between increased C X C L I6  

expression and severity o f  the disease progression. It was also found to be correlated with 

renal function in the same cohort (Gong et al., 2012).

Precancerous lesions o f  proliferative inflammatory atrophy have been proposed to form 

prostatic intraepithelial neoplasia. A study revealed out o f  37 chemokines associated with 

prostate cancer cell lines, CXCL16 had a significant positive correlation with the stage and 

grade o f  prostate cancer (Darash-Yahana et al., 2009). This chemokine enhances leukocyte 

recruitment enabling malignancy and C X C L I6  and CXCR6 were also found on tumour- 

associated lymphocytes, proposing it as a tumour promoter. There is also a strong link 

between T N F -a  and IL - ip  levels and the expression level o f  C X C L I6  in prostate epithelial 

cells (Lu et al., 2008).

However, C X C L I6  does not seem to be associated with a bad prognosis for all cancers, the 

increase in CXCL16 in colorectal cancerous tissue is an indicator o f  a better prognosis for 

colon rectal cancer (CRC). To date it is unclear to why CRC tumour cells upregulate 

C X C L I6 (H o jo  et al., 2007).

This multi-functional protein has proved itself to be a marker o f  importance in many diseases 

like TN F-a and IFN-y, so investing research and time to uncover all its possible roles in 

disease will no doubt be beneficial to not one but multiple diseases.

Therapeutics opportunities

Inhibition o f  chemokines is a potential approach to treating atherosclerosis. In current 

literature so far, receptor antagonists for RANTES, CCR5 and CXCR3 have reduced lesion 

development.

However, limitations exist using cytokine and chemokine blockers. Targeting the lesion site 

specifically while not affecting the rest o f  the hosts defence system is a major challenge 

(Braunersreuther et al., 2007).
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1,9.8 Adhesion molecules

Direct cell-cell interactions are maintained and regulated by cell adhesion molecules. The

expression o f  adhesion molecules directs inflammatory responses (Walpola et al., 1994).

Early adhesion molecules include P and E selectins, which slow down leukocyte movements

along the endothelium wall so adhesion molecules such as VCAM-1 and lCAM-1 can attach

to the ligand on leukocytes (Leeuwenberg et al., 1992, Libby, 2006). Soluble forms o f  these 

adhesion molecules are also found in the supernatant o f  cytokine activated cultured

endothelial cells (Pigott et al., 1992).

in atherosclerosis, adhesion molecules are upregulated by cytokines and shear stress to 

facilitate the attachment o f  leukocytes to the activated endothelium and permit their 

transmigration into the intima where they accumulate and form foam cells at sites 

predisposed to atherosclerosis (Frank and Lisanti, 2008).

I.9.8.1 ICAM -I

Intercellular adhesion molecule 1 (ICAM-1) is a member o f  the immunoglobulin superfamily 

along with ICAM-2/3, vascular cell adhesion molecule 1 (VCAM-1) and platelet endothelial 

cell adhesion molecule l(PECAM-l). They are glycoprotein receptors found on the 

endothelial membrane and each posses a different number o f  extracellular Ig domains 

(Blankenberg et al., 2003).

ICAM-1 and atherosclerosis

ICAM-I expression is distributed around the cell under normal shear stress with an

abundance in the junctional regions. In normal healthy coronary arteries ICAM-I is

expressed. However, it has also been identified in all plaque types in both ECs and

macrophages (Davies et al., 2005). In inflamed regions ICAM-I expression on ECs is

controlled by cytokines such as VEGF and TNF-a and synthesized via RhoA activation and

the NF-kP pathway (Thompson et al., 2002, Kim et al., 2001). In murine model studies,
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ICAM-1 deficiency alone did not prevent lesion formation and Cybulsky et al., concluded 

VCAM-1 as a more significant role in atheroma initiation (Cybulsky et al., 2001). Walpola 

reported that an increase in SS upregulates ICAM-1 expression in rabbit carotid arteries while 

a reduction in SS is proportionate to ICAM-1 expression (Walpola et al., 1994).

Circulating ICAM-1 in CAD

In hum an studies, circulating levels o f  ICAM-1 have been measured in coronary and carotid 

artery disease patients. Both produce higher levels compared to healthy controls but levels do 

not vary between these two groups (Hwang et al., 1997). An upregulation o f  ICAM-1 in 

circulation has also been linked to myocardial infarctions and future coronary events (Luc et 

al., 2003). T his may suggest a promising molecular marker for atherosclerosis. However, 

systemic reduction o f  monocyte adhesion could be potentially dangerous as a therapeutic 

strategy against atherosclerosis. Nonetheless, mice models with significant adhesion 

molecule reductions look promising (Nagel et al., 1997).

1.9.9 Lipid accumulation and oxidation

An increasing amount o f  research has supported that low-density lipoprotein (LDL) particles 

trapped in the subendothelial space play a vital role in the initiation o f  fatty streaks and 

progression o f  fibrotic plaque in atherosclerosis (Furnkranz et al., 2005). All lipoproteins 

contain cholesterol which is surrounded by a water soluble and fat soluble surface which 

allow its transportation throughout the blood. However LDL, specifically harmful in CVD, 

and HDL, reported to help protect against plaque formation, have structural differences. The 

most significant being HDL has a higher amount o f  protein and lower amount o f  cholesterol 

which cause it to function differently. As LDL has a lower density it remains in the 

bloodstream for longer and is more likely to accumulate at the site o f  injury (Zhang et al., 

2011). Various inflammatory diseases such as cancer, diabetes, rheumatoid arthritis and in 

this case atherosclerosis, feature lipid oxidation an important pathological event (Leitinger.,



2005). A build up o f  lipoproteins in the intima initiate inflammation and oxidation occurs 

along with inflammatory activation o f  cell types such as the epithelium, fibroblasts, 

neutrophils, monocytes and in the case o f  atherosclerosis, the endothelium (Birukov et al., 

2013).

Formation ofoxP Ls

Oxidised phospholipids (OxPL) form from (poly) unsaturated diacyl- and alk(en)ylacyl 

glycerophospholipids by radical induced mechanisms either the oxidation o f  LDLs 

(enzymatic) or from the membranes o f  apoptotic cells (non-enzymatic). Enzymes such as 

myeloperoxidase, 12/15 lipoxygenase, phospholipase A2, sphingomyelinase and NADPH 

oxidase are significant enzymes involved oxidative modification (Birukov et al., 2013). The 

oxidation o f  arachidonic acid containing membrane phospholipids (LDL) results primarily in

MM-LDL. OxPLs have been identified in atherosclerotic plaque and circulation (Ashraf et 

al., 2008).

Sterol regulatory element-binding proteins are key transcription factors involved in the 

modulation o f  genes implicated in cholesterol biosynthesis and LDL uptake. SREBPI, one of 

the three family members, can be activated by shear stress and TNF-a (Pastorino and Shulga, 

2008) in the presence o f  sterols via integrins and activation is prolonged by disturbed flow. 

The activation o f  SREBPI is a result o f  transcriptional activation o f  genes which are 

regulated by sterol response elements (Li et al., 2002). OxPAPC has been identified as a 

regulator o f  SREBPs (Gargalovic et al., 2006). The subsequent activation o f  these 

transcription factors results in the over-induction o f  lipogenic enzymes and subsequent 

cholesterol biosynthesis which the cell is not capable o f  controlling.

7.9.9./ OxPAPC

MM-LDL differs from highly oxidised LDL undergoing less linoleic acid oxidation and little

to no protein modification. MM-LDL, unlike oxLDL is involved in monocyte recruitment
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and macrophage transformation (Watson et al., 1997). The formation o f  minimally modified 

LDL assists in monocyte adhesion and stimulates chemokine MCP-1 and cytokines for 

plaque progression. The biological activity o f  M M -LDL is caused by the oxidation o f  1- 

palmitoyl-2-arachidonoyl-sn-3-glycero-phosphorylcholine (PAPC) which then yields 

fragmented l-palmitoyl-2-(5-oxovaleroyl)- sn-glycero-phosphatidylcholine (POVPC), 1- 

palmitoyl-2-glutaroyl-sn-glycerophosphatidylcholine (PGPC), lysophosphatidyl choline 

(lyso-PC), and full length products palmitoyl-2-(5,6-epoxyisoprostane E2)-snglycero- 3- 

phsphocholine (PEIPC), all o f  which have been shown to accumulate in atherosclerotic 

lesions (Birukov et a)., 2013).

OxPAPC signalling

Oxidized LDLs (oxLDLs) mediate the inflammatory response by activating inflammatory 

and oxidative stress gene expression via different signalling pathways, receptors, protein 

kinases and transcription factors. A negative feedback loop forms as oxidative stress induces 

inflammatory cytokine and chemokine production which then induce free radical production 

(Leonarduzzi et al., 2011). Figure 1.10 shows the pathway and potential pathway which 

oxPAPC signals through to result in the induction o f  monocyle adhesion (Leitinger, 2005).

B iological function o f  OxPLs

The roles o f  OxPLs are quite diverse but typically relate to pro-inflammatory events such as 

cytokine stimulation, chemokine production, cell adhesion, coagulation and platelet 

activation (Ashraf et al., 2008). Specifically in atherosclerosis oxPLs form foam cells and 

initiate fatty streaks (Greig et al., 2012) and stimulate endothelial cells to secrete chemokines 

MCP-1 and IL-8 and monocyte recruitment to sites o f  vascular injury (Birukov et al., 2013). 

H owever studies on the role o f  oxPAPC in monolayer permeability seem to be contradictory, 

reporting on both a protective and pathological effect.
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It is known that disruption o f  the endothelial barrier is a key step in atheroma formation. High 

concentrations o f  oxPAPC (50-100 ng/ml) increase endothelial disruption and permeability 

but low levels (5-20 ng/ml) increase barrier function, protect against LPS-induced injury and 

induce anti-inflammatory genes (Birukova et al., 2013). Once high concentrations o f  oxPAPC 

disrupt the endothelium, signalling mechanisms are activated (Starosta et al., 2011).

Putative
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Figure 1.10 Signalling pathways induced by oxPAPC and oxPOVPC. Studies are ongoing for 
th e  i n t e r a c t i o n  o f  TLR4 and oxPAPC/POVPC. oxPAPC binds to GPCRs and signals 
throught the various pathways above to increase monocyte adhesion (Birukova et al., 2013).

However it not only depends on the oxPAPC concentration but the components also. In 

human pulmonary artery endothelial cells (HPAECs) PEIPC enhances barrier protection 

whereas increased levels o f  fragmented products o f  POPC, POVPC, PGPC and lyso-PC 

trigger signalling mechanisms and barrier disruptive effects (Birukova et al., 2013).

Apart from lower oxPAPC concentrations and products being anti-inflammatory it also has
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an an ti- in f lam m ato ry  role inhibiting the b inding o f  LPS to  L P S-binding  protein therefore  

b lock ing  LPS presentation  to T L R -4  thus inhibiting the N F - kP pa thw ay  (M ackm an  et al., 

2003)  (F igure 1.10).

1.10 Statins- existing treatment for atherosclerosis

Statins o r  3-hydroxy-3-m ethy lg lu ta ry l-coenzym e A (H M G -C o A )  reductase inhibitors are 

lipid lowering drugs  and used in the treatm ent o f  hypercholesterolem ia, w hich  is a main 

contribu tor to card iovascular  d isease and thus m orb id ity  and m orta li ty  rates. M any  clinical 

tr ials such as the  Scandinavian  Sim vastatin  Survival S tudy  (4S) and C holesterol and 

R ecurrent Events (C A R E ) have dem onstra ted  the positive effect o f  statin therapy  (Liao and 

Laufs, 2005). Statins are used as both prim ary and secondary  p reventa tives  o f  arterial disease 

and their  p le io trophic  effects on cellular functions and signalling in in flam m atory  associa ted  

sites (Iw ata  et al., 2012). As excess  cholesterol impairs endothelial p roduc tion  and increases 

nitric ox ide  degradation , the adm inistra tion  o f  statins also im proves endothelial function.

Statins function by inhibiting the  enzym e H M G -C o A  reductase  w hich  is responsible  for 

catalyzing the convers ion  o f  H M G -C o A  to mevalonic  acid in cholesterol biosynthesis. A 

reduction o f  c irculating  cholesterol tr iggers an increase in LD L recep to r  expression w hich  

facilitates clearance o f  L D L  and LDL precursors. S tatins also play a m inor  role in e levating 

H D L  levels (M aron  et al., 2000 , LaRosa  et al., 1999). Statins stim ula te  and upregulate  the 

enzym e endothelia l N O  synthase (eN O S ) w hich  increases N O  production . In hypoxic  and 

hyperlip idem ia  conditions statins also restore eN O S  activity  and prevents  further endothelial 

dysfunction (L iao and Laufs, 2005).

Statins activa te  the P I3K /A kt pa thw ay w hich  induces endothelia l p rogen ito r  cell (EPC ) 

differentiation. These  d iscoveries lead to  a therapeutic  goal o f  rescu ing  tissue from  critical 

ischem ia by stim ula tion  o f  neovasculariza tion  (D im m eler  et al. 2001).
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Other indirect beneficial roles that statins are involved in include decreasing SMC production 

in vitro and studies have shown simvastatin and pravastatin specifically reduce macrophage 

proliferation. Macrophages degrade collagen which is the structural backbone o f  the fibrous 

cap (Liao and Laufs, 2005). In general and unrelated to cholesterol metabolism, statins 

protect against plaque progression and rupture by inhibiting lymphocyte and other blood 

mononuclear cell growth (Maron et al., 2000).

Statins also affect plasminogen activator inhibitor -1 and fibrinogen levels and pravastatin 

lowers C-reactive protein levels. Studies have suggested statins as anti-inflammatory drugs, 

the mechanisms involved in reducing the number o f  inflammatory cells have yet to be 

elucidated but they possess the ability to inhibit adhesion molecule expression (ICAM -1) 

(Liao and Laufs, 2005).

Lipid related targeting

N ew and old trials remain constant in emphasizing the importance o f  lowering and overall 

clearance o f  LDL in high risk patients. Emerging treatments such as PCSK9 inhibitors key 

target is LDL. The role o f  HDL is less clear, the emerging risk factor collaboration have 

provided robust data on HDL as an undisputable risk factor for CVD (Chong and 

Bachenheimer, 2000). To date there are still no clinical trials supporting the theory that 

targeting HDL will reduce CV outcome. Using novel biomarkers and pharmacogenomics 

approaches are ongoing to help improve therapeutics for dyslipidemia management (EAS 

report 2013).

Nuclear receptors, liver X receptors (LXRs) are activated by oxysterols and play an important 

role in controlling lipid homeostasis, specifically in regulating cholesterol and fatty acid 

metabolism in macrophages. As dyslipidemia is a main risk factor in atherosclerosis these 

receptors play an influential role in disease progression. Studies have shown correlation
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between LXR activity and the pathogenesis o f  atherosclerosis which suggests it could be an 

attractive target for therapeutics (Joesph and Tontonoz, 2003). However there has only been 

one phase 1 study so far in humans. The non-specific LXR agonist increased efflux pathways 

A B C G l and A BCA l (Laurencikiene and Ryden, 2012).

1.11 er up and coming therapeutics

1.11.1 Endothelial therapeutics

Endothelial damage evolution and severity in advanced atheroma remains elusive, partly due 

to a lack o f  in vivo quantifiable methods. Recently endothelial damage w'as quantified in an 

ApoE deficient mouse model using a multifunctional perfluorocarbon nanoparticle (PFC NP). 

It concluded that endothelium damage correlated with the length o f  the animal-fat diet 

consumption. The model also investigated PFC NP as a drug deliverer, loading the particle 

with a nf-kb inhibitor reduced inflammation (Pant et al., 2013).

1.11.2 NAD(P)H oxidases

Activation o f  NOX proteins, a new NADPH oxidase subfamily, signal through MAPK, 

tyrosine kinases and transcription factors to stimulate ROS production. ROS plays a 

pathophysiological role in inflammation, endothelial dysfunction, hypertrophy and 

angiogenesis (Cai et al., 2003). Therapeutics against NADPH oxidases have the ability to 

lower ROS levels and potentially protect against vascular injury (Paravicini and Touyz, 

2008).

1.11.3 Cell based therapeutics

Foam cells are an essential requirement in all stages o f  the pathogenesis o f  atherosclerosis. 

Studies elucidating cellular processes associated with macrophages have suggested numerous 

therapeutic targets such as, monocyte recruitment and cholesterol uptake and evacuation 

(Choudhury et al., 2005).
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1.12 Evolution and contribution of in vitro models in research

Various in vitro microfluidic models have been constructed to replicate the in vivo 

environment as studying cellular responses in vivo is too complex. These models examine 

the physiological response o f  endothelial and smooth muscle cells to hemodynamic 

forces and allow' a controlled and accessible environment. The two types o f  shear stress in 

vitro models most commonly used at the beginning o f  the microfluidic revolution 

were the cone and parallel plate flow' chambers and elucidated the morphological and 

biological responses o f  the endothelial monolayer to shear stress (Table 1.4) (Leong et al., 

2013).

Table. 1.4 Cone and plate flow apparatus v parallel-plate flow chamber

C om p on en ts: rotating cone, stationary plate T w o parallel plates

Flow: produced by axisym m etric rotation o f  
the cone above the plate

Flow  is created by a prescribed 
pressure gradient

H ow  it works: Gap width and azimuthal cone surface 

veolic ity  increase as distance increases 

from axis o f  rotation

Pressure head, syringe pump, 

peristaltic pump or pulsatile pump 

creates a pressure gradient

Advantages: shear stress can be changed by varying 
cone angle  and rotation speed

Variants: Parallel disk device Tapered parallel plate flow  cham ber

Dewey et al, 1981 used a modified cone-plate viscometer that produced a uniform fluid 

shear stress. This study focused on morphological responses such as shape, orientation and 

size. On exposure to 1-5 dynes/cm^, Dewey concluded that endothelial cell proliferation 

was comparable to that in a static environment and when exposed to a laminar flow 

o f  5-10 dynes/cm^, cell shape adjusted. In a time-dependent manner cells became oriented 

with flow and transformed from a polygonal shape to an ellipsoidal shape. This study 

was the first to suggest that endothelial functions such as surface protein expression
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and cytoskeleton assembly were sensitive to mechanical forces such as shear stress, and 

that normal vessel wall physiology was essential for preventing atherosclerosis (Dewey et 

al., 1981).

To date the parallel plate flow chambers and its derivatives are more widely used as they 

facilitate a peristaltic pump or pulsatile pump. They also accommodate more intrinsic 

research such as biological responses: gene and protein expression o f ECs. Hsiai et al, 2001 

designed a model that assessed the affect o f shear stress rate and pulsatile versus oscillatory 

flow on monocyte binding to oxidised lipid treated endothelial cells (Figure 1.11). This 

system allowed for real-time observation, pressure, flow and temperature monitoring and a 

range o f  shear stress from 0-200 dyne/cm". The main advantage o f  this model is the ability to 

extract RNA post experiment.

(Unhs; mm. not to scalc)

Figure 1.11 Parallel-plate flow channel. Symmetrical contractions and diffusers were connected 
to the inlet and outlet o f the parallel channel to provide uniform flow fields across the width of 
the channel (Hsiai et al., 2001).

Chachisvilis et al. 2006 used a 2mm parallel flow channel with 30 dynes/cm^ to analyse the 

effect o f shear stress on GPCR conformational change (Chachisvilis et al., 2006).

A review by Chien in 2006 discussed in vitro flow chamber studies on mechanotransduction 

in response to shear stress. Two variations o f  a parallel plate flow chamber, rectangular and
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step, investigated different types o f  shear stresses on the endothelial monolayer 

mechanotransduction and homeostasis (Figure 1.12) (Chien, 2006).

A

Oscillatory Pump

Pump

Air, 5% CO;
Microscope

Reservoir

EC

B

Oscillatory Pump
Pump

Air, 5% CO.
Microscope

Reservoir

Side view5 Flow

Disturbed Flow 
Reattachment Zone

Direction of Laminar Flow

Figure 1.12 A) A Rectangular Flow Chamber allows for multiple shear stress conditions, 
including pulsatile (12 ± 4 dyne/cm^), reciprocating (0.5 ±4 dyne/cm^) and steady (12 dyne/cm^) 
shear stress and a static (0.5 dyne/cm^) environment. B) A Step Flow Chamber was used for 
experiments examining the effect of disturbed shear.
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Pulsatile dynamics on the EC have also been studied in vivo like in vitro experiments. Ku et 

al., designed a glass carotid bifurcation model which had a pulse wave form and capable of 

producing systolic and diastolic intervals. Flow velocity o f  the carotid bifurcation was 

measured using a Plexiglas model and laser Doppler velocimetry.

1.12.1 EC-SMC co-culture models

The EC- SMC interactions are critical to blood vessel function and failure to communicate 

properly results in barrier and signalling dysfunction which leads to vascular disease. In vitro 

experiments have not only investigated the effect o f  shear stress on the EC monolayer but on 

both the EC and SMC together interacting. These coculture models represent a significant 

advance towards replicating a more in vivo environment in vitro.

In the mid 90’s a co-culture, in vitro pulsatile model was developed (Redmond et al., 1995). 

Redmond examined the effect that flow induced changes in ECs had on the SMCs. A novel 

transcapillary EC-SMC co-culture model was developed that allowed chronic exposure of 

both cells to a controlled mechanical stress. The model replicated an artery in appearance, 

ECs grew on the inner surface and SMCs grew on the outer surface o f  a perfused elastic 

capillary. EC and SMC populations were maintained as separate populations so biochemical 

and molecular analysis could be analysed for an individual population.

Chiu et al. 2003 introduced a parallel plate coculture flow system that had similar 

investigative intentions to Redmond et al. this adaptation o f  already available in vitro models 

had the advantage o f  real time microscopic visualization o f  both cell types under flow and 

morphological and biochemical analysis. The aim o f  this study focused on EC and SMC 

interacting to regulate adhesion protein expression and found that SMCs play a critical role in 

mediating ICAM-I, V-CAM-1 and E-selectin on ECs under flow and static conditions (Chiu 

et al., 2003).
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The microfluidic models mentioned are designed to give in depth observations at the direct 

effect o f shear stress on endothelial and smooth muscle cell protein expression and pathway 

regulation in a controlled environment, and thus can expand our knowledge on the impact o f 

flow in vivo.

1.12.2 Flow models and Drug delivery

In the last few years vascular targeted drug delivery applications have been an important area 

o f interest for the future o f vascular disease treatment. Studies have focused on the binding 

efficiency o f  these vascular targeted drug carriers in varying conditions o f particle size, shear 

stress, flow type i.e. laminar and blood composition. Charoenphol et al., used in vitro plate 

flow chambers to examine particle size and discovered that micron sized particles and not 

nanoparticles were optimal for drug delivery to medium-large sized arteries (Charoenphol et 

al., 2011).

In chapter 3 the Cellix VenaS Fluoro+™ Biochip and iKima pump was used to investigate 

protein expression using Immunofluorescence. This model is specialized for cell receptor- 

ligand studies under conditions mimicking physiological flow.

1.13 nome-wide association studies (GWAS)

Genome wide association studies are a hypothesis free agnostic approach to genotyping and 

studying single nucleotide polymorphisms (SNPs) simultaneously. In the past couple o f  years 

GWAS meta-analyses have identified numerous loci associated with diseases and provided 

knowledge o f  allele architecture o f complex traits (Evangelou and loannidis, 2 0 13).

1.14 Genetic variation

Gene expression variation is likely heritable and significant in disease susceptibility (Epstein 

et al., 2009). Variations in the DNA sequence can be divided into structural (short and large 

insertion/ deletions and translocations) and sequence variations (SNPs). Gene cloning made
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DNA variants easily detectable, the first variants tested were restriction fragment length 

polymorphisms (RFLPs), and development o f  polymerase chain reaction (PCR) meant 

analysis o f  SNPs, copy number variants (insertion/deletion polymorphisms) and variable 

number tandem repeats (VNTRs) could be investigated further (Hirschhorn et al. 2002).

1.15 Single nucleotide polymorphisms (SNPs)

Single nucleotide polymorphisms (SNP) are single nucleotide changes in the genome and are 

not homogenously distributed. Two alleles represent the SNP and natural selection fixates the 

allele o f  the SNP which is most favourable for adaptation (Barreiro et al., 2008).

Within the human genome there are over 11 million SNPs with a frequency greater than 1%. 

(Wang and Elbein, 2007). The SNP Consortium and the International Human Genome 

Sequencing Consortium uncovered more than 95% 1.42 million SNPs that were distributed 

on average every 1.9 kilobase (kb). SNPs usually occur in non-coding regions (regulatory 

SNP) o f  the genome; an estimated 60,000 can be located within coding (non-synonymous 

SNP) and untranslated regions known as exons (Sachidanandam et al., 2001). There are a 

number o f  reasons why frequency and distribution o f  SNPs need to be understood. Marker 

SNPs can be used to map polygenic disease loci (1-2% o f  point mutations are in non-coding 

regions, Epstein et al., 2009), history, migrations and population size can be studied and 

distribution o f  variation can shed light on evolutionary forces such as selection, mutation and 

genetic drift (Nachman, 2001).

The chromosome region 9p21.3 has been identified as major risk locus for coronary disease 

and myocardial infarction. Gschwendtner et al, 2009 investigated the locus among stroke 

patients and genotyped individuals for 15 SNPs which were found in the critical interval o f  

9p21. Six SNPs were found to be associated with atherosclerotic stroke and independent to 

other arterial diseases (Gschwendtner et al., 2009).
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SNPs have a low recurrent mutation rate making them stable markers (Sachidanandam et al., 

2001) and have great potential for preventing, predicting and treating diseases (Hirschhorn et 

al., 2002). The ability o f  mapping SNPs offers the possibility o f  using linkage disequilibrium 

to (LD) also map disease related genes (Reich et al., 2001).

1.16 Linkage disequilibrium (LD)

LD is the frequency at which some combinations o f  alleles occur due to what’s expected 

from a random formation o f  haplotypes o f  neighbouring alleles (Reich et al., 2001). The 

amount o f  LD is dependent on the difference between observed and expected allele 

frequencies based on a homogenous population and influenced by multiple factors such as 

the rate o f  mutation and recombination, genetic linkage, genetic drift and non-random mating 

(Cheung et al., 2009). LD occurs in blocks that can extend >IOOkb around a SNR (Reich et 

al., 2001).

1.17 Hypotheses and objectives

Despite the advances in atherosclerotic research there are still many questions lefi 

unanswered and uncertainties in the pathological processes and relationships in stages of 

atheroma formation such as lipoprotein oxidation and inflammation. Further investigation 

also continues into genetic and environmental risk factors associated with atherosclerosis. 

“Understanding how to combine experimental and clinical science will provide further 

insight into atherosclerosis and could lead to new clinical applications” (Libby et al., 2012). 

This thesis as a whole aimed to combine in vivo and in vitro, protein and genetic studies to 

contribute to atherosclerotic research. This was carried out by assessing known circulatory 

biomarkers in vascular patients and performing correlation analysis, optimizing and 

validating an in vitro pulsatile model for protein expression studies and investigating the 

occurrence o f  allelic imbalance in clinical samples and TNF-a stimulated and unstimulated
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cell lines.

O b jec tives

1. T o  investigate know n  and potential anti and pro  in f lam m atory  cy tokines that are 

involved in carotid  p laque  d eve lopm en t by m easuring  their  levels in a h ighly  sensitive 

and higher dynam ic  range p la tform  in o rder  to generate  a cytok ine  ne tw ork  profile that 

will help in the d iagnosis  and prognosis  o f  ca rd iovascu lar  d isease patients.

2. O ptim ize  and validate  a pulsatile  pum p  and im m unofluo rescen t  b iochip  w h ich  facilitates 

a lam inar pulsatile  flow w hich  a llow s protein  expression  to  be quan tif ied  from 

qualita tive  data.

3. T o  exam ine  if  a llelic  expression  im balance is p resent o r  absent in SN Ps that could be 

co m m o n  in ca rd iovascu lar  d isease using  cell lines and patient sam ples  to allow for 

further assoc ia tion  analysis , and to  test if  allelic im ba lance  is a ffected  by the 

in troduction o f  p ro - in t lam m ato ry  cytokine  T N F -a  as it is a kn o w n  adhesion  m olecule 

inducer in current literature and th roughou t th is  project.

Overall the a im  w as to  possib ly  identify new  w ays  to prevent first time or re- occurring 

throm bosis .
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CHAPTER 2

High Sensitivity Cytokine Detection in serum 
of carotid atherosclerotic patients
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2.1 Introduction

2.1.1 Pro and anti-inflammatory markers analysed in this study

M ediators  in innate and acquired  im m unity  are considered  as contribu tors  to a therom a 

formation, as expla ined  prev iously  in the  s tages o f  p laque initiation and progression, and 

therefore  important in the search for s ignificant b iom arkers  (H ansson  et al., 2002).

Inflam m ation and its m edia tors  m ay be considered  as prim ary or  secondary  triggers in 

atherosclerosis. Underly ing  diseases  associa ted  with a therosclerosis  w hich  p rom ote  an 

existing  pro- in f lam m atory  env ironm en t include, rheum ato id  arthritis  (R A ) (Sakurada  et al., 

1996), d iabetes (B eckm an  et al., 2002)  and systemic lupus e ry th rocy te  (SL E ) (Frostegard  

et a!., 2005). T hese  d iseases m ay  assist a therom a form ation by p roduc ing  excessive 

am ounts  o f  p ro - in f lam m ato ry  cytokines and chem okines, w hich  activa te  the EC and result 

in recep tor expression and leukocyte  binding. In patients w ithou t these  d iseases, artery 

architecture  and a ltered  hem odynam ics  m ay  be considered  p r im ary  tr iggers  o f  a therom a 

formation, as it leads to response  to  injury.

Studies on different C V D s report different levels o f  circulating  pro and an ti- in f lam m ato ry  

cytokine betw een  disease  types and be tw een  disease and contro l m odels .  M ain  im m une  

m echan ism s are involved in C V D s: N on-spec if ic  innate im m unity  includes cy tokines  T N F -a ,  

IL-1, IL-6, chem okines  (M C P -1 /C C L 2 , C X C L 1 6 )  M M P -9 , com plem en t,  acute  phase 

proteins, h istam in, chym ase , tryptase, endogenous  vasoconstr ic tors  and specific adaptive 

im m unity  cy tok ines  IFN-y, IL-12, lL -2 ,IL -4 , IL-10, IL-17, IL-33, T G F -P  (B ucova et al., 

2008a).

2 . 1. 1.1 Stable angina pectoris (SAP) and Unstable angina pectoris (UAP)

IL-10 is the only  in f lam m atory  cy tokine  o f  this s tudy w hich  is solely  an  an ti- in f lam m atory

molecule. Studies show  that in unstable  ang ina  patients c ircu la tory  levels o f  IL-10 are
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significantly lower compared to stable angina patients (Smith et al., 2001) and controls 

(Ranjit et a!., 2004). Much debate exists about the role o f  CXCL16 in atherosclerosis. 

Sheikine et al, 2005 unstable and stable angina patients expressed lower levels o f  CXC116 

than controls and CX CL16 levels did not correlate with CAD severity. Therefore these 

authors concluded CX CL16 to be atheroprotective (Sheikine et al., 2005). In stable and 

unstable angina patients CXCL16 levels are upregulated compared to controls. These 

findings conflicted with Sheikine et al and concluded that C X C L I6  was a potential 

inflammatory mediator and marker (Smith et al., 2007).

A significantly higher level o f  lL-6 and TN F-a is found in UAP patients compared to SAP 

patients (Smith et al., 2001, Ridker et al., 2000 and Mizia-Stec et al., 2003). Comparing 

UAP patients to healthy controls, levels o f  IL-12 (Yamashita et al., 2003), TN F-a lL-6, IL-1P 

(Ranjit et al., 2004), IFN-y (Mazzone et al., 2001) and lL-8 (Ozeren et al., 2003) were found 

to be significantly elevated. Changes in IL-2 levels have been found to be significantly higher 

in stable angina patients compared to controls (Mazzone et al., 1999) however no significant 

change occurs between unstable angina patients and healthy controls (Ozeren et al., 2003).

2.1.1.2 Myocardial Infarction (MI)

In Ml serum samples many o f  the same results apply. Levels o f  circulating TNF-a, IL- l p  and 

IL-6 are used as markers for myocardial ischemia (Roth-lsigkeit et al., 1999). In many tissues 

IL-10 modulates T N F-a  expression, and a decrease in the IL-10 to T N F-a  ratio correlates 

with depressed cardiac function (Kaur et al., 2006). Potential markers which also show 

elevated levels in MI patients compared to controls include IL-2 (Mazzone et al., 1999) and 

IFN-y (Patel et al., 2009). Chronic heart failure and disease severity can also be characterized 

by elevated CXCL16 plasma levels (Dahl et al., 2009). Shintani et al, 2001 revealed that no
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significant change occurred in levels o f  GM -CSF and lL-8 between acute myocardial patients 

and controls (Shintani et al., 2001).

2.1.1.3 Carotid endarterectomy

Ail o f  the mediators assessed in this study have been identified in human atherosclerotic 

plaque (Ait-Oufella et al., 2011). A study done by Profumo et al, 2008 looked at cytokine 

expression in the peripheral blood o f  patients with less than 70% stenosis undergoing a 

carotid endarterectomy. TNF-a, IFN-y, IL - ip ,  IL-6, IL-8 and IL-10 had significantly higher 

levels in patients than controls (Profumo et al., 2008). IL-6 specifically seems to be an 

independent and useful biomarker (Larsson et al., 2005). GM -CSF is found in every 

atheroma-associated cell, ECs macrophages, T lymphocytes. SM Cs (Sugiyama et al., 2001). 

Unlike the controversial role o f  CXCL16 in UAP and SAP patients, CXCL16 serum levels 

show a significant increase associated with carotid atherosclerosis (Wang et al., 2010).

2.1.1.4 Mouse models

Mouse models have also been studied for circulating cytokine levels and a review by 

Kleemann et al., in 2008 summarized the contribution and relevance o f  some o f  the cytokines 

involved in this study in atherosclerotic mouse models. The concluding remarks stated that 

only a few cytokines, IL-1, IL -12, IFN-y and TN F-a , had sufficient data consistent with pro- 

atherosclerotic classification and. Mouse studies revealed TN F-a gene disruption reduced 

plaque development (Ohta et al., 2005). IL-10 was the only cytokine which had sufficient 

data that supported a consistent anti-atherosclerotic role while IL-6 and GM -CSF exerted 

both pro and anti-atherogenic effects (Kleemann et al., 2008).

The improved knowledge o f  serum biomarkers is essential for the development o f  

atherosclerotic research and developing tests which could predict plaque build up based upon 

a cytokine serum measurement.
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2.1.2 Cytokine detection

Cytokines and chemokines were measured from serum samples o f  patients and healthy 

volunteers using Electrochemoluminescence (ECL) and Enzyme-linked immunosorbent 

assay (ELISA). Since the 1970s ELlSAs have been considered the standard cytokine 

measurement method because o f  their accurate and sensitive detection o f  the cytokine o f  

interest which produce quantitative and reproducible results (Leng et al., 2008). However, a 

num ber o f  limitations exist with the ELISA format. This study focuses on profiling multiple 

cytokine levels in the serum o f  vascular patients and controls and an ELISA is specific for 

measuring one cytokine. Both assays measure in pg/|il, however, with an ELISA, detectable 

levels are not as low as ECL and do not measure accurately below 15 pg/|il. ECL includes 

three elements, light, chemical and electrochemical (Figure 2.1). When non-radioactive labels 

attached to the electrode are electrochemically stimulated light is emitted at ~620nm. It 

enables minimal background signal, only labels bound near the electrode surface are 

detectable and allows for signal amplification which improves sensitivity.

L u m in e s c e n c e
ErrMtt»og
L»glTt

#

R u(bpy)
-H+\ TPA'

TPA +

^ e - E le c tro d e

E le c tro -
E tectrocn em *caH y  
Inrtwjtod

R u (b p y ),'’ (i)=M SD-Tag™  T PA =Tripropylam ine

Figure 2 .L  The three steps involved in a m esoscale discovery plate: electrochemical, chemical and 
light. This combination provides better sensitivity and a higher dynamic range than the commonly 
used ELISA test.

71



The multi-spot plate used in this study is designed for high throughput multiplexing o f  

biomarkers. An ELISA was used first for C X C L I6  before using a more sensitive ECL test, as 

the ELISA measured detectable levels o f  CXCL16 the ECL assay was not needed to measure 

serum C X C L 16 levels as basal levels were > 15pg/ml.

A previous multiplex study measured the same cytokines GM-CSF, IFN-y. IL-1(3. lL-2, IL- 

10, 1L-I2p70. 7’NF a. IL-6, and lL-8 as this study but in the serum o f  post myocardial 

infarction and unstable angina patients. IL-IO and IFN-y showed higher expression levels in 

the Ml group (Patel et al.. 2009). This method is high throughput and promising for 

identifying numerous novel biomarkers in many, not just vascular diseases. As cytokines are 

part o f  a network and influence each other, it is advantageous to do a multiplex array to 

investigate any correlation that may not be considered likely (Fluang et al.. 2012). The MSD 

platform opens up results to a vast array o f  analyses.

2.1.3 Hypotheses & Objectives

The aims o f  this chapter were to further investigate inflammatory markers associated with 

atherosclerosis and to contribute to the current knowledge supporting the anti or pro 

atherosclerotic roles. Firstly, the aim was to assess the key cytokines in association with 

vascular disease in comparison to healthy volunteers by measuring serum concentrations o f  

nine cytokines and chemokines in vascular disease patients using the highly sensitive 

technique ECL and chemokine CXCL 16 using an ELISA. Using this information it was then 

fundamental to determine if there was a significant association between patient serum 

cytokine levels and risk factors (smoking/hypertension), degree o f  stenosis or between 

asymptomatic and symptomatic patients.

• It was hypothesized that patients with more than one risk factor associated with 

atherosclerosis may have higher levels o f  pro-inflammatory cytokines. The cytokine
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profile measured was chosen based on the current literature regarding important 

biomarkers in vascular disease.

• It was also interesting to see if any cytokines displayed the same expression pattern as 

many can induce or change each o ther 's  expression. As CX CL16 has shown 

conflicting results in the current literature, we wanted to investigate its levels in 

carotid artery disease. The purpose o f  cytokine profile screening gives us the ability to 

determine the risk o f  heart attack or stroke as clinical laboratory testing is currently 

limited (Shah et al., 2010).

• This chapter examined known inflammatory cytokines which play a part in 

atherosclerosis and evaluated whether serum levels could help predict potential 

rupture, specifically with increasing stenosis percentage.

• Finally, it was also o f  interest to see if serum samples had more or less pro- 

inflammatory than anti-inflammatory cytokines in both patients and controls, as a 

balance is necessary for healthy arteries (Frostegard et al., 1999)
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2.2 M aterials & Methods 

2.2.1 Patient recruitment

Asymptomatic and symptomatic atiierosclerotic patients due to undergo carotid 

endarterectomies were recruited in St Jam es’ Hospital, Dublin, Ireland via the Department 

o f  Cardiology. Written consent was gained from each patient after the patient was informed 

o f  the study's details. Patients who suffered fi'om RA. SLE and Renal failure/transplant were 

excluded from the study. Risk factors, smoking, hypertension and diabetes were noted and a 

Doppler scan provided plaque type and %  stenosis. Statin therapy was also recorded. 

Patient details were obtained and approval was given by the St. James's Hospital / 

A M N C ll Research Ethics Committee. The patient cohort consists o f  58 subjects and 10 

healthy controls (Table 2.1) for ECL and 23 subjects and 10 healthy controls for ELISA 

(Table 2.2).

T a b le  2.1 C h a ra c te r is tic s  o f  a th e ro sc le ro tic  p a tie n ts  a n d  h ea lth y  co n tro ls  fo r  E C L

Age, mean S.E.M 72±8.8 54±3.5
Sex (M /F) 47/11 6/4
B M I(M /F) 26±8.9/25±9.6 25 ±2.58

Asym ptom atic 27 -

Sym ptom atic 31 -

Sm oker 14 -

Ex -sm oker 30 -

Non -sm oker 8 10
Diabetes Type 11 14 -

H ypertension 14 -

Unknown risk 2
No risk factor 4
1 risk factor 26

2/m ore risk  factors 22
%  Stenosis in ternal carotid

(Right and left)
< 80% 33 -

>80% 25 -

Statin on Admission
Yes 47

Aspirin 20 -

P-blockers 10 -
None 11
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Table 2.2 Characteristics o f atherosclerotic patients and healthy controls for ELISA

Age, mean S.E.IM 72±9.6 54±3.5
Sex (M/F) 18/5 6/4
BM I(M /F) 25±6.2/2l±1.2 25± 2.58

Asymptom atic 7 -
Symptomatic 16 -
Hypertension 15 -
I risk factor 11

2 risk factors 10

Unknown risk factors 2

2.2.2 Blood sampling and PBL isolation

The patient's blood sample was taken within two hours of arrival to St James' Hospital after 

signing a consent form agreeing to participation in the study. The blood samples were 

collected and allowed to rest for 30 minutes prior to serum isolation to ensure adequate 

clotting. Healthy volunteers were recruited independently for controls to determine baseline 

levels.

Serum was then isolated from the blood samples by centrifugation at 4000 rpm for 10 

minutes. Using a sterile pasteur pipette (Sigma Aldrich, Germany) serum was removed from 

the sample and stored in I ml eppendorf microcentrifuge tubes (Thermo Fisher Scientific, 

USA) at -80°C until further analysis.

2.2.3 Enzyme-linked immunosorbent assay (ELISA)

The concentration o f  C X C L I6  was determined from the serum samples o f  the 23 patients and 

7 healthy controls mentioned previously by enzyme-1 inked immunosorbent assay (ELISA). 

Human CXCL16 DuoSet (R&D systems, USA) was used to measure the quantity o f  

CXCL16. Kit content included Capture Antibody, Detection Antibody, Recombinant 

Standard and Streptavidin conjugated to horseradish-peroxidase (Streptavidin-HRP). All 

contents were diluted with Reagent Diluent (1% PBS/BSA) according to manufacturer’s
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guidelines.

High binding 96-well microtiter plates (Greiner Bio-one) were coated with lOOfil per well o f  

anti-human CXCL16 capture antibody, the plate was sealed and incubated overnight at room 

temperature. The capture antibody solution was aspirated and wells were washed three times 

with 400 |il  o f  wash buffer (R&D Systems, USA). Non-specific binding sites were blocked 

with 300|il  o f  Reagent Diluent at room temperature for a minimum o f  I hour. I'he aspiration 

was repeated and three washes were performed. Sample and standards were added (Figure 

2.2). Standards provided by the manufacturer were diluted in Reagent Diluent and used to 

produce a standard curve (Table 2.3).

Table 2.3 Eight point standard curve used in the enzy me-linked immunosorbent assay

lOOx stock 1000000

Dilution. Stock calibrator 10000 1000

Standard (STD)-Ol
1000 2

(STD )-02
500 2

(STD )-03
250 2

(STD )-04
125 2

(STD )-05
62.5 2

(STD )-06
31.25 2

(STD )-07
15.6 2

(STD )-08
0 n/a
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Figure 2.2 Layout o f 96 well plate used in the ELISA for CXCL16 expression in serum samples. 
Standards were added in duplicate according to calculations in Table 2.2.2 in rows A-H and 
Columns 1-2. Samples were then added in duplicate in rows A-H columns 3-12.

100|il o f  sample and standards were added per well, plates were sealed with an adhesive strip

(R&D Systems, USA) and incubated at room temperature for 2 h. Aspiration and washing

was repeated. 100|il o f  detection antibody was added to each well and incubated for 2 hours

covered with an adhesive strip. Aspiration and washing was repeated. 100|al o f  Streptavidin-

HRP working solution was then added to each well. The plate was covered with an adhesive

strip and incubated at room temperature for 20 min avoiding direct light. Aspiration and

washing was repeated. 100|il o f  Substrate solution (R&D Systems, USA) was added per well

and incubated for 20 min at room temperature avoiding direct light. 50|il o f  stop solution

(R&D Systems, USA) was added directly to the substrate solution. The plate was lightly

tapped for a thorough mix. The optical density was determined using a microplate reader

(Mason Technology, Ireland) at 450nm.

2.2.4 ElectrochemUIuminescence

A multi-array sandwich immunoassay kit (Meso Scale Discovery MSD®, Maryland, USA) 

was used to quantify the cytokine serum concentrations o f  the patients. The human
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P roinflam m atory 9-plex multispot 9 6  well plates (MSD # N 05007A-1) (Figure 2.3) w a s  used. Standards 

provided by th e  manufacturer w e r e  diluted in Diluent 2 and used  to  produce a standard curve  

(Table 2.4).

' _____SULFO-TAG™ Labeted
^  I Detection Anhbody

—  Analyte 

I —  Capture Antibody 

Workvig El»ctiode

Figure 2.3 The 10 spot per well layout of an MSD plate. The l=IL-2, 2=IL-8, 3=IL12p70, 4=IL- 
ip , 5=GM -CSF, 6=BSA blocked, 7=IFN-y, 8=1L-6, 9=IL-10, 10=TNF-a. The analyte is captured 
in a sim ilar way to the ELISA using a capture and detection antibody.

Table 2.4 Eight point standard curve used in the m ulti-array sandwich immunoassay

lOOx stock 1000000

Dilution. Stock calibrator 10000 100

Standard (STD )-01 2500 4

(STD )-02 625 4

(STD )-03 156 4

(STD )-04 39 4

(STD )-05 9.8 4

(STD )-06 2.4 4

(STD )-07 0.61 4

(STD )-08 0 n/a

MSD MUIT1-STO7* 
96-VMI 10-Spot Plate

The layout o f  96 w ell plate used in M SD  Electrochem illum inescence w as that o f  Figure 2.2. 

Each w ell contained an electrode and capture antibody for each o f  the cytokines in Figure
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2.3. Standards calculated in Table 2.4 were added to rows A-H and Columns 1-2 in duplicate. 

Samples were then added in duplicate to rows A-H and columns 3-12.

The calculations o f  cytokine serum levels were generated by the MSD DISCOV ERY 

W ORKBEN CH  software which was incorporated into the mesoscale plate reader (Figure 

2.4). The lower limits o f  detection (LLOD) were as follows (Table 2.5).

Table 2.5 LLOD is a calculated concentration based on a signal 2.5 standard deviations above 
the blank (zero) calibrator.

LLOD
(PG/ML)

0,35 0.090 1.4 0.36 0.20 0.53 0.27 0.21 0.50

Summary Plot

n. 4  (IMWMiiLtt*-. C w w j i  7

ICrO 10̂ 1 IC/? '0*3
CwKent'st on(p9^)

■ H lO (H jrran) S ta ra a '’d ♦ 'I 1? p 7 0  fhufran) 5^andara a  fHuTiar) Stsndftrd ► II 2 (Hunan) Srar-^a'd •  H [H utiar) Sfandard

•  I  3 (H jrran ) S 'a ra a 'd  ♦ F hry  (h jrran ) Sfandara x 3M  CSP {Hjrr8n)_S:ardaro a ;Humar; Sta*>dafd

—  1C Curve 1  12 p70 ;H u 'nar) S ta n d a rd — C i/v« l i .  13 (Human! S ta ro a 'd  C u v e  ?(Humftn; Standard

Ci*'ve_iL-6(‘ *urTdn)_Stanodfd C jrve jL -8  (Hu"nar)_Sl0ndd»<3 Ci/ve_.ri>*.Y |Mwnndn)_Slanddtd Ct've_GM -CSF (H jira n L S ta rd a 'a  

Curv«_rNf--a (H unBnJ_Slarca'd

Figure 2.4 Standard curve plot o f  MSD. Results allow the determination o f cytokine serum  
levels and the minimum sensitivity level (LLOD) for each cytokine.
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2.2.5 Statistical analysis

Data generated was transferred to M icrosoft excel 2007 (M icrosoft) and GraphPad prism 5 

(G raphpad Softw are Inc, California. USA) for statistical analysis. A p-value <0.05 was 

considered significant. M ann-W hitney non-param etric tests were used to com pare tw o groups 

and an A N O V A  w as used for com paring more than three groups.
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2.3 Results

The ECL and ELISA results were analysed separately. 58 patients were assessed in the ECL 

while only 23 patients were assessed for CXCL16 serum levels using an ELISA. Male 

patients had an average BMl termed overweight and females were in normal range.

2.3.1 Electrochemoluminescence

The nine cytokines analysed using ECL were divided into groups: carotid atherosclerosis 

patients v healthy controls, age, level o f  statin therapy, asymptomatic and symptomatic 

patients, risk factor and percentage o f  stenosis. Analysis o f results led to the discovery that 

values o f  the following cytokines, GM-CSF (28/58), IFN-y (10/58), 1L-I2p70 (43/58), IL -ip  

(25/58) and IL-2 (25/58) were below the lower limits o f  detection. High values and outliers 

evident in the results were also associated with several patients.

2.3.1.1 Carotid atherosclerotic patients' v healthy control comparison o f  serum cytokine 

levels

Four out o f the nine cytokines showed a significance difference when comparing patients and 

controls (Figure 2.5). lL-10 (p=0.0190), lL-8(0.0003), IL-6 (0.0096) and TNF-a (< 0.0001) 

(Table 2.6). Cytokines GM-CSF, IFN-y, IL-12p70, IL -ip and IL-2 had insignificant 

differences. These five cytokines had values recorded below the LLOD. Outliers were present 

in all groups except TNF-a and IFN-y. 11-10 was the only cytokine to show a significantly 

higher level in serum in the control group which reflects on its predominant anti­

inflammatory potential. Although TNF-a showed the strongest significance between the two 

groups, lL-8 had overall the highest levels in patients serum. Due to the potential bias that 

age and statin therapy may influence patients' serum cytokine levels, significance testing was 

carried out comparing patients’ age.

81



Table 2.6 Median, standard deviation (SD), p value and Mann-W hitney test o f each cytokine 
based on the comparison o f 58 patients and 10 controls involved.

Cytokine Patients
n=58

SD Controls
n=10

SD P value Mann- 
Whitney U

GM-CSF 0.120096 6.576059 0.327154 2.941852 0.6958 267

IFN-y 1.187724 2.3668 2.058665 2.522874 0.0759 187

IL-10 1.816925 24.91485 7.495081 3.58058 0.019 154

lL-12 P70 0.36866 41.57718 1.43296 4.68497 0.7619 272

IL-ip 0.164455 0,787272 0.492052 0.336889 0.1209 200

IL-2 0.378181 12.89967 0.926288 0.631628 0.4618 247

IL-6 2.017493 54.48914 1.115554 7.089154 0.0096 140

IL-8 20.02073 301.1386 9.997641 5.393339 0.0003 136

TNF-a 5.527738 3.272491 1.101132 1.271686 < 0.0001 18
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Figure 2.5 Serum concentrations o f IL-10, IL-6, IL-8 and TNF-a in pg/ml of atherosclerotic 
patients’ (n=58)v healthy volunteers (n=10). Each sample was done in triplicate and median and 
s tandard  deviation are shown. Significance was tested using a M ann-W hitney test *<0.05, 
**<0.01 and ***<0.001.
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2.3.1.2 Comparing serum cytokine levels o f  carotid atherosclerotic patients’ <65 and >65 

years o f  age

No significant difference was found between any o f  the nine cytotcines when comparing 

serum levels in patients below 65 years and over (Table 2.7). However, all o f  the outliers are 

seen in patients 65 and older.

Table 2.7 M edian, standard deviation (SD), p value and M ann-W hitney test of each cytokine 
based on the comparison o f 58 patients divided into < and > 65 years o f age.

Cytokine <65 n=12 SD >65 n=46 SD P value Mann- 
Whitney U

GM-CSF 0.344678 0.690813 0.098001 7.366406 0.4472 236

IFN-y 1.204138 0.792014 1.134477 2.630057 0.6245 250

IL-10 1.723502 2.09869 1.816925 27.89364 0.7808 261

IL-12 P70 0.217397 1.093047 0.276204 46.69532 0.4521 236.5

IL-lp 0.153218 0.447335 0.094262 0.874851 0.5866 221

IL-2 0.711665 1.101755 0.347531 14.47498 0.2781 219

IL-6 1.645724 9.595307 2.605646 60.95757 0.342 226

IL-8 21.01026 16.57677 20.02073 337.8222 0.8855 268

TNF-a 5.972363 3.421225 5.418332 3.26205 0.5202 242

2.3.1.3 Comparing serum cytokine levels o f asymptomatic and symptomatic carotid 

atherosclerotic patients'

Asymptomatic patients are classified as low risk under the subject o f  percentage stenosis by 

the National Cholesterol Education Program (NCEP). Two out o f  the nine cytokines showed 

a significance difference when comparing serum levels between asymptomatics and 

symptomatics (Figure 2.6). Both IL-6 (p=0.0046) and IL-8 (p=0.0016) levels were found to 

be higher in asymptomatic patients when outliers were not considered. No other significant 

differences were detected (Table 2.8).
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Table 2.8 Median, standard deviation (SD), p value and Mann-Whitney test of each cytokine 
based on the comparison of 58 patients divided into asymptomatics and symptomatics.

Cytokine Asymptomatics
n=27

SD Symptomatics
n=31

SD P value Mann-
Whitney

U
GM-CSF 0.066967 0.051644 0.004093 0.157201 0.3172 354

IFN-y 1.189212 1.890827 1.180932 0.774845 0.4131 365.5

IL-10 1.96129 1.494933 1.083835 5.336507 0.1852 333

IL-12 P70 0.277685 0.235788 0.221912 0.530068 0.1366 322.5

IL -lp 0.197862 0.488711 0.134705 0.679869 0,374 361

IL-2 0.29969 0.236065 0.167644 0.148523 0.8516 406

IL-6 5.684883 10.68438 2.792447 105.8115 0.0046 236

IL-8 47.82313 18.05203 19.54847 10.53517 0.0016 215

TNF-a 5.197248 2.115263 3.781804 1.63672 0.5747 382

Figure 2.6 Serum concentrations IL-6, IL-8 in pg/ml of asymptomatic (n = 27)an d  symptomatic 
( n = 3 1) atherosclerotic patients. Each sample was done in triplicate and median and standard deviation are 
shown. Significance was tested using a Mann-Whitney test *<0.05, **<0.01 and ***<0.001.
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2.3.1.4 Comparing serum cytokine levels o f  carotid atherosclerotic patients' with one or two 

risk factors associated  with atherosclerosis.

Patient risk factor data can be seen in Table 2.9. In this study risk factors; sm oking and 

hypertension w ere analysed for correlation with cytokine serum data. Patients with diabetes 

w ere included also. Patients who were ex-sm okers were not included as a risk factor as it had 

been a year or m ore since individuals had given up and it could not interfere with cytokine 

readings. No trend or significance was observed between patients who had one o r tw o or 

more risk factors (Table 2.9).

Table 2.9 Median, standard deviation (SD), p value and M ann-W hitney test o f each cytokine 
based on the comparison o f 58 patients divided into patients with 1 and 2 or more risk factors

Cytokine 1 Risk factor 
n=26

1 SD 2 Risk 
factors n=22

2S D P value Mann- 
Whitney U

CM-CSF 0.117621 0.77172 0.10742 8.628709 0.9834 284.5

IFN-y 1.422871 2.098342 1.125894 1.634118 0.828 275

IL-10 1.88365 18.99521 1.554651 1.81769 0.4257 247

IL-12P70 0.277685 1.118003 0.342945 1.014866 0.3789 243

IL-ip 0.088909 0.654545 0.139212 0.385537 0.131 195

IL-2 0.490495 1.014834 0.352749 3.922797 0.893 279

IL-6 2.242196 80.3559 1.738953 15.27766 0.7019 267

IL-8 16.8061 16.95155 26.23797 79.46068 0.1564 217

TNF-a 4.78595 3.780693 5.697574 1.944512 0.4882 252
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2.3.1.5 Comparing serum cytokine levels o f carotid atherosclerotic patients' with and without 

hypertension.

No significant differences w ere detected com paring serum  levels o f  patients with and w ithout 

hypertension (Table 2.10). Outliers were evident in both groups.

Table 2.10 Median, standard deviation (SD), p value and M ann-W hitney test o f each cytokine 
based on the comparison o f 58 patients divided into patients’ with and without hypertension 
(HTN)

Cytokine HTN n=42 SD NO HTN 
n=16

SD P value Mann- 
Whitney U

GM-CSF 0.10742 6.254372 0.109699 8.050939 0.6217 267.5

IFN-7 1.165837 1.903827 1.278972 3.440206 0.813 281

IL-10 1.8708 15.05093 1.183845 2.430279 0.2936 238

IL-12 P70 0.331467 1.018378 0.46177 5.730218 0.6028 266

IL-lp 0.179588 0.529667 0.143962 1.312459 0.8425 283

IL-2 0.381467 2.888432 0.33969 25.85267 0.8573 284

IL-6 2.412613 63.83238 1.885485 2.723132 0.8277 282

IL-8 20.02073 59.33943 21.12608 606.792 0.9623 291

TNF-a 5.697574 2.808388 5.290689 4,045486 0.9774 292

2.3.1.6 Comparing serum cytokine levels o f  carotid atherosclerotic patients’, who smoke, 

used to smoke and have never smoked.

Using an ANOVA all four groups w ere assessed for significant differences o f  each cytokine. 

Results concluded only IL-8 had significant findings when com paring the difference o f  all 

four groups (Figure 2.7). However, when a M ann-W hitney was perform ed betw een two 

groups, both lL-8 and IL-6 show ed im portant differences (Table 2.11). M ann-W hitney tests 

were perform ed between sm okers and non-sm okers, sm okers and ex-sm okers and ex-sm okers 

and non-sm okers. IL-6 (p=0.0185) had significantly higher levels in patients who w ere ex­

sm okers com pared to sm okers and IL-8 (p=0.0070) had significantly higher levels in non- 

sm okers com pared to sm okers (Figure 2.7).
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Table 2.11 M edian, s tan d a rd  deviation (SD), p value (ANOVA) of each cytokine based on the 
com parison  o f 58 patients divided into p atien ts’, w ho sm oke, used to sm oke and  have never 
sm oked

Cytokine Smokers SD Ex­
smokers

SD Non-
smokers

SD No risk SD p value

GM-CSF 0.479091 0.54726 0.078418 9.077837 0.162904 0.931471 0.043826 0.448425 0.7122

IFN-Y 1.125894 1.265731 1.143113 2.779662 1.608662 2.107193 1.416601 3.065425 0.8106

IL-10 1.507499 1.049553 1.8708 3.904755 2.622566 33.6129 1.3497 2.275994 0.1031

IL-I2P70 0.970655 0.928079 0.273672 4.017371 0.324273 0.665431 0.301241 0.244571 0.7769

IL-IB 0.139212 0.371027 0.167294 0.99066 0.08224 0.688753 0.454566 0.570778 0.7837

IL-2 0.50031 1.040817 0.281371 17.89889 0.420746 0.988978 0.33969 0.510076 0.8161

IL-6 1.287037 8.446688 2.787228 75.17781 4.310065 9.636144 5.517269 2.268133 0.7848

IL-8 15.92164 10.90911 18.17449 17.04608 44.46927 19.74175 26.15172 19.90138 0.0194

TNF-a 6.122527 3.262741 5.130122 3.465268 6.227429 2.100564 5.527738 1.414111 0.9139
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Figure 2.7 Serum  concentrations o f  IL-8 and  IL -6 in pg/m l o f  a therosclero tic  p a tien ts’ w ho a re  
cu rren tly  sm okers (n=13), ex-sm okers (n=39), never sm oked (non-sm okers n=8) and  those w ho 
a re  not associated w ith any  risk  factor (n=4). Significance was tested  using a M ann-W hitney  
test between 2 g roups and  an ANOVA com paring  all four groups, *<0.05, **<0.01 and 
***<0.001. O nly IL-6 and  IL-8 showed significance com paring  individual g roups and  IL-8 
showed a significant difference betw een all fo u r groups.
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2. s. 1.7 Comparing serum cytokine levels o f  carotid atherosclerotic patients' who have more 

or less than 80%  stenosis in one or both carotid  arteries

Patients with less than 80% in stenosis in one or both arteries had over 20% stenosis in one or 

both arteries. Six out o f  nine cytokines had significantly different values when comparing the 

two levels o f  stenosis (Table 2.12). The following p values were found GM -CSF (p=0.0057), 

IL-12p70 (p=0.0193), IL-2 (p=0.0083), IL-6 (p=0.0193), lL-8 (p=0.0143) and T N F -a  

(p=0.046l). Excluding outliers, higher levels o f  TNF-a, GM-CSF, IL-12p70 and IL-2 

and lower levels o f  IL-6 and lL-8 were found in patients with >80%  stenosis (Figure 

2.8). Outliers were found in both groups.

Table 2.12 M edian, standard deviation  (SD ), p value and M ann-W hitney test o f  each cytok ine  
based on the com parison o f  58 patients divided into patients' who have more or less than 80%  

stenosis in one or both carotid arteries

Cytokine >80% n=25 SD <80% n=33 SD P value Mann-
W h itn ^ U

GM-CSF 0.924464 5.990478 0.08069 7.069246 0.0043 211.5

IFN-y 1.194515 3.048172 1.180932 1.681938 0.9 404

IL-10 1.902262 32.9041 1.752342 16.97553 0.5096 370

IL-12 P70 1.010558 63.15707 0.313242 0.88785 0.0322 263

IL-ip 0.191984 1.04207 0.134705 0.521682 0.5987 378.5

IL-2 1.296712 19.26945 0.313666 3.229331 0.0143 244

IL-6 1.682519 6.951921 3.54029 71.68061 0.0282 263

IL-8 14.19172 454.7239 27.04291 65.43403 0.0079 223

TNF-a 7.652849 4.212686 5.164349 1.78093 0.0461 285
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Figure 2.8 Serum concentrations of GM-CSF, IL-12p70, IL-2, lL-6, IL-8 and TNF-a in pg/ml of 
atherosclerotic patients’ who have stenosis of <80% (n=33) and >80% (n=25). Each 
sample was done in triplicate and median and standard  deviation are sho\\iL Patients were 
grouped according to % stenosis in either right or left internal carotid artery. Significance 
was tested using a M ann-W hitney test *<0.05, **<0.01 and ***<0.001
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5... 2.3.1.8 Investigating levels o f  each individual cytokine analysed between five  vulnerable groups o f

6... atherosclerotic patients to identify if  there is a significant change.

Using a one way A N O V A  there was a significant difference in expression o f  T N F-a between 

carotid patients who w ere hypertensive, sym ptom atic, ex-sm okers and had more than 80% 

stenosis. The median level pg/ml was higher in the patients with m ore than 80%  stenosis, the 

patients with least am ount o f  T N F -a were hypertensive. Sym ptom atic patients and ex-sm okers 

had sim ilar pattern o f  expression .The rem aining eight cytokines showed no difference in 

expression am ong the groups analysed. Therefore it may be suggested that T N F -a is a 

distinguishable cytokine expressed at a higher level w hen stenosis increases.
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Figure 2.9 Comparison of cytokine levels in vulnerable groups of carotid endarterectom y 
patients. Groups were analysed using a one way ANOVA to identify if there was a 
significant difference among patients over 65 years (n=46), hypertensive (n=27), more than 
80% stenosis (n=25), symptomatic (n=31) and ex-smokers (n=39). TNF-a was the only 
cytokine to show a significant difference w hen the group levels were analysed p= 0.0457.
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2.3.2 Enzyme-linked immunosorbent assay

CXCL16 serum levels were measured and association analysis was carried out for the 

following groups;; Carotid atherosclerotic patients’ v healthy controls, patients <65 v >65 

years, asymptomatic v symptomatic and risk factors. Interestingly, no patient had an 

unusually high or low amount o f  CX CL16.

2.3.2.] Carotid atherosclerotic patients' v healthy control comparison o f  serum CXCL 16 

levels

As shown in Figure 2.9 CXCL 16 levels were significantly higher in healthy controls compare 

to carotid artery patients (p=0.0277) (Table 2.13). Serum levels o f  CXCL 16 in controls had a 

larger range in values than patient values. No unusual outliers were present in either group. 

As previously discussed patient and controls were not ideally age matched therefore it was 

interesting to analyse if significance existed between patients who were classified as old age 

pensioners and younger.

Table 2.13 Median, standard deviation (SD), p value and M ann-W hitney test o f CXCL16 based 
on the comparison o f 23 patients and 10 controls involved

Cytokine Patients
n=23

SD Controls
n=10

SD P value Mann- 
Whitney U

CXCL16 50.77778 22.80291 0.327154 2.941852 0.0277 50.5
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Figure 2.10 Serum  concentrations o f CX CL16 in pg/m l o f atherosclerotic  pa tien ts’ (n=23)v healthy 

volunteers (n=10). Each sam ple was done in trip lica te  and  m edian value and  s ta n d a rd  deviation areshowiL 
Significance was tested using a M ann-W hitney test *<0.05

2.3.2.2 Carotid atherosclerotic patients' <65 and >65 years o f  age serum CXCL16 levels 

Evidently there were a larger number o f  patients who were over the age o f  65. however  

measuring the difference o f  the median values; patients under 65 had a significantly higher 

level o f  serum C X C L 16 (p=0.0208) (Figure 2 . 10).

T able 2.14 M edian, s tan d a rd  deviation (SD), p value and  M ann-W hitney  test o f CX CL16 based 
on the  com parison  o f 23 patients divided into < and  > 65 years o f age

Cytokine <65 n=6 SD >65 n=17 SD P value Mann- 
Whitney U

CXCL16 80.77778 18.48505 45.22222 20.14883 0.0208 17.5
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Figure 2.11 Serum concentrations of CXCL16 in pg/ml of atherosclerotic patients' <65 (n=6)and 
>65 (n=17) years o f age. Each sam ple w as done in trip lica te  and  m edian value and  s ta n d a rd  
deviation  areshowiL Significance was tested using a M ann-W hitney  test *<0.05

2 .3 .23  Asymptomatic v symptomatic carotid atherosclerotic patien ts’ serum CXCLI6 levels 

There were fewer asymptomatic patients than symptomatic patients when comparing serum 

CXCL16 levels. The range o f  symptomatics varied. However, comparing median values 

asymptomatics had significantly higher CXCLI6 (p=0.0450) (Table 2.15) levels than 

symptomatics (Figure 2.11).

T able 2.15 M edian, s tan d a rd  deviation (SD), p value and  M ann-W hitney  test o f C X C L16 based 
on the  com parison  o f  23 patients divided into asym ptom atics and  sym ptom atics.

Cytokine Asymptomatics
n=7

SD Symptomatics
n=17

SD P value Mann-
Whitney

U
CXCL16 78.55556 17.58488 44.83333 22.55823 0.045 25.5
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Figure 2.12 Serum concentrations o f CXCL16 in pg/ml o f asymptomatic (n=7) and symptomatic 
(n=17) atherosclerotic patients’. Each sample was done in triplicate and median value and standard 
deviation are showa Significance was tested using a Mann-W hitney test *<0.05

2.3.2.4 Serum CXCL16 levels in carotid atherosclerotic patients' with one and Im'o or more 

risk factors associated  with atherosclerosis.

Both groups had a varied range o f  values and no significant difference w as evident between  

patients who had either one risk factor or tw o or more (Table 2 .16). The sam e result w as also  

seen when com paring patients with and without hypertension (Table 2 . 17).

Table 2.16 Median, standard deviation (SD), p value and M ann-W hitney test o f  CXCL16 based 
on the comparison o f 23 patients divided into patients with 1 and 2 or more risk factors.

Cytokine 1 Risk factor 
n=10

1 SD 2 Risk 
factors n=7

2SD P value Mann- 
Whitney U

CXCL16 55.22223 20.28413 58.55556 22.97117 0.8071 32

Table 2.17 Median, standard deviation (SD), p value and M ann-W hitney test o f CXCL16 based 
on the comparison o f 23 patients divided into patients with hypertension (HTN) and without.

Cytokine HTN n=15 SD non-HTN
n=6

SD P value Mann- 
Whitney U

CXCLI6 50 24.23312 79.66667 14.43019 0.6282 52
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2.3.2.4 Serum CXCL16 levels in carotid atherosclerotic pa tien ts’ with above or below 80%

stenosis.

A s seen in Table 2 .18  there w ere no significant differences in serum C X C L16 levels betw een  

< and >80%  stenosis. A larger number o f  patients had > 80% also.

Table 2.18 Median, standard  deviation (SD), p value and M ann-W hitney test of CXCL16 based 
on the com parison of 23 patients divided into patients with < or > 80yo stenosis in either 
internal carotid artery

Cytokine >80% n=I6 SD <80% n=7 SD P value Mann- 
Whitney U

CXCL16 58.55556 14.47079 50.22223 25.75515 0.8937 53.5
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2.4 Discussion

Discovering new biomari<ers and new relationships between biomarkers or risk factors in at 

risk populations could reduce the amount o f  reoccurring heart attack, stroke and deaths. A 

more detailed knowledge o f  circulating triggers could facilitate tailored therapy and new 

treatments (Shah et al., 2010). The study o f  blood biomarkers by ECL in combination with 

other high throughput technologies such as blood RNA profiling, which has correlated CAD 

severity with expression o f  160 genes, would contribute greatly to predicting the risk o f  

cardiovascular events (Shah et al., 2010).

Aukrust et al, 2008 reviewed potential biomarkers o f  cardiovascular disease and published 

main criteria needed for a biomarker to be considered important in diagnosis and prognosis. 

One o f  the main requirements was the ability to measure these biomarkers using inexpensive 

and standardized commercial assays which both have been provided in the technologies used 

in this chapter. The most valued biomarker in CVDs is CRP so this chapter aimed to discover 

other potential markers such as CXCL16 and lL-8. One o f  the challenges mentioned in this 

review was the fact chemokines are found at low levels in serum/plasma and often under the 

LLOD, this was not the case for this study as no value in any patient for either chemokine 

was below the LLOD. This study also covered the criteria needed to move inflammatory 

marker measurements into the clinic, “Studies that investigate the ability o f  combined 

measurements o f  several chemokines to give prognostic information” and “Studies that 

examine the predictive value o f  new chemokines, such as CXCL16” (Aukurst et al., 2008).

Both ECL and ELISA results were grouped based on age, risk factors and symptoms, ECL 

data was further analysed for association with %  stenosis. Patient numbers were 

unsatisfactory to proceed with all groups for CXCL16 analysis.
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and dose dependent m anner stimulates lL-8 and MCP-1 release (Ni et a!., 2009). In relation 

to hypertension pulm onary arterial hypertension (PA H) patients have show n significantly 

higher levels o f  IL -IB , lL-2, lL-6, IL-8, IL-IO and IL-12p70 (Soon et al., 2010). Currently 

IL-17 has been recognized as a potential therapeutic target for preventing angiotensin II- 

induced hypertension. lL-17 is a synergistic cytokine and T N F -a is one o f  m any cytokines it 

forms an alliance with to  m odulate an inflam m atory response (M adhur et al., 2010).

However, this study reported no such findings and no difference in cytokine levels were

detected in patients with and without hypertension.

Patients with diabetes w ere also included but due to a low num ber o f  diabetic patients its 

association with cytokine levels was not assessed. It is how ever known that IL-6 and T N F-a 

are up-regulated in diabetic patients com pared to controls, as IL-8 is stim ulated by T N F-a it 

is also known to increase in levels (V erm a et al., 2013). Diabetes was included as a risk factor 

when com paring one or tw o or m ore risk factors. A ccording to these results the am ount o f  

risk factors a patient had did not make a significant difference in cytokine levels. It was then 

decided to investigate if one particular risk factor was associated with increasing or 

decreasing cytokine levels. Current literature suggests cytokines/chem okines IL -ip , IL-6, IL- 

8 and M CP-I are expressed at a higher level in sm okers com pared to non-sm okers (Kuschner 

et al., 1996). IL-8 was the only cytokine to  show  significantly different levels w hen all four 

groups were analysed using an ANOVA. However, when separate M ann-W hitney tests were 

perform ed IL-8 and IL-6 showed significant changes, both with different groups. IL-6 

appeared to be expressed m ore in ex sm okers com pared to  sm okers and IL-8 showed m ore 

expression in non-sm okers, values in non-sm okers varied and deviated from the m edian more 

so than sm okers. As m ost patients had m ore than one risk factor it is difficult to single out a

risk factor as the cause o f  the change in cytokine levels.
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Stenosis - TNF-a, IFN-y, 1L-1(3, IL-6, IL-8 and IL-10 have shown significantly higher levels 

in patients with less than 70% stenosis undergoing a carotid endarterectomy than controls 

(Profumo et al., 2008). This study looked at above and less than 80% stenosis and found 

GM -CSF, lL-2, IL-12p70, lL-6, lL-8, and TN F-a to have different levels between these two 

groups. The only two cytokines which showed a higher rate in patients with less than 80% 

were lL-6 and IL-8. It was noted that GM-CSF. IL-2, IL-I2p70 had <LLOD considered. This 

data correlates with data seen in asymptomatic v symptomatic cytokine levels. 

Asymptomatics who typically have lower stenosis showed the same, lower IL-6 and IL-8 

levels. Plaques which are classified as non-tlow limiting stenosis are accountable for more 

cases o f  rupture and thrombosis (Shah. 2003). Therefore the association o f  IL-6 and IL-8 

should be o f  further interest.

S tatins- The majority o f  patients included in this study were currently being treated with a 

statin, and statins have been reported to affect the levels o f  serum cytokines. As this study 

was completed on a relatively small cohort and statin therapy and concentrations varied 

among patients it was not taken into consideration. Ten o f  the patients included in the study 

were on no form o f  statin when this study was carried out and a third were being treated with 

a low dose o f  10-20mg o f  simvastatin and atorvastatin. Lyngdoh et al 2011 reported no 

association between statins and IL-ip , lL - 6 o rT N F - a  but found association with a decrease 

in CRP levels (Lyngdoh et al., 2011). However, the opposite findings exist in a study by 

Iwata et al which found IL-6 and lL-8 mRNA levels inhibited significantly by statins. 

Therefore, the evidence o f  statins affecting circulating cytokine levels is still questionable.
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All p values were presented without correction for multiple testing, such as a Bonferroni 

correction. Although in this case we have tested multiple hypotheses, a strict Bonferroni 

correction is not appropriate, because the levels o f  the individual cytokines tested are not 

independent o f  each other, a prerequisite for the Bonferroni correction.

Establishing a trend amongst the cytokines in each association study was not achieved. 

Indeed in some cytokine level analysis all nine cytokines showed no significance when 

compared. The most noticeable relationship was that o f  lL-6 and IL-8, one did not show a 

significant difference in levels without the other.

2.4.2 ELISA

It has been confirmed that CXCL16 plasma levels are extremely stable under basal conditions 

and studies have shown that CXCL16 may have favourable biomarker characteristics for 

clinical epidemiologic and epidemiologic application (Lehkre et al., 2007 and Aukurst et al., 

2008). As previously discussed conflicting data on CXCL16s role exists. Smith et al., 2008 

found no correlation between CXCL16 and CAD  severity based on coronary angiography in 

post Ml patients (Smith et al., 2008) and neither did Sun et al., in SAP patients (Sun et al., 

2008). Yi et al., discovered that C X C L I6  expression levels do not affect the plaque size but 

the plaque stability and could potentially be a marker o f  destabilization (Yi et al., 2011). 

These two studies proposed the opposite to the Sheikine study in 2006, claiming that 

decreased C X C L I6  levels supported the atheroprotective role o f  CXCL16. These data 

contribute to the already existing controversial findings o f  the role o f  CXCL16 in CAD and 

found that healthy controls and carotid atherosclerosis patients do have a significant 

difference;; C X C L I6  levels were lower in patients’ serum. The only cytokine to show this 

pattern o f  expression between patients and controls was lL-10, therefore CXCL16 could be 

atheroprotective. As risk factors and age are known to impact cytokine profiles in CV D

101



patients, it was interesting to see if CXCL16 was influenced by such factors. Using the over 

65 and under age bracket, CXCL16 levels were significantly higher in patients less than 65 

years o f  age. However, a fraction o f  over 65s had similar pg/ml CXCL16 to those under 65.

As previously mentioned combining expression profiling with arrays for personalised therapy 

for at risk patients is something to research further. Gargalovic et al., used individual EC 

cultures from 12 heart transplant donors to confirm com m on genetic variations have a 

significant impact on cytokine expression, specifically IL-8, in response to oxPAPC.

Many of the cytokines analysed in this study effect one another's expression levels. Soluble 

CXCL16 increases lL-8 release in VSM Cs from CAD patients and IL- ip  mediates CXCL16 

release form ECs and PBM Cs (Smith et al., 2008). The only group that found both CXCL16 

and lL-8 significantly different were asymptomatics and symptomatics. CXCL16 and IFN-y 

take part in a feedback loop system in which both are inducers o f  the other, Lehrke suggested 

that this helps regulate atherogenic effects however the two did not display similar effects in 

this study (Lehrke et al., 2007)

2.4.3 Concluding remarks

As expected, lL-6 showed relevance in a number o f  patient groups analysed in this study as it 

is already regarded as a useful tool for clinicians along with CRP levels. Regarding patients' 

v healthy control data the cytokines/chemokines o f  further interest included lL-8, lL-6, TNF- 

a, II-10 and CXCL16. The cytokines/chemokines that showed significant differences most 

frequently were lL-6 and IL-8, which were associated with patients and controls, 

asymptomatics v symptomatics, stenosis and smoking. Other known markers that normally 

showassociation w ithC V D ssuchasIL -1  p and IFN-y did not produce any significant results.

On top o f  statin treatment for lipid control in atherosclerotic patients it would be beneficial to

control inflammation as well as immune cells and cytokines play such a central role in plaque

102



development and rupture. Using these significant in vivo findings it was decided to further 

investigatetherelationshipofTNF-a on EC expression, in particular CXCL16.

To date this multi-array method has not been published regarding the use o f  carotid patients, 

however analytes such as cTroponin I and Myosin binding protein-C have been analysed in 

myocardial infarct patients. As discussed in the introduction, carotid and coronary 

atherosclerosis have both similarities and differences; this type o f  platform could be a 

potential way o f  investigating them in relation to inflammatory mediator expression. So far, 

comparing the results o f  carotid patients in this project and o f  coronary patients in Patel et al., 

2009, IL-10 was significant in both and IFN- y in coronary and TNF-a, IL-8 and lL-6 in 

carotid. This MSD platform allows for an increasing dynamic and sensitivity scale for low 

levels o f  inflammatory mediators. The detection o f  small changes amongst an array o f  

cytokines can potentially be preventative in the further progression o f  disease in atheroma 

patients and could help establish a difference o f  expression in asymptomatic and symptomatic 

patients. This type o f  multiple cytokine measuring could be an essential part to the diagnosis 

and prognosis o f  at risk patients.

2.4.4 Future work

A larger cohort could potentially shed more light on the association o f  CXCL16 levels and 

the groups which were only analysed for ECL, such as smoking and statin therapy. The 

number o f  patients was insufficient to group patients into more than two groups. Also 

because there was a significant difference in CXCLI6 patients over and under 65 years, data 

should be age matched when analysing this chemokine. For future carotid and coronary 

comparisons it would also be useful to screen both carotid and coronary patients serum 

samples using MSD and a combination o f  lipid, protein, anti/pro-inflammatory mediators to 

highlight the similarities and differences which will be o f  importance in the ongoing debate 

o f  IMT and CAD relations.
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2.4.5 Limitations

The majority o f  patients that took part in this study were already on a type o f  statin before 

cytokine serum values were measured. Stains have known to lower C X C L I6  and other 

cytokine expression levels, both simvastatin and atorvastatin lowered CXCL16 serum levels 

over a 6 month period (Smith et al., 2008). Simvastatin also down-regulated circulating levels 

o f  IL-6, lL-8 after 6 weeks and all statins lowered levels in cultured models in a time-dose 

dependent manner (Rezaie-Majd et al., 2002). However, this study measured the difference 

between each cytokine in the serum o f  patients receiving treatment and not. No significance 

was found no matter what dose they received. Also five out o f  the nine cytokines analysed by 

ECL included levels below the LLOD, these remained included in the analysis as they were 

still above 0.00. However, between patient and control data not one o f  the five showed 

significant difference in serum levels. The only analysis that they showed significance in was 

% stenosis. Comparing clinical findings is always controversial as patients have different 

backgrounds genetically and environmentally.
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CHAPTER 3

Optimization o f a novel microfluidic biochip for protein 
expression analysis in endothelial cells under pulsatile shear

stress

105



3.1 Introduction

The atherosclerotic environment is complex and consists o f  many factors that contribute to 

plaque initiation, progression and rupture, in chapter 2 two circulating proteins identified 

with different expression levels between patients and controls were C X C L I6  and TNF-a, 

therefore were ideal contributing factors o f  atherosclerosis to be further assessed in a 

controlled environment. For a positive control it was decided to use lCAM-1 as a marker as 

literature has reported on TNF- a  and IC A M -ls  relationship (Chiu et al., 2004, Chen et al., 

2004, Krunkosky et al., 2000). In the majority o f  existing studies ECs response to shear stress 

and stimulants are analysed by protein expression using western blots and gene expression by 

mRNA assays. This study uses a completely new format to analyse the presence and amount 

o f  protein expression. The Cellix Biochip model was specific for the requirements necessary 

in this study, an EC only, laminar tlow pulsatile environment.

3.1.1 Primary triggers

In the current literature, one o f  the main and initial triggers in atheroma formation is irregular 

shear stress patterns in arteries. Altered hemodynamics occurring in areas o f  curvature or 

bifurcations and hypercholesterolemia all have the potential as primary triggers in 

atherosclerosis by activating the endothelium monolayer. Pro-atherogenic conditions include, 

low, reversing and oscillatory shear stress and temporal variations o f  shear stress (Anssari- 

Benam and Korakianitis, 2013). However, clinical findings have found plaque development 

in sites o f  steady and high shear stress implying that additional factors play an equally large 

role in plaque formation. Other hemodynamic factors like circumferential stress waves 

combined with the effect o f  wall shear stress can cause endothelial cell mechanotransduction 

(Anssari-Benam and Korakianitis, 2013). The expression o f  two EC receptors; ICAM-1 and 

C X C L I6  were focused on. Previous data published regarding their relationship with shear 

stress is sparse and are based on alternative methodologies.
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ICAM -I expression is controlled by hemodynamic stress, due to the shear stress response 

element activation in its promoter region (Nagel et al., 1999). Shear stress response 

elements (SSREs), within promoters o f  endothelial genes interact with transcription 

factors such as N F -kP, EGR-1, c-Jun and c-Fos and have been reported as responsive to 

different types o f  flow. All four SSREs show increasing levels from static to uniform to 

disturbed flow.

In a mouse model o f  carotid artery ligature Ni et al., identified CXCL16 as one o f  many 

mechanosensitive genes which responds to disturbed flow. A genome wide microarray study 

was carried out on endothelial RNAs isolated from atherosclerotic plaque in mice. After 12 hr 

a number o f  genes involved in cell proliferation and morphology including CXCL16 were 

regulated by disturbed tlow (Ni et al., 2010).

ICAM-1 is expressed in normal ECs o f  the healthy artery (Davies et al., 1993). Studies have 

shown ICAM-1 up-regulation in HUV ECs is time and shear stress dependent (Nagel et 

al.,1999) and normal to high shear stress (o v e r  20 dyne /cm 2  is a th e ro p ro tec t iv e )  is 

associated with an increase in ICAM-1, specifically in junctional regions (Walpola et al., 

1995). However, in atheroma-susceptible regions o f  the arteries ICAM-1 expression is also 

up-regulated (Frank and Lisanti, 2008) and circulating levels o f  ICAM-1 have been 

associated with myocardial infarctions and coronary death (Luc et al., 2003) suggesting its 

significance as a biomarker. Low SS which occurs at plaque sites (Stone et al., 2007) 

increases ICAM-1 regulation in ECs (Chatzizisis et al., 2007). Although data on ICAM-1 

expression levels and role in atherosclerosis initiation are not conclusive (Cybulsky et al., 

2001) Estrada et al., reported that ECs do not have a significantly different ICAM-1 

expression pattern between disturbed and normal flow conditions (Estrada et al., 2011). In
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conclusion based on the current literature, ICAM-I is present in all conditions, healthy or 

diseased, high or low shear stress, and whether or not it is a marker o f  disease remains 

undecided.

As discussed in the introduction, low SS regulates EC gene expression via N F -kP activation, 

therefore a median range o f  SS, between low and high shear stress as classified in the 

literature (0.5-20 dyne/cm^), and a healthy (unstimulated) and disease-like (stimulated) 

environment were chosen to investigate and clarify the induction and regulation o f  C X C L I6  

and ICAM -I.

3.1.2 Secondary triggers

The secondary triggers which facilitate plaque development are immune cells, cytokines and 

chemokines, but can also be prim.ary triggers from an existing inflammatory disease i.e. RA, 

SLE (Sakurada et al., 1996, Sherer and Shoenfeld, 2006). In this chapter two triggers were 

investigated, a cytokine TNF-a and an oxidised lipid oxPAPC.

TTMF-a can alter EC gene expression that promotes an inflammatory environment. In vitro 

models and mouse models have been used to investigate cytokine stimulation on EC 

expression. Under laminar flow in a parallel plate flow chamber, TNF- a  stimulated ECs 

show an increase in m RN A  ICAM-I expression in ECs and when static conditions returned, 

ICAM-I expression did not persist. TN F-a a  activates ICAM-1 expression through TN FR l 

binding and NF-k(3 pathway (Zhou et al., 2007). On the promoter region o f  ICAM-1 gene 

there is a NF-kP specific binding site, which suggests its pro-inflammatory connection (Chiu 

et al., 2004). Chiu et al found TN F-a (lOOu/ml) stimulated ICAM -I m RNA expression at 4 

hours. However, introducing a shear stress o f  20 dyne/cm^ significantly increased ICAM-I 

mRNA expression. In ischemic mouse studies, ICAM-I expression was lower in mice that
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receivedanti-TNF-a mAh than that o f  control subjects, confirming that ICAM-I expression 

was attenuated by blocking TN F-a  (Yang et al., 1998).

IFN-y and TNF-a are both known inducers o f  endogenous CXCL16 in ECs (Abel et al., 

2004) and conflicting data remain for SMCs as Wagsater et al., only found 10 ng/|il IFN-y to 

be a significant inducer of CXCLI6 (Wagsater et al., 2006). Other cells and cytokines 

associated with inflammatory disease have had an impact on CXCL16 expression. In RA 

patients TNF-a enhances CXCLI6 expression in macrophages and contributes to the 

inflammatory cascade (van der Voort et al.. 2005). Little research has been carried out on 

TNF-a and CXCLI6 relationship, specifically under pulsatile flow conditions. A specific 

concentration o f  TNF-a was used, due to already established findings on ICAM-l and 

CXCL16 expression and it was also seen in the carotid patient serum levels in chapter 2 

(Abel et al., 2004).

The literature on the role oxPAPC plays in atherogenesis is divided. Some studies suggest the 

concentration to be o f  vital importance, Starosta et al. 2011 found oxPAPC to have a dose- 

dependent effect on EC permeability; low doses (5-20|ig/ml) where considered 

atheroprotective and high doses (I00|jg/ml) pro-atherogenic. Other studies are divided when 

its role as a stimulant is questioned, Amberger et al, 1996 showed chronic exposure by 

moderately-highly oxidised LDL induces VCAM-1, ELAM-1 and ICAM-l (Amberger et al., 

1996). However, Birukov 2006 reported that EC activation can be triggered by incubation 

with oxidised lipids such as oxLDL and oxPAPC, but they ruled out ICAM-l related 

expression (Birukov, 2006). So far a number o f  studies which have investigated the effect o f  

oxPAPC have not established it as a trigger for CXCLI6. Gargalovic et al, uncovered 1000 

genes, 600 upregulated and 400 down-regulated by 50|ig/ml oxPAPC in ECs, none o f  which 

were CXCL16 or ICAM-l (Gargalovic et al., 2006). OxPAPC is however known as a
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molecule which has the ability to increase chemokine IL-8 and MCP-1 production from ECs 

(Birukov, 2006).

oxPAPC also has an effect on SREBP increasing activity in some cell lines (Gargalovic et al., 

2006). SREBPs are transcription factors which regulate genes involved in cholesterol 

synthesis and receptor-mediated LDL uptake. Using a parallel plate flow channel and a 

laminar SS o f  12 dyne/cm^, studies showed an increase in LDLR expression, and a sustained 

increase using a disturbed flow. SS also regulates SREBPs through EC integrins (Liu et al., 

2002).

3.1.3 Hypotheses & Objectives

For this chapter, the objectives were to build an in vitro microtluidic model that investigates 

the effect o f  shear stress with different stimuli on the expression o f  different proteins 

involved in atherogenesis, to optimize and validate the in vitro microfluidic model for 

expression related studies. Using this model, the aim was to use quantitative & qualitative 

techniques to signify the difference in EC receptor expression under a series o f  different 

conditions and triggers associated with atherosclerosis. Overall, to investigate if initiating 

factors (cytokines, lipids or shear stress) by the effect they have on important EC receptor 

expression.

The effect o f  primary and secondary triggers on ECs was o f  particular interest. In this 

chapter the primary trigger; shear stress and secondary triggers; cytokine TNF-a and 

minimally oxidised lipid oxPAPC on ICAM-I and CXCLI6 receptor expression from ECs 

was studied. A time scale o f  6 and 24 h was also incorporated into the study to 

investigate continuous expression.

• As CXCL16 was identified as a mechanosensitive gene to disturbed flow, this study

hypothesized it could be present under laminar flow also. Because TNF-a has shown

I 10



effect on CXCL16 expression, it was expected to see a bigger increase com bining the 

two effects com pared to ju st shear stress regulation.

• Because ICAM-1 has a SSRE in its prom oter region and has a N F -kP binding site, 

this study aim ed to investigate if T N F-a ECs under norm al flow  increased regulation 

o f  ICAM -1.

• We also aim ed to investigate a com ponent o f  highly oxidised LDL and gain insight on 

the potential activating pow er o f  oxPAPC and its effectiveness at prom oting 

atherogenic environm ent or protecting against an atherogenic environm ent. As both 

oxPAPC and SS have an effect on TPs that regulate receptor-m ediated LDL uptake, 

and CXCL16 is a receptor for oxLDL we thought it would be interesting to quantify 

the effect on expression. It was also interesting to distinguish if oxPA PC could 

potentially activate ICA M -I expression.

ICAM-1 expression is present in norm al arteries and in lesion sites to facilitate 

the binding o f  m onocytes through LFA-1 for transm igration and subsequent foam  

cell form ation. As C X CL16 is also expressed on the EC, has a co n tro v e rsia l ro le  and 

binds CXCR6 on leukocytes to facilitate transm igration also, the scale o f  C X C L I6  

expression com pared to that o f  a known pro-atherogenic factor such as ICAM-1 was 

o f  particular interest.
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3.2 M aterials and Methods

3.2.1 Thawing HUVECs fo r  Cell culture

Human umbilical vein endothelial cells (HUVECs) were obtained frozen in liquid nitrogen in 

cryovials from PromoCell, Germany. The cryovials were thawed in a 37°C waterbath for 90 

seconds and transferred to a Nunc 25cm^ flask (Thermoscientific , MA, USA) containing 

10ml o f  pre-heated endothelial cell growth medium (PromoCell. Germany) using a sterile 

transfer pipette (Sarstedt, Germeny) in a sterile environment. Cells were then incubated at 

37°C and 5% C O l

3.2.2 Subculturing cells

When cells reached - 9 0 %  confluency they were transferred from the incubator to a sterile 

environment. All media were removed with a 10ml transfer pipette. Cells were then washed 

with 5ml PBS (Gibco, Invitrogen, CA, USA) and 5 ml pre-warmed accutase (PromoCell, 

Germany) was used, the flask was then incubated for 2-3 minutes at 37°C. The detached 

cells were transferred to a 15ml falcon (Sarstedt, Germany) and placed in a centrifuge 

(Eppendorf, Germany) for 5mins at 400xg at 21°C. Cell passages 5-7 were used.

3.2.3 Cell counting

Before starting experiment, cells were quantified using a haemocytometer. The 

haemocytometer was wiped with 70% ethanol. 10|il o f  thoroughly mixed cell suspension was 

pipetted directly onto the top and bottom grid. A fresh coverslip was carefully placed onto the 

haemocytometer avoiding air bubble formation that would displace cells and skewer cell 

count. The haemocytometer was placed on the light microscope stage and using the I Ox 

objective lens cells the cells in each o f  the four corner squares were counted. Only the inner 

16 smaller squares o f  each o f  the four larger squares were used for cell count. The total is 

divided by four to give a mean number o f  cells per 0.1 |il. To determine how much o f  the
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stock cell suspension was used the mean value was multiplied by 10,000 to give 

concentration o f  cells/ml. HUVECs were seeded into each o f  the eight channels on the VenaS 

Fluoro+^'^ Biochip (Cellix, Ireland) (Figure 3.1) at a concentration o f  100,000/20|il.

Figure 3.1 Counting grid on haemocytometer. 4 corner squares made up o f 16 smaller squares.

3.2.4 Optimization o f  VenaS Fluoro+™ Biochip: For cel! receptor studies under conditions 

mimicking physiological flow.

Features o f  the VenaS Fluoro+TM Biochip include; 8 parallel enclosed microcapillaries, 

suited for confocal microscopy observation combined with flow based experiments (Figure 

3.2), 20x, 40x, 60x, lOOx short working distance magnification microscopy; 60x, lOOx oil 

immersion microscopy, brightfield / phase contrast / fluorescent microscopy, low level 

fluorescence imaging, low fluorescent background, compatible with confocal microscopy, 

suitable for a wide range o f  cell suspensions and whole blood, easy to coat microcapillaries 

with a range o f  different adhesion molecules, biochip plastic is optically clear permitting
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detailed m icroscopy studies, 0.05 -  450 dyne/cm^ shear stresses and real tim e imaging under 

flow conditions.

Positions on channels

Channels

Media
inlet

Figure 3.2 Diagram o f VenaS Fluoro+TM  Biochip. Media flows in through media inlet and out 
through media outlet where it flows back to a 50ml pyrex flask embedded in the iKima pump. 
The positions are for image and analysis purposes.

Sterile biochips w ere opened in a sterile environm ent and 20ul o f  fibronectin (R& D System s, 

USA) was pipetted into all eight channels. The chip was then placed in a sterile petri dish 

(Sarstedt. Germ eny) overnight at 4°C for coating. Cells were harvested and counted and 20|^1 

o f  1.5 X 10^per 100|il w ere pipetted into each channel. The chip was incubated for 15-20 min 

at 37°C 5% CO^. Cells w ere observed under a light m icroscope at lOx to examine for even 

spreading throughout. The reservoirs at either side o f  each channel w ere filled with 30 |il o f
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lainedia and the chip was returned to a sterile petri dish and incubated at 37°C for a further 

1.5-2 hours for sufficient attachment to the fibronectin m onolayer.

Table 3.1 Technical and specifications o f  the VenaS Fluoro+™  Biochip:

M aterial: Acrylic, Topas

Num ber o f channels per biochip; 8

Volume o f each channel: 0.8 nL

Dim ensions o f each channel: 400 |im (W) X 100 |im (D) x 28 mm (L)

Dead volum e at input port: 0.1 nL

T hickness o f bottom substrate: 0.17 mm

T a b le  3 .2  P er fo rm a n ce  sp ec ifica tio n s  o f  th e  V en aS  F Iu oro+ ™  B ioch ip :

Range o f proteins for coating Biochip VCAM, ICAM, M AdCAM , Fibronectin, vWF, 
Fibrinogen, Collagen etc.

IMInimum Sam ple Volume: -1 0

Cell types • T-cells: primary & cell lines e.g. HUT 78
• Monocytes: prim ary and cell lines; e.g. THP-1
• Eosinophils
• Neutrophils
• Platelets
• PBM Cs, w hole blood, etc.

M inimum Sam ple Volume: -1 0  nL

M axim um Sam ple Volume: 100 nL (Vena8 Fluoro+ microwelis)

Shear Stress Precision: <0.5%  CV

Shear Stress Range for cell 
suspension:

0.05 - 10 dyne/cm^;
steps o f0.05 dyne/cm^ (100 pL syringe)

Shear Stress Range for w hole blood: 2.25 -  450 dyne/cm^ (1 mL syringe)

V olum etric Flow Rates: 100 nL/minute - 20 |iL/minute (100 nL syringe);; 
5 pL/m inute - 1  m L/m inute (5 m L syringe)

Sam ple Volume Aspiration Accuracy: ±1%

Shear Stress Accuracy: ±0.5%

Sam ple Volume Aspiration Precision: <1% C V
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3.2.5 Optimization o f iKima™ Pump with Apple Application fo r iPod Touch/iPhone 

The M icroflu id ic  pum p  aids cell cu lture  under physiological conditions and is controlled  by 

the i K i m a A p p l i c a t i o n  for use w ith  the iPod T ouch  and iPhone. It connects  easily to  the

biochip  via fully autoclaveable  tub ing  and delivers  pulses o f  fresh m edia  to cells seeded

inside the  m icrochannels  o f  the b iochip. T he  iKima^*^ A pp  is available for d o w nload  from

Apple’s iTunes Store.

T able 3.3 Pum p specifications o f  iK im a™  Pum p:

Volumetric Flow Rates Perftision  m ode: 1 5 - 3 5  m L /h r (*) + /- 4 %

Shear Stress Range Perfusion m ode: - 2 .5  to  - 6 .5  dyne/cm ^

Dead V'olume <  300  |iL

Working Pressure 30 psi -- 2 bars m axim um

Flow Direction • Dispense only
• Two modes: wash and perfusion (controlled only by 

K im a con tro lle r v ia  iPod T ouch  I iPhone)

Additional features • Plug and Play with Kima controller and iKima 
A p p lica tio n  (ava ilab le  for iPod T ouch  / iPhone)

• Featured with a standard lOOmL bottle holder

Dimensions 190m m  X 85m m  x 90m m  (L  x W  x H)

Weight <  800g  (bo ttle  and tu b in g  no t included)

Conditions of use • Tem perature: IO°C to 60°C
• H u m id it) : < 98%  RH

• A ltitude : < 2000m
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Table 3.4 Controller speciflcations o f iKima™  Pump:

G eneral specifications C o n tro lle r w ith:
• 2 m odes o f  pum ping; wash and perfusion

• 4 sockets which can control 4 iKima pum ps 

Independen tly

• U niversal dociv station (pow er + com m unication) to 

use  w ith iK im a ap p lication  (av a ilab le  for dow nload  on 

iT unes)

• W i-F i co m m unica tion

• USB com m unication

• Tactile pow er sw itch

• LEDs for pow er / status inform ation

Power R equirem ents Input: 100 -  240V  AC /  47  - 6 3H z

O utput: 12V  DC -  3 .33 A m ax

Dim ensions 128m m  X 81m m  X 104m m  ( W x D x H )

W eight <  550 g  (in c lu d in g  pow er supply)

Conditions o f  use •T em p eratu re : 10°C - 4 0 T
• H um idity: < 90%  RH
• A ltitude: < 2000m

T he iK im a A pp w a s d ow n load ed  from  the iP hone A pp store. A ll tu b in g  and b ottles w ere  

au toclaved  prior to  starting the exp erim en t and th e pum p set up and b ioch ip  attachm ent all 

took  p lace w ith in  a b io sa fety  sterile hood . T he iK im a pum p (C e llix , Ireland) w a s w ash ed  w ith  

70%  eth an ol and then  sterile d istilled  H 2O after u sing a 5m l sterile syr in ge (B D  b io sc ien ce , 

NJ, U S A ). 3 0 m l o f  sterile en d oth elia l ce ll grow th  m ed ia  (P rom oC ell, G erm any) w a s p laced  in 

the 100m l p yrex  b ottle o f  the iK im a apparatus. T u bing w a s con n ected  to  the p yrex  bottle v ia  

the in let port o f  the pum p. Separate tubing w ith  8 w a y  cab le  p ins w a s a lso  con n ected  from  the  

ou tlet port o f  the pum p and rested in a sterile petri d ish  b efore b ioch ip  co n n ectio n . T he tub ing  

w as then  w a sh ed  w ith  m ed ia  for 2 -3  m in until there w as a stead y  f lo w  w ith  no air b ub bles  

ev id en t. Perfijsion w a s started u sing the iK im a app (F igure 3 .3 ) , a c y c le  o f  2 m in p erfu sion  

and 2 0  m in p ause w as applied at a shear stress rate o f  lO dyne/cm ^. T he 8 -w a y  cab le  w ith  pins  

w as then inserted  into the reservoirs o f  the b ioch ip  and the ou tlet p ins w ere  con n ected  to  the
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same media bottle for recirculation o f  the same media. The iKima pump and biochip were 

then transferred into a 37°C incubator according to time specific requirements (Figure 3.4). 

Once time lapsed the apparatus was taken out o f  the incubator and put into a sterile biosafety 

hood where the cells within the channels were fixed.
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1^ Pump Location

?  Disconnected^  Washtng

Figure 3.3 iKima pum p App 1. Set-up -Select iKima App on iPod Touch or iPhone. Connect 
iPod Touch to iKima controller: Press "Connect" button. 2. W ash out- Select “wash out” 
button 3. Flow assay-The user can select two flow rates for two different time periods.

These two flow rates are then continuously looped or cycled until the user stops the device

Figure 3.4 The VenaS Fluoro+™  Biochip and iKima™ Pump with Apple Application 
functioning together after the set up of both separately. This apparatus provided a pulsatile 
lam inar flow for EC analysis.

3.2.6 Stimulation o f  biochips with oxPAPC and TNF-a

H U V E C s w ere stimulated by both an oxidised  lipoprotein oxPA PC  (Cam bridge B ioscience,

England) and a cytokine T N F -a (R & D  system s, U S A ) dependent on tim e and concentration

(Table 3 .5 ). The stimulants w ere heated to 37C and added to the endothelial growth cell
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media before the pump was attached to the biochip and the stimulated media circulated the 

system for the experiments duration.

3.2.7  Experimental design

Table 3.5 The variables for each experiment are listed below.

TNF-a 6 .01 10 ICAM-1
CXCL16

TNF-a 24 .01 10 ICAM-1
CXCL16

TNF-a 6 .01 Static lCAM-1
CXCL16

TNF-a 24 .01 Static ICAM-1
CXCL16

OXPAPC 6 50 10 lCAM-1
CXCL16

OXPAPC 24 50 10 ICAlM-1
CXCL16

OXPAPC 24 50 Static ICAM-1
CXCL16
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3.2.8 ELISA

The 20 ml o f  m edia used was collected and an ELISA was carried out to test for the presence 

o f  soluble CXCL16. High binding 96-w ell m icrotiter plates (Greiner B io-one) were coated 

with 100^1 per well o f  anti-hum an CXCL16 capture antibody, the plate was sealed and 

incubated overnight at room  tem perature. The capture antibody solution was aspirated and 

wells w ere w ashed with 400 |il o f  wash buffer (R& D System s, USA) x3. N on-specific 

binding sites w ere blocked with 300|al o f  Reagent Diluent at room  tem perature for a 

m inim um  o f  1 hour. The aspiration was repeated and three washes were performed. Sam ple 

and standards were added. Standards provided by the m anufacturer were diluted in Reagent 

Diluent and used to produce a standard curve. The full 20m l o f  m edia w as used as sample.

3.2.9 Lysing cells fo r  RT-PCR

Excess m edia were rem oved from biochip wells. 20ul o f  lysis buffer (Q iagen) was pipette 

into each channel and incubated at room  tem perature for 2-3 mins. An additional 20ul o f  lysis 

buffer w as added and a pipette was used to rem ove the buffer from well and channel. RNA 

extraction was carried out using the An RN easy micro extraction kit (Q iagen) was used for 

RNA extraction from ~10^ cells per treatm ent per cell line according to  the m anufacturer's 

protocol.

3.2.10 RNA quantification using spectrophotometry

Concentrations o f  RNA and DNA were m easured using the N anodrop 8 sample 

spectrophotom eter N D -8000 (N anodrop Tech, DE, USA).

3.2.11 Fixing cells

20|j 1 o f  4%  PFA (Sigm a-A ldrich, Germ any) w as added to each well o f  the biochip once 

experim ent com pleted and incubated for 15 min at 37°C. 20 |il o f  PBS x2 was then added to 

make sure all o f  the PFA was w ashed out. Excess liquid was rem oved from the reservoirs and
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topped up with 30|il o f  PBS each side. Biochips were stored at 4°C until ready for 

immunostaining.

3.2.12 Immunofluroescent staining

All antibody solutions were made in 3%  PBS/BSA (Sigma-Aldrich, Germany). Cells were 

blocked by pipetting 20^1 o f  3% PBS/BSA into each channel and incubated at room 

temperature for 30min. 20|il o f  primary antibodies rabbit anti-human C X C L I6  (dilution 

1:200) (Peprotech, USA) and mouse anti-human lCAM-1 (dilution 1:10) (R&D Systems, 

USA) were added and incubated for 2 hours at room temperature. Two channels were used 

for a control with no primary antibody only 3% PBS/BSA solution. Channels were washed 

with 20^1 x3 with PBS-0.01% Tween 20 (Sigma-Aldrich. Germany) for 2-3 min each. 

Hoechst 33258 (Invitrogen, CA. USA), Alexa Fluor 488 anti-mouse (Invitrogen, CA, USA) 

and Alexa Fluor 568 goat anti-rabbit (Invitrogen, CA, USA) were added at a 1/1000 dilution. 

Wash step was repeated and channels were left in 20|il o f  PBS. Cells were then ready for 

fluorescent microscopy.

3.2.13 Confoca! Laser Scanning Microscopy (CLSM)

A Zeiss LSM 510 laser module was used for imaging biochips and gathering qualitative data. 

Eight images were taken per channel per biochip. Images were taken across the channel from 

left to right and by a 63x objective lens. All images were taken with the same microscope and 

laser settings.

3.2.14 Image processing analysis

ImageJ w as used for all image analysis, quantitative and qualitative. Figure 3.5 shows a flow 

diagram o f  how the experimental procedure was performed.
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Figure 3.5 Flow chart of experim ental design. l)Cell culture and growth 2)Cell harvesting 3)Cell 
seeding into biochip 4)Pump connection and flow initiation 5) Confocal imaging 6) In cell 
analysing of intensity pixels, quantitative and qualitative results
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3.2.15 Immunofluorescence quantification in endothelial cell cultures

Histograms

The darkness or brightness in an image may be determined by examining its image 

histogram. The histogram o f  a image provides a distribution o f  the pixels in an image as 

a function o f  luminosity, in this case on a scale o f  0 -255 . A peak in the shadow regions 

o f  the histogram corresponds to the black background in the image.

Calculating Background

The background was calculated by measuring pixel luminosity o f  images stained for 

secondary antibody only. The darker green/black area in Figure 3.6 (A) represents the 

background. The background in all images for one channel per experiment (biochip) was 

averaged. Backgrounds for ICAM-1 and CXCL16 were averaged separately. An average cut 

o ff  o f  30 ± 5.9 (ICAM-1) and 50 ±  7.1 (CXCL16) on the luminosity scale, corresponding to 

the point where fluorescence in the image starts to become visible was used.

Figure 3.6.Both image A and B are the same, ECs treated for 6 h pulsatile shear stress at 10 
dyne/cm^ and stained for lCAM -1. Image A is an example o f how the 0-255 luminosity scale is 
measured. Image B is a 3-D surface plot o f what was measured. The image and surface plot are 
showing what the histogram measures.
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Calculating area o f  cells stained

Values from 30 or 50 to 255 were integrated to obtain an Area Under the Curve Value 

corresponding to the fluorescence that results when the primary antibody binds to the antigen 

(1CAM-1/CXCL16) and the secondary antibody (with the covalently attached fluorescent 

probe) interacts with the primary antibody. Figure 3.6 (B) is a 3-D representation o f  what is 

measured in the following equation.

Area o f  cells stained: = SU M PROD U CT (A30;A255, (B30:B255)/2). A = pixel luminosity 

count 30/50-255 and B = the number o f  pixels at each count. This equation uses IC A M -ls  

range as an example. Every image had a total pixel count combining the full scale o f  the pixel 

luminosity after the cut oflFpoint.

These values were then normalized by the number o f  cells in each image field o f  view, cells 

were counted manually. This method was taken from McMullen et al with modifications 

(McMullen et al., 2010).
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Figure 3.7 A histogram measuring the area o f cells stained using pixel count and pixel 
luminosity. This total area was divided by the number o f cells per image and used as the am ount 
o f fluorescence generated by the antibody labeled protein.

3.2.16 Statistical analysis

Values from 8 images from each duplicate channel from both duplicate biochips were
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averaged and input into GraphPad 

significance testing using a p value

prism 5 for analysis. Unpaired t tests were carried out for 

o f  <0.05.
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3.3 Results

3.3.1 Enzyme-linked immunosorbent assay (ELISA)

There was no soluble CXCL16 detected in the media o f  the biochip experiments using the 

ELISA kit described in chapter 2. A standard 8 fold dilution was used in duplicate and a 

negative control o f  media only was used. Both the negative control and biochip media 

produced the same optical density as the blank in the standard.

3.3.2 Real-time PCR (RT-PCR)

After RNA extraction and quantification using a spectrophotometer, the  req u ired  am o u n t  

o f  RNA (2 0 n g /m l)  to  p ro ceed  w ith  R T -P C R  was not achieved. As a control, the same 

number o f  cells were seeded in duplicate using wells in a 96 well plate which produced 

enough RNA (>20ng/ml) for cDNA conversion. This was a novel attempt at retrieving cells 

fi'om the biochip platformwhich still needs flirther optimization to succeed. For future 

experiments using two biochips (16 separate channels) may produce the necessary RNA 

quantity.

3.3.3 Optimization ofVenaS FIuoro+™ Biochip

Expression o f  CXCL16 and ICAM-1 was investigated quantitatively and qualitatively. 

Through CSLM  imaging at 63x we visualised the presence/absence or increase/decrease o f  

protein expression and we were then able to quantify expression as previously explained 

using ImageJ. Multiple variables were examined and results were divided into the following 

sections for comparisons: Pulsatile shear stress v Static, stimulated v unstimulated and time 

points 6 h V 24 h.

Using histograms we calculated the area under the curve to give us a value for the amount o f  

staining per image and normalised it to cell count which would interpret as the amount o f  

protein expression (CXCL16 or ICAM-1) per cell. Using CSLM  images we evaluated
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morphological features and trends in EC expression. One image per treatment is shown.

3.3.3.1 The effect o f  pulsatile shear stress v static on E C  receptor expression 

Qualitatively, ECs unstimulated at 6h under pulsatile shear stress show lCAM-1 expression 

while ECs under the same conditions without pulsatile SS show ICAM-1 expression in a few 

cells but throughout the cytoplasm (Figure 3.8 (ii) A and B). Under pulsatile conditions, 

lCAM-1 expression is also not present in every cell. Each cell positive for staining shows a 

distribution o f protein expression throughout the cells cytoplasm. Some cells show intense
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staining surrounding the nuclei. The quantitative values correspond to the images, there is a 

significant difference o f  p = 0.0144 between pulsatile and static conditions (Figure 3.8 (i)). 

The large range in area stained per cell in pulsatile conditions replicates the images that show 

both cells which are positive for staining and negative.

CXCL16 expression does not appear in unstimulated ECs in static conditions at 6 h. This 

result is also replicated in the quantitative values. In unstimulated ECs under pulsatile flow at 

6 h C X C L I6  is induced and its expression is localised around the nuclei in most cells imaged. 

Unstimulated ECs under pulsatile SS for 24 h show an induction o f  CXCL16 expression 

compared to ECs in a static environment. Both qualitative and quantitative results show no 

evidence o f  C X C L I6  expression in a static environment. The majority o f  cells show CXCL16 

around the nuclei and some cells show intensity spreading throughout the cjtoplasm. 

CX CL16 appears intensified along the cells' edge (Figure 3.9), this resembles lCAM-1 

expression pattern under pulsatile flow at 24 h unstimulated.

At 24 h unstimulated, static conditions showed no influence on ICAM-1 expression as there 

was little staining in resting ECs. However pulsatile SS induced ICAM-I expression in 99% 

o f  cells imaged. Some cells positive for ICAM-1 staining showed an unusual pattern in 

staining. A halo like shape o f  intense staining formed in the cell 's  cytoplasm towards the 

edges. These ECs in vivo would be side by side in a monolayer, it appears the intense staining 

in these images occurs at the cell to cell junction and the surface which directly contacts 

blood flow. The images correspond to the values acquired. A p value o f  < 0.0001 shows 

significant difference in ICAM-1 expression between pulsatile and static conditions.
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Figure 3.8 i) The two graphs represent the area stained by ICAM-1 (left) and 
CXCL16 ( right) per cell. Results compared EC expression of ICAM-1 and CXCL16

for 6 h between pulsatile shear stress o f 10 dyne/cm and without pulsatile SS in 
static conditions, each parameter was tested in duplicate. There is a significantly 
higher expression level of both ICAM-1 and CXCL16 per cell under pulsatile SS 
using an unpaired t-test, ICAM-1 p = 0.0144 and CXCL16 p= 0.0003 ii) A-D are 
images taken of ECs by CSLM at 63x. Nuclei are stained blue, ICAM-1 is green and

CXCL16 is red. A) EC ICAM-1 expression under Pulsatile SS of 10 dyne/cm^ for 6 h 
B) EC ICAM-1 expression under static conditions for 6 h C) EC CXCL16

2
expression under Pulsatile SS of 10 dyne/cm for 6 h D) EC CXCL16 expression 
under static conditions for 6 h
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Figure 3.9 i) The two graphs represent the area stained by ICAM-1 (left) and CXCL16 (right) 
per cell. Results com pared EC expression of ICAM-1 and CXCL16 for 24 h between

2
pulsatile shear stress of 10 dyne/cm and without pulsatile SS in static conditions, each 
p a r a m e te r  w as tes ted  in d u p lica te . There is a significantly higher expression level of both 
ICAM-1 and CXCL16 per cell under pulsatile SS using an unpaired t test, ICAM-1 p = < 
O.OOOland CXCL16 p= 0.0022 ii) A-D are images taken of ECs by CSLM at 63x. Nuclei are 
stained blue, ICAM-1 is green and CXCL16 is red. A) EC ICAM-1 expression under Pulsatile

SS of 10 dyne/cm^ for 24 h B) EC ICAM-1 expression under static conditions for 24 h C) EC

CXCL16 expression under Pulsatile SS of 10 dyne/cm^ for 24 h D) EC CXCL16 expression 
under static conditions for 24 h
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ECs s tim ula ted  with 10ng/|il  o f  TlMF-a at 6 h in a static env ironm ent show  lCAM -1 

express ion  is induced in all cells visible (F igure  3 .10  (ii) B). W hen a pu lsatile  SS is 

in troduced  under the sam e conditions, images sh o w  a slight increase in expression  intensity; 

again  a halo type pattern  appears  in som e cells (F igure 3.10 (ii) A). W hen the im ages w ere  

analysed  quanti ta t ive ly  looking at area stained, no significant d ifference  w as  evident be tw een  

the tw o  flow conditions on  EC ICAM -1 expression  w hen  s tim ulated  w ith  10ng/|jl T N F -a  at 6 

h, w h ich  co rresponds  to  the qualitative da ta  (Figure 3 .10 (i)).

Static E C s in the p resence  o f  T N F -a  for 6 h sh o w  no C X C L I 6  expression  (F igu re  3 .10  (ii) 

D), w h ich  is seen qualita tive ly  and quantitatively. H ow ever,  under pulsatile  flow  all cells 

im aged show ed  positive red staining for C X C L 1 6  (Figure 3 .10 (ii) C). Again  C X C L 1 6  

expression  w as  m ost intense around  the nuclei. Q uantitative results  show  a narrow  range o f  

values, all cells analysed  had sim ilar am ount o f  area stained for C X C L 16 . C om p ar in g  

pulsatile  SS and static EC C X C L 1 6 expression with T N F -a  stim ula tion  at 6 h, there  w as  a 

significant induction and increases o f  C X C L  16 under pulsatile flow, p <  0.0001.

ECs s tim ula ted  with 10ng/|il at 24 h in a static env ironm ent show  lCAM -1 expression in the 

m ajority  o f  cells (F igure  3.11 (ii) B). H ow ever,  the introduction o f  pulsatile shear  stress 

increases lCAM -1 expression  and intensity in all cells (F igure 3.11 (ii) A). Im ages o f  E C s  at 

24 h T N F -a  under  pu lsatile  SS show  little to no areas o f  unstained cells. This  change  is 

rep resented  in the co rrespond ing  values. A p value o f  < 0.0001 signifies the difference 

be tw een  the  tw o  trea tm ents  (F igure  3.11 (i)). A t 24 h sam e conditions, expression  o f  

C X C L  16 w as lower in static E C s than pu lsatile  but not significantly, th is  w as  evident in both  

im ages and values (F igure  3.11 (i) and (ii) C and D).
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Figure 3.10 i) The two graphs represent the area stained by ICAM-1 (left) and CXCL16 
(right) per cell. Results compared expression of ICAM-1 and CXCL16 by ECs stimulated 
with lOng/^1 TNF-a for 6 h between pulsatile shear stress o f 10 dyne/cm^ and without 
pulsatile SS in static conditions, each parameter was tested in duplicate. There is a 
significantly higher expression level of both ICAM-1 and CXCL16 per cell under 
pulsatile SS using an unpaired t test, ICAM-1 p = 0.0867 and CXCL16 p < 0.0001 ii) A-D  
are images taken of TNF-a stimulated ECs by CSLM at 63x. Nuclei are stained blue, 
ICAM-1 is green and CXCL16 is red. A) EC ICAM-1 expression under Pulsatile SS o f  
10 dyne/cm^ for 6 h B) EC ICAM-1 expression under static conditions for 6 h C) EC 
CXCL16 expression under Pulsatile SS of 10 dyne/cm^ for 6 h D) EC CXCL16 expression 
under static conditions for 6 h
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Figure 3.11 i) The two graphs represent the area stained by IC A M -land CXCL16 per cell. 
Results com pared expression of ICAM-1 and CXCL16 by ECs stimulated with lOng/^1 TN F-a

2
for 24 h between pulsatile shear stress of 10 dyne/cm and without pulsatile SS in static 
conditions, each p a ra m e te r  w as tested  in d u p lica te . There is a significantly higher 
expression level of ICAM-1 per cell under pulsatile SS using an unpaired t test p = < 0.0001, 
there is no significant difference in CXCL16 expression ii) A-D are images taken of TNF-a 
stimulated ECs by CSLM  at 63x. Nuclei are  stained blue, ICAM-1 is green and CXCL16 is

red. A) EC ICAM-1 expression under Pulsatile SS of 10 dyne/cm^ for 24 h B) EC ICAM-1 
expression under static conditions for 24 h C) EC CXCL16 expression under Pulsatile SS of 10

2
dyne/cm for 24 h D) EC CXCL16 expression under static conditions for 24 h
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The combination o f  oxPAPC and pulsatile SS has a significant increasing effect on lCAM-1 

expression in ECs compared to oxPAPC stimulated ECs in a static environment. This is 

evident in both histogram values and confocal images (Figure 3.12 (i) and (ii) A and B). 

Comparing stimulants, oxPAPC and TN F-a, in both normal pulsatile and static conditions on 

EC lCAM-1 expression it is evident the TNF-a/pulsatile conditions have the strongest effect 

at promoting ICAM-1 expression (Figure 3.11.1). Qualitatively, no CXCL16 expression is 

present at 24 h pulsatile SS or static in oxPAPC stimulated ECs, so no values were available 

to graph above the cut o f f  value 50.
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Figure 3.11.1 The two graphs represent the area stained by ICAM-1 per cell under three 
separate treatments in pulsatile SS and static conditions. Under pulsatile SS conditions TNF-a 
has a signiflcant increase on ICAM-1 expression compared to oxPAPC p < 0.0001 and under 
static conditions p=0.0083, using an unpaired t-test
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Figure 3.12 i) T h e graph represents the area stained by IC A M - per cell. There is no graph for 
C X C L 16 area sta ined  as the values did not exceed background  stain ing. R esults com pared  
expression o f  IC A M -1 by EC s stim ulated  w ith  50fig/m l oxP A PC  for 24 h betw een pulsatile  

shear stress o f  10 dyne/cm^ and w ithout pulsatile SS in static con d itions, ea c h  p a r a m e te r  w a s  

te sted  in d u p lic a te . There is a sign ificantly  h igher expression  level o f  IC A M -1 per cell under  

pulsatile SS using an unpaired t test, p =  <  0 .0001, there is no sign ifican t d ifferen ce in C X C L 16  
expression  ii) A -D  are im ages taken o f  oxP A PC  stim ulated E C s by C SL M  at 63x. N uclei are 
stained blue, IC A M -1 is green and C X C L 16 is red. A) EC  ICAM -1 expression under Pulsatile SS  

o f  10 dyne/cm^ for 24 h B) EC  IC A M -1 expression  under static conditions for 24 h C) EC  C X C L 16  

expression under Pulsatile SS o f  10 dyne/cm^ for 24 h D) EC C X C L 16 expression under static 
conditions for 24  h
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3.3.3.2 The effect o f  TNF-a and oxPAPC stimulation on EC receptor expression 

In a static environment at 6 h, lCAM-1 expression was weak in most images and pixel 

luminosity values were extremely low, however with the addition o f  T N F-a  lCAM-1 

expression was induced in the majority o f  cells, a p value o f  < 0.0001 shows this significant 

increase and correlation with qualitative data (Figure 3.13 (i) and (ii) A and B). 24 h ICAM-1 

expression is similar to 6 h results. Values and images show little ICAM-1 in an unstimulated 

static environment but with T N F -a  stimulation there is a significant increase p = 0.0265 

(Figure 3.14 (i) and (ii) A and B).

The luminosity values which interpret area stained suggest a minimal difference in CXCL16 

expression between unstimulated ECs and TN F-a stimulated ECs at 6 h static (Figure 3.13 

(i)). This is reflected in the images; qualitatively no CXCL16 is visible with both treatments 

(Figure 3.13 (ii) C and D). These results are also seen when comparing CXCL16 expression 

at24hbetw eenunstim u la tedandT N F -a  stimulated ECs (Figure 3.14 (i) and (ii) C and D).
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Figure 3.13 i) The two graphs represent the area stained by IC A M -land CXCL16 per cell. 
Results com pared ICAM-1 and CXCL16 expression by TNF-a (10 ng/^l) stimulated and 
unstim ualted E C ’s under static conditions for 6 h, each p a ra m e te r  w as tes ted  in d u p lica te . 
There is a significantly higher expression level of both ICAM-1 and CXCL16 per cell when 10 
ng/jil TN F-a is present, ICAM-1 p = < 0.0001 and CXCL16 p= 0.0014 using an  u n p a ire d  t  test 
ii) A-D are images taken of ECs by CSLM at 63x. Nuclei are stained blue, ICAM-1 is green and 
CXCL16 is red. A) TNF-a stimulated EC ICAM-1 expression under static conditions for 6 h B) 
EC ICAM-1 expression under static conditions for 6 h C) TN F-a stim ulated EC CXCL16 
expression under static conditions for 6 h D) EC CXCL16 expression under static conditions for 
6 h
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Figure 3.14 i) The two graphs represent the area stained by IC A M -land CXCL16 per cell. 
Results com pared ICAM-1 and CXCL16 expression by TNF-a (10 ng/^l) stimulated and 
unstimualted ECs under static conditions for 24 h, each  p a ra m e te r  w as tested  in d u p lica te . 
There is a significantly higher expression level of both ICAM-1 and CXCL16 per cell with 
10 ng/jil TNF-a, ICAM-1 p = 0.0265 and CXCL16 p= 0.0224 using an  un p a ired  t  test ii) A-D 
are images taken of ECs by CSLM at 63x. Nuclei are stained blue, ICAM-1 is green and 
CXCL16 is red. A) TNF-a stimulated EC ICAM-1 expression under static conditions for 6 h B) 
EC ICAM-1 expression under static conditions for 6 h C) TNF-a stimulated EC CXCL16 
expression under static conditions for 6 h D) EC CXCL16 expression under static conditions 
for 6 h
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Comparing 1CAM-! expression between T N F-a  stimulated and unstimulated ECs under 

pulsatile flow at 6 h shows evidence o f l C A M - l  up-regulation when combined with a 

primary trigger (pulsatile SS) and secondary trigger (TN F-a) o f  atherosclerosis. Quantitative 

and qualitative results show a significant increase, ICAM-I p= 0.0003, C X C L I6  p < 0.0001, 

(Figure 3.15 (i) and (ii) A and B) when both pulsatile shear stress and cytokine stimulation 

are combined. ECs with pulsatile flow and TNF-a have double the amount o f  staining as ECs 

unstimulated. At 24 h, a p value o f  < 0.0001 demonstrates the significant increase in 

ICAM-1 due to the addition o f  another pro-atherosclerotic trigger being TNF-a. These 

results can be seen in both types o f  analyses (Figure 3.16 (i) and (ii) A and B).

C X C L I6  expression under the same treatment follows the same pattern. There is a significant 

increase in C X C L 16 area stained in T N F-a  stimulated ECs under pulsatile flow compared to 

unstimulated ECs under pulsatile flow at 6 h (Figure 3.15 (i)). In unstimulated ECs CXCL 16 

expression is localised around the nucleus but its expression spreads with the addition o f  

T N F-a  (Figure 3.15 (ii) C and D). At 24 h comparing the same conditions gave very different 

results both quantitatively and qualitatively. CXCL 16 was not present visually or in values in 

ECs under 24 hTTMF-a stimulation and under pulsatile shear stress (Figure 3.16 (i) and (ii) 

C). However unstimulated ECs (Figure 3.16 (ii) D) show CXCL 16 expression in the cell 

majority and cover a significant area (Figure 3.16 (i)).
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Figure 3.15 i) The two graphs represent the area stained by IC A M -land CXCL16 per cell. 
Results com pared ICAM-1 and CXCL16 expression by TN F-a (10 ng/^l) stimulated and 
unstim ualted ECs under pulsatile SS at 10 dyne/cm^ for 6 h, each  p a r a m e te r  w as te s ted  in 
d u p lica te . There is a signiflcantly higher expression level of both ICAM-1 and CXCL16 per 
cell under pulsatile SS and 10 ng/jil TNF-a, ICAM-1 p = 0.0003 and CXCL16 p < 0.0001 using 
an  u n p a ire d  t test ii) A-D are images taken of ECs by CSLM  at 63x. Nuclei are stained blue, 
ICAM-1 is green and CXCL16 is red. A) TNF-a stimulated EC ICAM-1 expression under 
pulsatile SS at 10 dyne/cm^ for 6 h B) EC ICAM-1 expression under pulsatile S S a t 10 dyne/cm^ 
fo r6 h C )T N F -u  stimulated EC CXCL16 expression under pulsatile SS at 10 dyne/cm^ for 6 h 
D) EC CXCL16 expression under pulsatile SS at 10 dyne/cm^ for 6 h
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Figure 3.16 i) The two graphs represent the area stained by IC A M -land CXCL16 per cell. 
Results com pared ICAM-1 and CXCL16 expression by TN F-a (10 ng/ul) stimulated and 
unstim ualted ECs under pulsatile SS at 10 dyne/cm^ for 24 h, each  p a ra m e te r  w as tes ted  in 
du p lica te . There is a significantly higher expression level of ICAM-1 per ceil under pulsatile 
SS and 10 ng/fil TNF-a, ICAM-1 p = < 0.0001 using an  u n p a ire d  t  test. CXCL16 expression by 
TNF-a stimulated ECs is significantly lower under 24 h pulsatile SS p= 0.0023 ii) A-D are 
images taken of ECs by CSLM  at 63x. Nuclei are stained blue, ICAM-1 is green and CXCL16 is 
red. A) TN F-a stimulated EC ICAM-1 expression under pulsatile SS at 10 dyne/cm^ for 24 h B) 
EC ICAM-1 expression under pulsatile SS at 10 dyne/cm^ for 24 h C) TNF-a stimulated EC 

CXCL16 expression under pulsatile SS at 10 dyne/cm^ for 24 h D) EC CXCL16 expression 
under pulsatile SS at 10 dyne/cm^ for 24 h
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Under static conditions at 24 h, there is no significant difference in ICAM-1 expression 

between oxPAPC stimulated and unstimulated ECs. For both treatments there is a wide range 

o f  values varying in difference o f  about 6000 (Figure 3.17 (i)). This skews significance 

testing. Images show a random lCAM-1 staining pattern, and it is evident lCAM-1 is 

expressed at higher levels in oxPAPC treated cells (Figure 3.17 (ii) A and B). No graph is 

available for C X C L I6  expression under the same conditions, the images confirm the absence 

o f  red staining (C X C L I6  expression) and that values were not present above the cut o ff  50 to 

incorporate into a quantitative reading.

Again the difference in 1C AM-1 expression in oxPAPC stimulated and unstimulated ECs is 

not significantly different under a pulsatile SS environment (Figure 3.18 (i)). However, under 

the same conditions CXCL16 expression is significantly different. The ECs stimulated with 

oxPAPC appear to have no red staining; it would suggest oxPAPC extinguishes CXCL16 

expression (Figure 3.18 (ii) C and D).
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Figure 3.17 i) The graph represent the area stained by ICAM-1 per cell. There is no graph for 
CXCL16 area stained as the values did not exceed background staining. Results com pared 
ICAM-1 and CXCL16 expression by oxPAPC (50|ug/ml) stim ulated and unstim ualted ECs 
under static conditions for 24 h, each p a ra m e te r  w as tes ted  in d u p lica te . There is no 
significant difference expression level o f either ICAM-1 o r CXCL16 per cell with 50 |iig/ml 
oxPAPC using an  u n p a ire d  t  test ii) A-D are images taken of ECs by CSLM at 63x. Nuclei are 
stained blue, ICAM-1 is green and CXCL16 is red. A) oxPAPC stim ulated EC ICAM-1 
expression under static conditions for 6 h B) EC ICAM-1 expression under static 
conditions for 6 h C) oxPAPC stim ulated EC CXCL16 expression under static conditions for 6 h 
D) EC CXCL16 expression under static conditions for 6 h
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Figure 3.18 i) The two graphs represent the area stained by IC A M -land CXCL16 per cell. 
Results com pared ICAM-1 and CXCL16 expression by oxPAPC (SOng/ml) stimulated and 
unstim ualted ECs under pulsatile SS at 10 dyne/cm^ for 24 h, each p a ra m e te r  w as tested  in 
d u p lica te . There is no significant difference expression level of ICAM-1 per cell under 
pulsatile SS and SOjig/ml oxPAPC. CXCL16 expression by oxPAPC stimulated ECs is 
significantly lower under 24 h pulsatile SS p== 0.0023 using an  u n p a ire d  t te s t ii) A-D are 
images taken of ECs by CSLM at 63x. Nuclei are stained blue, ICAM-1 is green and CXCL16 is 
red. A) oxPAPC stimulated EC ICAM-1 expression under pulsatile SS at 10 dyne/cm^ for 24 h 
B) EC ICAM-1 expression under pulsatile SS at 10 dyne/cm^ for 24 h C) oxPAPC 
stim ulated EC CXCL16 expression under pulsatile SS at 10 dyne/cm^ for 24 h D) EC CXCL16 
expression under pulsatile SS at 10 dyne/cm^ for 24 h
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3.3.3.4 The effect o f  time on EC receptor expression sustainability

ECs in a static environment show a decrease in ICAM-1 expression from 6 to 24 h. This 

decrease does not however interrupt as a significant decrease (Figure 3.19 (i) and (ii) A and 

B). No quantitative results for CXCL16 are presented as values above the cut o f f  50 did not 

exist.

In a static environment ICAM-1 expression levels decrease from 6 to 24 h in TN F-a 

stimulated cells (Figure 3.20 (i) and (ii) A and B). In the same conditions, there is no 

difference in CXCL16 expression (Figure 3.20 (i) and (ii) C and D).
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Figure 3.19 i) The two graphs represent the area stained by IC A M -land CXCL16 per cell. 
Results com pared EC expression of ICAM-1 and CXCL16 at time points 6 and 24 h under static 
conditions, each  p a ra m e te r  w as tested  in d u p lica te . There is no significant difference 
between ICAM-1 or CXCL16 at any time points using an  u n p a ire d  t tes t ii) A-D are images 
taken of ECs by CSLM at 63x. Nuclei are stained blue, ICAM-1 is green and CXCL16 is red. 
A) EC ICAM-1 expression under static conditions for 6 h B) EC ICAM-1 expression under 
static conditions for 24 h C) EC CXCL16 expression under static conditions for 6 h D) EC 
CXCL16 expression under static conditions for 24 h
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Figure 3.20 i) The two graphs represent the area stained by IC A M -land CXCL16 per cell. 
Results com pare TNF-a (10 ng/^l) stim ulated EC expression o f ICAM-1 and CXCL16 at time 
points 6 and 24 h under static conditions, each p a ra m e te r  w as tes ted  in d u p lica te . There is a 
significant decrease of ICAM-1 at 24 h p = 0.0011. CXCL16 expression shows no significant 
change between the two time p o in ts  using an  u n p a ire d  t test ii) A-D are images taken o f ECs 
by CSLM  at 63x. Nuclei are stained blue, ICAM-1 is green and CXCL16 is red. A) TNF-a 
stimulated EC ICAM-1 expression under static conditions for 6 h B) TNF-a stim ulated EC 
ICAM-1 expression under static conditions for 24 h C) TNF-a stimulated EC CXCL16 
expression under static conditions for 6 h D) TNF-a stimulated EC CXCL16 expression 
under static conditions for 24 h
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Both images and values show  a significant increase in IC A M -I expression w hen  com par ing  6 

h and 24 h unst im ula ted  E C s under pulsatile flow. A p value o f  <  0.0001 dem onstra te s  the 

significant increase o v e r  6-24 h tim e point (Figure  3.21 (i)). Visually  ICAM-1 is intensified 

around the cy top lasm  edges  at 24 h while  at 6 h ICAM-1 appears  to be m ore  intense c loser  to 

the nuclei. In both  conditions, EC ICAM-1 expression  varies be tw een  cells w ith in  the  same 

fields (F igure  3.21 (i) A  and B). Like ICAM-1 regulation, C X C L 1 6  w as present at 6 h but at 

24 h expression  w as  up-regula ted  significantly  (p=0.0070). In a couple  o f  cells  im aged 

C X C L 1 6  sta ining cou ld  be seen spreading th rough the cy top lasm  to the cells ed g e  at 24 h. 

Again  like in the 24  h images o f  IC A M -1, there  w as a high intensity o f  C X C L I 6  a round  the 

edges in a few ECs. Qualita tive and quantita tive data  show ed  that time had an  increasing 

effect on ICAM -1 and C X C L 1 6  expression in unstim ula ted  ECs under pulsatile f low  (Figure 

3.21 (i) and (ii) C and D).
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Figure 3.21 i) The two graphs represent the area stained by IC A M -land CXCL16 per cell. 
Results com pare EC expression of ICAM-1 and CXCL16 at time points 6 and 24 h under 
pulsatile SS of 10 dyne/cm^ each p a ra m e te r  w as tested  in d u p lica te . Between 6 and 24 h 
there is a significant increase in ICAM-1 and CXCL16 expression p < 0.0001 and p = 0.0070 
using  an  u n p a ired  t  tes t ii) A-D are images taken of ECs by CSLM  at 63x. Nuclei are stained 
blue, ICAM-1 is green and CXCL16 is red. A) EC ICAM-1 expression under pulsatile SS for 6 
h B) EC ICAM-1 expression under pulsatile SS for 24 h C) EC CXCL16 expression under 
pulsatile SS for 6 h D) EC CXCL16 expression under pulsatile SS for 24 h
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Qualitatively, lCAM -1 staining intensified from 6 to 24 h and every  cell, from  nuclei to  ce ll­

cell ju n c t io n  w as  positive for IC A M -I expression (F igure 3 .22 (ii) A and  B). The 

combination o f  TNF-a, pulsatile flow and 24 h had the largest staining area per cell out o f  all 

the  trea tm ents  that w ere  experim ented  in this study. T im e m ade a significant im pact on 

IC A M -I  regulation  p <  0.0001 (F igure  3 .22 (i)). The  same three param eters  had the  opposite  

effect on  C X C L 1 6  expression, from  6 h to  24 h there  w as a significant d o w n  regulation  o f  

C X C L I 6  p <  0.0001 in ECs. C X C L 1 6  staining w as not visible in im ages h o w e v e r  values 

show ed  slight expression (Figure  3 .22 (i) and (ii) C and D).
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Figure 3.22 i) The two graphs represent the area stained by ICAM -land CXCL16 per cell. 
Results compare TNF-a (10 ng/^l) TNF-a stimulated EC expression of ICAM-1 and CXCL16 at 
time points 6 and 24 h under pulsatile SS of 10 dyne/cm \ each p a ram ete r was tested in 
duplicate. Between 6 and 24 h there is a significant increase in ICAM-1 expression in TNF- 
a stimulated ECs under pulsatile SS p < 0.0001, and a significant decrease from 6 to 24 h 
in CXCL16 expression under the same conditions using an unpaired  t test ii) A-D are images 
taken of ECs by CSLM at 63x. Nuclei are stained blue, ICAM-1 is green and CXCL16 is red. A) 
TNF-a stimulated EC ICAM-1 expression under pulsatile SS for 6 h B) TNF-a stimulated EC 
ICAM-1 expression under pulsatile SS for 24 h C) TNF-a stimulated EC CXCL16 expression 

under pulsatile SS for 6 h D) TNF-a stimulated EC CXCL16 expression under pulsatile SS for 
24 h
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3.4 Discussion

A number o f  novel approaches to investigate triggers and receptors involved in plaque 

development were attempted in this chapter. This chapter provides qualitative and 

quantitative evidence o f  the effects o f  pulsatile shear stress and stimulation using oxidised 

lipoproteins and cytokines on H UVEC receptor expression. A combination o f  pulsatile shear 

stress, stimulation and incubation period, produce different expression levels o f  ICAM -I and 

C X C L 16 as opposed to each individual parameter effect alone.

3.4.1 Primary triggers on EC receptor expression 

SSon CXCL 16

The expression o f  CXCL) 6 was o f  particular interest as it is a triple threat with adhesion, 

receptor and chemotactic roles and expressed on multiple ceil types, macrophages. SM Cs and 

ECs. Its role in atherogenesis is also debated on whether or not it is pro-atherogenic or 

athero-protective. in the past CXCL 16 has been observed as a gene responsive to disturbed 

flow in mouse endothelium (Ni et al.,2010), in this study pulsatile shear stress was capable o f  

inducing CXCL 16 expression as no CXCL 16 was evident in ECs in a static environment. 

This clarifies that CXCL 16 is responsive to normal pulsatile shear flow.

SS on ICAM-1

There are many studies investigating the ICAM -I response to various shear stresses and flow 

types. ICAM-1 appears to be a highly sensitive response element in these types o f  conditions. 

By comparing area o f  cell stained for ICAM -I this study supports the theory that laminar 

pulsatile flow increases ICAM-1 but does not induce it, as ICAM-1 is present in a static 

environment. However the levels o f  ICAM -I in static ECs are far less. These findings support 

the presence o f  ICAM-I in healthy arteries in undisturbed areas o f  the vasculature. The 

morphology o f  ECs observed at 24 h pulsatile flow for both ICAM-I and CXCL 16, showed a

153



$more intense halo-type shape around the cells edge. Increased expression o f  junction 

adhesion molecules have been documented in HUVECs (Hisano et al., 1999).

Overall this study showed that pulsatile laminar flow increased ICAM-I expression and 

induced CXCL16 expression in HUVECs in a controlled in vitro model. There were 

significant increases in unstimulated ECs expression o f  receptors subjected to pulsatile flow 

compared to a static environment. ICAM-1 was also more sensitive to regulation by pulsatile 

shear stress than C X C L I6 . ICAM-1 could participate in excess monocyte adhesion and 

potentially be a huge factor in early plaque development under normal conditions.

3.4.2 Secondary triggers oxPAPC and TNF-a on EC receptor expression 

The role o f  ICAM-1 expression due to stimulation and shear stress has been studied more 

extensively than C XCL16 and its role is clear in assisting in plaque initiation and build up. 

Part o f  this study investigated two potential endothelial cell activators oxPAPC and T N F-a  on 

regulating receptors involved in plaque initiation.

OxPAPC on ICAM-I

As oxLDL has been extensively studied regarding its role in atherogenesis, it was o f  interest

to define the roles o f  its components. POVPC and PGPC are abundant products in oxidized

LDL and have been identified as major players in “the activation o f  endothelial cells and

induction o f  leukocyte binding” (A shraf et al., 2008). So far current literature reports that

oxPAPC facilitates adhesion o f  monocytes through Bl-integrin  activation (Leonarduzzi et al.,

2012) and the majority o f  studies have not confirmed it as a stimulant for up-regulation o f

ICAM, VCAM , or E-selectin, but rather to induce M C P-I,  connecting segm ent-1, and P-

selectin (Fruhwirth et al., 2007). In a static and pulsatile environment unstimulated ECs and

oxPAPC stimulated ECs showed no significant difference in ICAM-1 expression at 24 h.

Therefore oxPAPC had no significant effect combing these factors supporting previous
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findings that o x P A P C  d o es  not influence the induction o r  regulation o f  lCAM-1 expression in 

this specific environm ent.

OxPAPC on CXCL16

B oth qualitative and quantita tive results support the lack o f  effect o x P A P C  had on C X C L 1 6  

expression  at 24 h. ox P A P C  neither induced o r  increased C X C L 1 6  expression, therefore  it 

can be presum ed th is  com p o n en t  o f  highly ox idised LD L is not responsible for C X C L 1 6  

expression  in ECs.

Supporting  G argalovic  et al., this s tudy  found no significant difference in protein  C X C L 1 6  

and IC A M -l  expression  on  ECs, as o x P A P C  has not been confirm ed  as a NF-Kp activating 

m olecule  it is m ost likely not involved in significantly  p rom oting  a pro- in f lam m atory  

environm ent.

TNF-a on ICAM-I

T N F -a  on the o the r  hand had a m ore  significant effect on  both lCAM -1 and C X C L 1 6  

expression  in ECs. T N F -a ,  a long with I L - ip  and LPS are know n  inducers o f  lCAM -1 in E C s 

(M yers  et al., 1992). This  s tudy  show s that IC A M -l  did not require T N F -a  s tim ulation or  

shear stress for IC A M -l  expression  and in fact T N F -a  only up-regula ted  its expression, albeit 

significantly. IC A M -l  appears  to be expressed w ithou t any stim ulan t necessary  and 

stim ulan ts  only  m odula te  its expression. Therefore  m onocy tes  are capable  o f  b inding to the 

endothelia l cell in any  circum stance.

TNF-a on CXCLI6

Studies suggest IFN-y is a major initiator o f  CXCL16 expression. According to Wagsater et

al, IFN-y had the biggest effect on elevated C X CL16 expression from aortic smooth muscle

cells (A o S M C ) (W agsa te r  et al,). IFN-y C X C L 1 6  regula tion  w a s  also con firm ed  by  a s tudy
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do'ne by Wuttge (Wuttge et al., 2004) in macrophages in vitro and in lesions in vivo. Studies 

on IFN-y appear to agree on its effect on CXCL16, TNF-a however, like many parameters 

investigated in this study is the subject o f  some controversy. TNF-a stimulation o f  CXCL16 

has been reported as insignificant (Wagsater et al., 2004) and significant (Abel et al., 2004). 

In cancer research, TNF-a induces CXCL16 primary prostate epithelial cells (Darash-Yahana 

et al., 2009). Similar to Abel et al., this study concluded that TNF-a did induce CXCL16 in 

ECs in a static environment, but only a minor amount o f  CXCL16 was expressed. However 

the induction o f  this receptor will increase oxLDL binding if it is present, with the up- 

regulation o f  ICAM-l in the same area this will produce all the criteria necessary for fatty 

streak formation.

Looking at the effect o f  only 6 h TNF-a on lCAM-1 and CXCL16 expression in ECs in a 

static environment, results showed that TTMF-a had a small inducing effect on CXCLI6 and 

increased lCAM-1 significantly. In a pulsatile environment TNF-a only had an effect on 

increasing expression of both lCAM-1 and CXCL16.

3.4.3 Sustainability o f EC receptor expression under primary and secondary triggers 

6 h and 24 h time points were used to investigate the sustainability o f  stimulants and shear 

stress to regulate surface receptors. Both lCAM-1 (Panettieri et al., 1995) and CXCL16 

(Wagsater et al., 2004) are detectable within 6 h o f  stimulation; 24 h was therefore used as a 

sustainability measure. With no stimulant or shear stress CXCLI6 did not increase from 6 to 

24 h and ICAM-l lowered expression levels from 6 to 24 h. In a static environment TNF-a 

stimulated cells decreased expression o f  ICAM-l from 6 to 24 h and CXCL16 showed no 

significant difference between time-points, both time points showed minimal expression 

levels. ECs under pulsatile shear stress however expressed a significantly higher level o f  

ICAM-l and CXCL16. As expected from previous results ICAM-I increased from 6 to 24 h
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under TN F-a stimulation however pulsatile flow decreased CXCL16 at 24 h. This study 

reveals that CXCL16 is not chronically exposed with both a primary and secondary trigger o f  

inflammation. In contrast ICAM-1 is. A study by Leeuwenberg et al., reported that EC 

ICAM-1 expression reaches a plateau at 24 h and is constant for 96 h when activated 

(Leeuwenberg et al., 1992).

3.4.4 Concluding remarks

Overall findings suggest that a combination o f  TN F-a and pulsatile flow has the most 

significant effect on increasing ICAM-1 levels and extending time-points increases that value 

again, however it is not the same for CXCL16 expression. The regulation o f  C X C L I6  

expression appears to be controlled by pulsatile flow and TN F-a at 6 h. CXCL16 expression 

is maintained and sustained at 24 h unstimulated pulsatile ECs. However, the combination o f  

stimulant and pulsatile flow appear to exhaust the expression o f  surface CXCL16 in ECs. 

Disturbed flow has shown to sustain activation o f  receptors and transcription factors. This 

study now shows laminar pulsatile flow is also responsible for lCAM-1 sustainability and 

C X C L I6  without cytokine stimulation as well.

Chiu et al found a combination o f  T N F-a  stimulation and high shear stress increased EC 

m R N A  IC A M -l. This study found applying a lower pulsatile shear stress o f  10 dyne/cm^ to 

unstimulated H UV ECs induced ICAM-1 and CXCL16 expression at 6h and 24h. With the 

addition o f  10ng/|il TN F-a stimulation for 6h to cells under pulsatile shear stress lCAM-1 

expression area increased and CXCL16 expression intensified. Other publications have 

shown that TN F-a stimulated ECs only express ICAM -I in an environment with flow and not 

static (Zhou et al., 2007).

The activation o f  CXCL16 and its abundance is critical, as more CXCL16 surface receptor 

produced will result in oxLD L uptake, if cholesterol synthesis is compromised and the
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endothelial cell wall disrupted fatty streak formation is inevitable. Also if AD AMI 0 is 

present in the surrounding environment, C X C L I6  could potentially be cleaved and made 

soluble. Soluble CXCL16 then recruits monocytes to the site o f  inflammation. The co ­

expression o f  C X C L I6  and ICAM-1 at 6 h under pulsatile flow and TlMF-a stimulation is 

potentially a pro-atherogenic environment, binding both monocytes and oxLDL.

3.4.2 Limitations

A few limitations existed within the experiment, specifically regarding the biochip and the 

pulsatile pump. Originally a biochip with a Y shaped channel was designed to investigate the 

ECs expression at the bifurcation. However, the cells would not seed evenly along the 

diverging channels and cells accumulated causing blockages in the channels. As this issue 

could not be resolved a straight channel biochip was used. The iKima pump had a set range 

o f  dyne/cm‘ therefore there were not many options o f  varying shear stress rates. In this study 

we used a pulsatile flow consisting o f  pulse for 2 min and rest for 20. This was decided on 

throughout the optimization o f  the biochip. The endothelial cells would detach from the 

fibronectin lining the channels when a more frequent pulse, more than 2 min, was used. The 

combination o f  10 dyne/cm^ and a pulse for 2 min every 20 min was the result o f  a highly 

optimised technique. Other obvious limitations noted are the absence o f  other native artery 

cells such as smooth muscle cells. However, this is the desired environment we required for 

specifically looking at EC involvement in plaque development.

However, not all attempts were successful. ELISA results did not detect any soluble CXCL16 

being expressed. This may have been due the vast volume (20ml) o f  media compared to the 

cell density (10^ per channel). A significant amount o f  soluble CXCL16 has been reported to 

be released by 10 ng/|ul T N F-a  stimulated ECs (Abel et al.,2004). The RT-PCR encountered 

set backs also also, lysing cells in the channel and regaining them proved unsuccessful. A 

main part o f
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this study was optimizing and validating an in vitro  pulsatile flow model that produced a 

controlled and stable environment for investigating EC surface receptor expression.

3.4.1 Future work

For this specific biochip, future studies could focus on analysing and imaging drug delivery 

using nano or micron particles, as these chips are capable o f  live and fixed imaging. The 

biochip could be a potential platform to investigate and research emerging therapeutics which 

target adhesion molecules or endothelial cells. As this study has shown there is great potential 

for quantification o f  expression using imaging. Using the method discussed other stimulators 

and receptors could be analysed. The environment sustained in this study was very controlled 

and specific. Future work could also include using siRNA cells, knocking down specific 

players in the shear stress response o f  ECs.

156



Chapter 4

Investigating allelic expression imbalance in vivo and in vitro
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4.1 Introduction

The previous two chapters have discussed the presence and abundance o f  cytokines and 

receptors, and in particular CXCL16. in this chapter, CXCL16 gene expression in individuals 

was investigated to further investigate the importance o f  CXCL16 expression and its role in 

atherosclerosis. 11-18 has been identified as an inducer o f  many potent cytokines in 

atherosclerosis, including CXCL16.

Gene expression is affected by cis and trans-acting genetic and epigenetic variation. 

Expression quantitative trait loci (eQTL) mapping characterizes the influence variation has 

on expression. However, for cis-acting regulatory variation, allele specific approaches are 

required (Pastinen, 2010). Cis-regulatory mutations affect morphological, physiological and 

neurological phenotypes and cause, among others, B-thalassemia, haemophilia and 

atherosclerosis (Epstein et al., 2009).

4.1.1 A llelic expression imbalance (AEI)

Allele imbalance or allele specific expression contributes to human phenotypic variation 

(Schadt et al.. 2003). Allelic expression imbalance is when one haplotype is expressed more 

than another in a heterozygous individual due to a marker SNP resulting in excess mRNA 

and overall variation in a population and can be quantified by real-time PCR. Detecting AEI 

depends on the strength o f  allelic imbalance (evidence o f  widespread departure from 1:1 

allelic ratio) at the marker heterozygous SNP (Heap et al., 2009). Advantages o f  using allelic 

discrimination on cis effects include eliminating environmental and trans-acting influences 

and detecting differences in allele expression o f  heterozygotes (Pastinen, 2010).

So far, we have attempted to analyse potential regulators o f  CXCL16 in carotid patients 

and CXCL16 receptor expression in an in vitro model. In this chapter cis-acting regulatory 

elements were investigated in CXCLI6 and IL-18 for their effect on expression in clinical
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sam ples  o f  s ta b le  angina  pectoris  patients and hete rozygous  cell lines from the C en tre  d ’E tude 

du  Po lym orph ism e H um ain  (C EPH ).

4.1.3 SNPs in CXCL16 and IL-IH

B oth C X C L 1 6  and IL-18 are involved in m ultip le  stages o f  a therosclerosis  and influence 

each other’s expression. Therefore, monitoring their gene expression in normal and diseased 

popu la t ions  is vital, so that patterns o f  expression can be assessed and associated  accordingly.

S N P s  are selected on  the basis of:

1) T hey  m ust be on the m ature  R N A -exon ic  5 ’U T R  or 3 ‘U TR

2) They must be far enough from the splice junction to make sure the primers don 't  

overlap  with intrinsic sequence

3) H eterozygosity  m ust be high enough  to m ake sure  you get enough  he terozygote  

individuals  o r  cell lines

C and ida te  S N P s  were identified on the A pplied  B iosystem s w ebsite  (Assays on dem and). 

The S N P  assayed  is on ly  a proxy- it does  not need to be functionally  re levant in the  disease 

process-  it is ju s t  a m arker for imbalance; w hich  could  be due to o the r  cis-acting SNPs.

4.1.3.1 CXCL16rs2277680

The S N P  rs2277680  is a missense m utation, has an allele change o f  C -T  and a residue change 

from A [Ala] to  V [Val] at position 181. The H ap M ap  project has revealed that the  SN P is 

re la tively  c o m m o n  in m any popu la tions  by frequency  o f  the m inor allele G ; 0 .44 in Japanese, 

0 .58 in C E U , 0.75 in N igeria  and 0.45 in India m aking  it an accessib le  po lym orph ism  in a 

popu la t ion  for research. How ever, studies carried  out looking at this particular allele change 

have no t supported  its association  w ith  C V D . Lundberg  et al, did not find a significant 

d ifference in allele frequency  be tw een  patients and controls, there  w as  an associated

159



difference in expression o f  the V-allele between stenosis groups. The V-allele showed a 

direct correlation with increasing stenosis (Lundberg et al., 2005). Petit et a! came to the same 

conclusion but in post-myocardial infarct patients. Using a large cohort no association was 

found between the V I 81 allele and the protection or pre-disposition to CHD (Petit et al., 

2011). A study by Hang et al., focused on four particular SNPs, rs2250333, rs2304973, 

rs2277680 and rsl051009 o f  the Chinese population and reported that only rs3744700 

showed significance between controls and cases and there was no evident link with 

severity o f  stenosis and SNP rs2277680 (Huang et al., 2010). We decided to further 

investigate rs2277680 for allelic expression imbalance in cell lines activated by TNF-a.

4.1.3.2 1L-I8rs360717

A number o f  studies have several polymorphisms in functional regions o f  the IL-18 gene. The 

potential genetic variability o f  IL-18 is related to cardiovascular phenotypes such as serum 

levels and mortality (Tiret et al., 2005). The SNP mutation rs360717 is a 5 'UTR mutation, 

has an allele change of C-T at position 105. Using the AtheroGene cohort Barbaux et al, 

found haplotypes that combine rs360717 and rs5744292 in complete linkage disequilibrium 

have been associated with lower circulating levels o f  IL-18 (Barbaux et al., 2007). However, 

Koch et al., recently reported that individuals with rs360717 and four other SNPs o f  IL-18 

gene were associated with an increased risk o f  acute myocardial infarction (AMI) (Koch et 

al., 2011).

Currently there are few studies investigating these two SNPs, pubmed cites 8 papers which 

include SNP rs360717 and 2 papers citing SNP rs2277680.
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4.1.4 Epigenetics

Epigenetics is the study o f  changes in gene expression caused by post-translational 

modifications to histones and nucleic acids without changing the nucleotide sequence 

(Spector, 2012). Histones are highly conserved small basic proteins found mainly in the 

nucleus which help pack 2m o f  DNA into a chromatin structure. Chromatin regulates 

the access o f  factors involved in transcription, regulation and repair (Xhemalce et al., 

2011). Histones may be post-translationally modified to alter the chromatin structure and this 

may have significant roles in biological processes that are involved in the expression o f  

DNA. Such modifications include, histone acetylation, phosphorylation and methylation. 

fheir function is mediated through specific enzymatic activity o f  recruited proteins and 

complexes (Bannister and Kouzarides, 2011). Inhibition o f  these enzymes has been 

targeted as a new strategy in cancer treatment as they are potent inducers o f  growth 

arrest and are responsible for the apoptosis o f  tumour cells (Monneret. 2005). Histone 

deacetylases (HDAC) inhibitors specifically show a promising future in the tight against 

cancer and in this chapter in particular, the efTects o f  L-Sulforphane are investigated.

L-Sulforaphane is a naturally occurring isothiocyanate found in green and yellow vegetables 

and induces the detoxification o f  enzymes that participate in xenobiotic metabolism (Zhang et 

al., 1992).

4.1.5 Histone acetylation dependent allelic expression imbalance

The importance o f  AEI in disease is becoming more evident as Fischer et al., found that AEI 

o f  the BAPXI gene predisposes individuals to oculo-auriculo-vertebral spectrum (OAVS) as 

AEI was only evident in patients and relatives and could occur de novo. AEI most likely 

affects the total BAPXI mRNA, owing to variation between individuals. Allelic expression 

also appeared to be heavily skewed and this was due to the involvement o f  histone 

deacetylation (Fischer et al., 2006).
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4.1.6 Histone modifications and CVD

Methylation changes have been reported in pathological genes o f  atherosclerosis such as, 

superoxide dismutase, endothelial nitric oxide synthase and 15-lipoxygenase. No significant 

data about histone modifications in atheromas are available. However, it could explain some 

o f  the environmental and dietary effects on atherogenesis (Turunen et al., 2009).

4 .1.7 Hypotheses & Objectives

The aims o f  this chapter were to genotype ACS patients for CXCL16 and lL-18 SNPs and to 

test for an imbalance in allele expression that could be due to genetic variations. This study 

also genotyped 10 cell lines for the same SNPs and tested for allelic imbalance in these. 

Keeping w ith the investigation into the effect TN F-a has on C X CL16 expression, one o f  the 

hypotheses was

• that stimulation o f  these heterozygous cell lines with 10 and 100 ng/|al T N F-a  could 

potentially alter allele specific expression. As the previous chapters have discussed 

TNF-a stimulation on protein expression and levels in atherosclerosis patients, it was 

decided to further study its stimulatory effect on gene expression using the 

concentration from previous chapters in this experiment, as well as a much higher 

concentration (lOOng/fxl) (as seen in atheromas) but at the same time point.

•  Finally, this study wanted to test the hypotheses that the inhibitor L-Sulforaphane, a 

HDAC inhibitor, could potentially effect and regulate allele expression.

Overall this study attempted to gain further insight into C X C L I6  and IL-18 genetic

expression associated with an atherosclerotic environment using molecular techniques and to

investigate if histone modification plays a part in AEl.
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4.2 Materials and Methods 

4.2.1 Samples

4.2.1.1Centre d'Etude du Polymorphisme Humain (CEPH)

Cell lines involved originated from the CEPH European (CEU) (http://www.cephb.fr/). These 

EBV-transformed lymphoblastoid cell lines have been genotyped by the HapMap consortium 

in an attempt to locate specific regions which share genetic variations within and between 

populations (httpi/ZwHw.hapmap.ora). Both the genotype data and gene expression 

(http://www.sanger.ac.uk) data are publicly available.

4.2.1.2 Cell lines and Culture

All EBV-transformed lymphoblastoid cell lines G M 10856, 10861, 12239, 12234, 12003, 

07348, 10846, 11881, 11995, 12717, 11839, 12864, 12872, 10863, 12155 and 12006 used 

have been genotyped as HapMap CEU samples and were obtained from the Corriell Institute. 

Cells were cultured in Roswell Park Memorial Institute (RPM l) 1640 media supplemented 

with 20%  foetal bovine serum (FBS) in 75cm^ flasks at 37°C and 5% C 0 ‘ .

4.2.1.3 Palient recruitment for clinical samples

A total o f  48 patient samples and 8 healthy controls from a previous study (Patel. 2011) were 

used. These patients were ACS diagnosed and due to undergo a coronary angiography (Table 

4.1). Patients were recruited through the department o f  cardiology in St James' Hospital and 

all gave informed consent in accordance with the criteria set out by the Ethics Board 

Committee. Patients who had a history o f  auto-immune disease, renal failure, recent 

infection, immunosuppressive therapy and malignancy were excluded. The sample 

population was o f  Irish descent.
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Table 4.1 Clinical characteristics o f study groups. Mean values are presented with the S.E.M  
(standard error mean)

Age 62.6 (±3.17) 67 (±2.33)

Sex (M/F) 10/4 36/12

Days since diagnosis 6.9 (±1.06) 6.08 (±0.69)

4.2.1.4 Blood sampling am i PBL isolation

Blood sampling and serum isolation was carried out as in chapter 2.

4.5.2.2 TNF-a Treatment o f  cell lines

CXCL16 heterozygous cell lines GM10856, 10861, 12239, 12234, 12003, 07348, 10846, 

11881, 11995, 12717 and 1L-I8  heterozygous cell lines G M 10861, 10856 and 11995 were 

activated with TNF-a. Cells were seeded in 6 well plates (Sarstedt) at ~ 10  ̂and treated with 

lOand 100ng/|alofTNF-a (R&D systems, USA) concentration and at time point 6 h. Media 

were removed and centrifuged for 5 min at 1800 rpm at room temperature. The supernatant 

was removed and 350 |il o f  lysate buffer was added (Qiagen). Lysates were stored at -SOX 

until further use.

4.2.2.1 Treatment o f  cell lines with inhibitor L-Sulforaphane

Cells were seeded in 6 well plates at ~10^ and treated with L-Sulforaphane (Sigma-Aldrich, 

USA). A dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA) only control and TNF-a (10 

ng/|il) only control were used. After 6 h, cells were lysed for RNA extraction as previously 

described.
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4.2.3 RNA extraction

An RNeasy micro extraction kit (Qiagen) was used for RNA extraction from ~10^ cells per 

treatment per cell line according to the manufacturer's protocol. Clinical RNA samples had 

previously been extracted from a previous study in our laboratory (Patel, 2011).

4.2.4 DNA extraction

DNA extraction o f  both clinical samples and ~I0^ cultured cells from each cell line was 

performed at the BioBank in the Institute o f  Molecular Medicine, Trinity College.

4.2.5 DNA and RNA quantification hy spectrophotometry

Concentrations o f  RNA and DNA were measured using the Nanodrop 8 sample 

spectrophotometer ND-8000 (Nanodrop Tech, DE, USA).

4.2.5 cDNA synthesis

l | ig  o f  RNA from each o f  the HapMap CEPH lymphoblast cell lines and from each o f  the 

clinical samples was reverse transcribed into cDNA using a RETROscript Kit (Ambion, 

Applied Biosystems, USA) according to the manufacturer's instructions. cDNA synthesis 

using the RETROscript Kit (Ambion, Applied Biosystems, USA) is a two step process (Table 

4.2). Step 1. 2|il o f  oligo (dt) primers was added into an eppendorf tube and 10^1 o f  1 |ag 

RNA. The mixture was run for 4 minutes at 72°C on a thermal cycler (PTC-200).Step 2 . The 

following concentrations and volumes made up the master mix which was added to the 

mixtures after step 1. The complete mixture (20|il) was then run at 42°C for 2 hours and held 

at 4”C.
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Table. 4.2 Steps and reagents involved in cDNA synthesis

R eagen ts R eagen ts

T em plate RNA 10 RT Buffer 2

O iigo (dt) primers 2 dNTP mix 4

Total 12 Reverse T ranscri ptase 0.5

RNase inhibitor 0.5

RNase fi'ee w ater 1

Total 8

4.2.6 Marker SNPs

The fo llow ing  m arker  SN P s w ere  chosen  in o rd e r  to quantify  allelic d isc r im ina tion  in 

hete rozygo te  individuals  (Table 4.3). U sing a S N P  with a high m inor  allele fi 'equency 

indicates a larger popula tion  o f  he te rozygo tes ,  which  is desirab le  as it increases the num ber  

o f  individuals  available for the study.

Table 4.3 Location, Minor Allele Frequency and number o f heterozygotes for AEI marker SNPs 
used (Petit 2011)

CXCL16 rs2277680 Exon 4 0.58 41

IL-18 rs360717 Exon 1 0.46 19

4.2.7 Genotyping clinical samples fo r  CXCL16 and IL-18 SNP and cell lines fo r  IL-18 

SNP

All 10 cell lines used w ere  he te rozygous  for  SN P rs2277680  (C X C L 16) .  G eno ty p in g  w as 

carried out o n  all cell lines for  rs3 6 0 7 1 7  (IL-18) and clinical sam ples  for rs2 2 7 7 6 8 0  

(C X C L 1 6 )  and rs360717  (IL-18). Allelic d isc r im ina tion  w as perfo rm ed  using  T a q M a n  S N P
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genotyping assay (Applied Biosystems) for rs2277680 and rs360717 on the ABl 7900HT 

Fast Real Time PCR system (Applied Biosystems). All real-time PCR calculations, reagents 

and conditions are shown (Table 4.4) and each reaction was replicated in triplicate. A positive 

homozygote control and a negative water control were used. Threshold amplification cycle 

(Ct) was used to determine relative allele frequency (RAF), where R A F=l/(2A C t’+ l )  and 

ACt’= [(Ct allele 1 (cDNA)-Ct allele2(cDNA)-(CtAgDNA)]. cDNA threshold values were 

normalised against genomic DNA for assay-specific variability (Quinn, 2011).

Table 4.4 Components, volumes and program for SNP genotyping assay for clinical and CEPH  
samples

Taqm an 2x universal mx 5 50°C 2 min

40x stock o f SNP genotyping assay 0.125 95 °C 10 min 

95 ”C 15 secx40
DNase free water 3.875 60°C 1 min

Total volum e 9

4.2.7.1 Analysing genotypes o f  clinical samples and cell lines

When the run was completed a post read was performed to determine which clinical samples 

were heterozygotes. The allelic discrimination option was selected. The area o f  the plate in 

use was highlighted and markers VIC-NFQ and FAM -NFQ selected. Information about 

which markers to be used can be found on the CD which accompanies the assay. Following 

the commands “Connect”, “post read” and “analyse” the Results tab was generated and 

showed an image (Figure 4.1) o f  the samples in clusters. These clusters were manually 

labelled and once the heterozygotes are identified the results tab showed what wells on the 

plate these had heterozygote samples for the specific SNP.
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Figure 4.1 Example o f  a graph o f allelic discrimination for genotyping samples. The blue and 
red clusters o f  dots are homozygotes and the green are heterozygotes

4.2.S Allelic expression imbalance

4.2.8.1 A llelic real-tim e quantification

Allelic expression imbalance was detected and quantified using Taqman allelic 

discrimination assays (Applied Biosystems). The assay determines the amount o f  cD N A  and 

DNA at the specific SNP being studied. The assay works by labelling each allele with a probe 

that has both a fluorescent dye and quencher. The quencher prevents fluorescence until Taq 

polymerase, which contains 5’-3’ exonuclease activity, cleaves the quencher o f f  the probe,
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resulting in the release o f  the fluorescent dye. The level o f  dye released is measurable in real­

time and determines the amount o f  cDNA/DNA template that is present. Allelic 

quantification for both rs3607l7 (IL-18) and rs2277680 (CXCL16) was performed using the 

same assay for genotyping and on the ABI 7900HT Fast Real Time PCR system (Applied 

Biosystems). All real-time PCR calculations, reagents and conditions are shown in Table 4.5 

and each reaction was replicated in triplicate. A positive homozygote control and a negative 

water control were also used.

Table 4.5 Components, volumes and program for AEI assay for clinical and CEPH samples

T aqm an 2x universal mx 5 50°C 2 min

40x stock of SNP genotj'ping assay 0.25 95°C 10 min

95°C 15 sec x40
DNase free w ater 2. 75 60°C 1 min

cDNA/DNA 20 ng

Total volume 9

4.2.8.2 A na lysis o f  A E I resul ts

Differential allelic expression o f  the IL-18 and CXCL16 gene was investigated by the allelic 

imbalance method. This method compares the ratio o f genomic DNAs o f  each allele to that of 

cDNA (Figure 4.2) (constitutively equal to 1:1) in individual who are heterozygotes for a 

given transcribed polymorphism. Both alleles have an influential effect in heterozygous 

individuals once the genetic background and experimental/environmental conditions are the 

same, therefore the confounding effects are limited (Barbaux et al., 2007).
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4.2.8.3 Calculating A E l using threshold amplification cycle data (Ct)

The threshold amplification cycle data (Ct) is used to determine relative allele frequency (rF). 

To correct for inequalities in allelic ratios caused by the assay the cDNA, Ct values were 

normalised against the gD N A  Ct values. The equation used to calculate rF is:

rF= \ \l  (2 ACt’* +1)]

* ACt’ = |(Ct allele-1 (cD N A )-C talIe le-2(cD N A ))-(A C t gDNA)|

The Ct value for cDNA is normalized to the Ct value o f  gDNA which represents a I ;1 ratio o f  

both alleles. The rF values range between 0 and 1. 0.0 is the total expression o f  alle le-1, 1.0 is 

the total expression o f  allele-2 and 0.5 represents equal expression o f  both alleles. A positive 

AEl (+) result is evident by ratios greater than 20%  (i.e. 0.4>AEI>0.6).
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4.3 Results

4.3.1 Genotyping

22 patients in total were heterozygous for CXCL16 rs2277680, 9 were unstable angina (UA) 

patients and 13 were post myocardial infarcts (Ml), no controls were heterozygous.8 patients 

o f the same 22 in total were heterozygous for lL-18 rs3607l7, 5 were Ml and 3 were UA. Out 

o f the 16 cell lines, 10 were heterozygous for CXCL16 rs2277680 GM10856, 10861, 12239, 

12234, 12003, 07348, 10846, 11881, 11995, 12717and 9 were heterozygous for lL-18 

rs360717 GM10856, 10861, 11995, 11839, 12864, 12872, 10863, 12155 and 12006.
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4.3.2 AEI at CXCL16 in ACS clinical samples

Using the marker SNP rs2277680, 5 out o f  22 heterozygous individuals were found to be 

positive for AEI (Figure 4.2). This result indicates that approximately a quarter o f  the ACS 

heterozygous population display allelic imbalance at CXCL16. All individuals who displayed 

allelic imbalance for CXCL16 were above 0.6. Three o f  the five individuals had a high level 

o f  imbalance over 0.9. Two were UA patients and three were Ml.
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Figure 4.2 Scatterplot o f the AEI assay results for the 22 ACS samples for rs2277680. Positive 
AEI (AEI values >0.6 (n=5) or <0.4 (n=0)) was observed in 5 individuals
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4.3.3 AEI at CXCL16 in cell lines

All 10 heterozygous cell lines using marker SNP rs2277680 at CXCL16 showed no AEI 

(Figure 4.3). Expression o f  both alleles was between 0.4 and 0.6.
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Figure 4.3 Scatterplot of the AEI assay results for the 10 lym phoblast cell line samples for 
rs2277680. There were no cell lines that showed positive AEI (AEI values >0.6 or <0.4)
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4.3.4 AEI at CXCL16 in 10 ng/fil TNF-a stimulated cell lines

All 10 heterozygous cell lines using marker SNP rs2277680 at CX CL16 showed no AEI 

(Figure 4.4). Expression o f  both alleles was between 0.4 and 0.6. An unpaired t-test was 

carried out comparing the AEI values o f  unstimulated v stimulated cell lines (Figure 4.3 and 

Figure 4.4), no significant difference was detected. G M 1086I (0.42 to 0.58) and G M 12003 

(0.45 to 0.58) had the biggest increases in AEI out o f  the 10.
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Figure 4.4 Scatterplot o f  the AEI assay results for rs2277680 in the 10 lym phoblast cell line 
samples stimulated by 10ng/^l TNF-a. There were no cell lines that showed positive AEI (AEI 
values >0.6 or <0.4)
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4.3.5 AEI at CXCL16 in 100 ng/^l TNF-a stimulated cell lines

AEl carried out on all 10 heterozygous cell lines treated with 100 ng/|al revealed that 50% 

showed imbalance at rs2277680 (Figure 4.5). All five displaying allelic imbalance, 

G M l 1995, G M 127I7 , G M I0856 , G M 10846 and G M l 1881, were above 0.6 and between 0.8 

and 1.0 indicating a strong differential expression.
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Figure 4.5 ScatterpJot o f the A E l assay results for the 10 lymphoblast cell hne samples for 
rs2277680 in all 10 cell lines stimulated with 100 ng/^l TNF-a. Positive A E l (A El values >0.6  
(n=5) or <0.4 (n=0)) was observed in 5 cell Hnes, GM 11995, GM 12717, GM 10856, GM 10846 and 
GM11881
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4.3.6 AEI at CXCL16 in cell line 07348 treated with L-Suiforaphane

AEI o fC X C L 1 6  at SNP rs2277680 in G M 07348 under five different treatments was carried 

out to investigate the effect the inhibitor had on allelic expression in healthy individuals 

(Figure 4.6). As previously discussed this cell line showed no imbalance without T N F -a  and 

with 1 0 n g / | j lT N F -a  stimulation. However, 07348 treated with D M SO , inhibitor only and a 

combination o finh ib itor  and T N F -a  displayed allelic imbalance at CX CL16. All positive AEI 

were above 6.0 and between 0.8 and 1.0 indicating a strong imbalance.
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Figure 4.6 Scatterplot o f the AEI assay results for rs2277680 in cell line 07348 treated with 
DMSO, inhibitor only, inhibitor plus 10 ng/^il TNF-a, 10 ng/^l TNF-a only, and a no treatment 
control. Positive AEI (AEI values >0.6 (n=3) <0.4 (n=0)) was observed in 07348 treated with 
DMSO, inhibitor only and inhibitor plus TNF-a. AEI values were DMSO=0.994, L- 
Sulphoraphane=0.870 and L-Sulphoraphane+TNF-a=0.989
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4.3. 7 AEI at CXCL16 in cell line 12234 treated with L-Sulforaphane

AEl o fC X C L 1 6  at SNP rs2277680 in G M 12234 under five different treatments was carried 

out to investigate the effect the inhibitor had on allelic expression in healthy individuals 

(Figure 4.7). As previously discussed this cell line showed no imbalance without T N F -a  and 

with 1 0 ng / |i lT N F -a  stimulation. Flowever, 12234 treated with D M SO , inhibitor only and a 

combination ofinh ib itor and T N F -a  displayed allelic imbalance at CXCL16. All positive AEl 

were above 6.0 and between 0.8 and 1.0 indicating a strong imbalance.
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Figure 4.7 Scatterplot o f  the AEI assay results for rs2277680 in cell line 12234 treated with  
DM SO, inhibitor only, inhibitor plus 10 ng/^il o f  TN F-a, 10 ng/^l T N F-a only and no treatm ent 
control. Positive AEI (AEI values >0.6 (n=3) <0.4 (n=0)) was observed in 12234 treated with  
DM SO, inhibitor only and inhibitor plus TN F-a. DM SO=0.997, L-Sulphoraphane=0.930 and L- 
Sulphoraphane+TNF-a=0.988
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4.3.8 AEI at IL-18 in ACS clinical samples

Using the marker SNP rs360717, all 8 heterozygous individuals were found to be positive for 

AEI (Figure 4.8). This result shows 100% o f  ACS heterozygous population display allelic 

imbalance at IL-18. All individuals who displayed allelic imbalance for IL-18  were above 0.6. 

Three o f  the five individuals had a high level o f  imbalance over 0.9. 3 individuals were UA 

patients and 5 were MI patients.
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Figure 4.8 Scatterplot of the AEI assay results for the 8 ACS samples for rs360717. Positive AEI 
(AEI values >0.6 (n=8) or <0.4 (n=0)) was observed in all 8 individuals. UA AEI values were 
0.999, 0.799 and 0.822 and MI AEI values were 0.853, 0.813, 0.861, 0.817, 0.716 and 0.851
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4.3.9 AEI at IL-18 in cell lines

Using marker SNP rs360717, 8 heterozygous cell lines showed imbalance at IL -18  (Figure 

4.9). G M I0863  was the only cell line that did not show AEI imbalance. Six AEI values were 

above 0.6 and two were below 0.4 (G M I2155 and 12006). Four cell lines showed a high 

level o f  AEI imbalance between 0.8 and 1.0 (GM10861, 10856, 11995 and 12872), which 

gives an indication that a strong imbalance is present at IL-18.
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Figure 4.9 Scatterplot o f  the AEI assay results for the 9 lymphoblast cell line samples for 
rs360717. Positive AEI (AEI values >0.6 (n=3) or <0.4 (n=0)) was seen in 8 cell lines
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4.3.10 A E I at IL-IH in 10 ng/filTNF-a stimulated cell lines

Cell lines G M 10861 ,  10856 and 11995 showed a decrease in AEI values with T N F -a  

stimulation, which suggests that the positive AEI imbalance w as not as powerful as those  

seen in untreated IL -18 cell lines (Figure 4.10).
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Figure 4.10 Scatterplot o f the AEI assay results for all 3 lym phoblast cell line samples for 
rs360717 in all 3 cell lines stim ulated with 10 ng/^l of TNF-a. Positive AEI (AEI values >0.6 
(n=5) or <0.4 (n=0)) was observed in all 3 cel! lines, GM11995, GM10856, GM10861.
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4.3.10 AEI at IL-18 in 100 ng/jul TNF-a stimulated cell lines

All three 11-18 heterozygous cell lines show positive AEI when treated with a higher 

concentration o f  TN F-a. Cell lines G M 10856 and G M 10861 have similar values o f  AEI 

strength and allelic imbalance to those seen in the previous graph (Figure 4.10). Both values 

are around 0.7. However, with 100ng/|Al T N F -a  GM 11995 has increased its AEI value 

showing stronger allelic imbalance. This value is similar to that seen in untreated cell lines 

for IL-18  (Figure 4.11).
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Figure 4.11 Scatterplot o f  the AEI assay results for all 3 lym phoblast cell line samples for 
rs360717 in all 3 cell lines stimulated with 100 ng/^l o f TNF-a. Positive AEI (A EI values >0.6  
(n=5) or <0.4 (n=0)) was observed in all 3 cell lines, GM 11995, GM 10856, GM 10861.
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4.4 Discussion

“An important question and a great challenge in human molecular genetics today is to 

decipher the mechanisms underlying complex and heterogeneous diseases that defy simple 

Mendelian Inheritance (Fischer et al., 2006)” . To associate common variants with disease it is 

essential to understand the frequency at which DNA variants compromise normal gene 

function. The purpose o f  this study was to detect evidence o f  AEI in two genes associated 

with atherosclerosis which would indicate the presence o f  cis-acting variants at the specific 

loci. As discussed in chapter 1 lL-18 is capable o f  increasing the expression o f  CXCL16 in 

lesions so it was interesting to investigate if their gene expression was similar. Also discussed 

previously was the impact o f  TNF-a, TNF-a can affect EC receptor expression, which may 

lead to an inflamed environment through multiple signalling pathways. Current literature has 

investigated the effect o f  inhibitor trichostatin A (TSA) on TNF-a treated EC expression, 

specifically adhesion molecules. Results suggested that L-Sulphoraphane is capable o f  

reducing VCAM-1 expression thus attenuating the inflammatory response (Inoue et al., 

2006). This study also aimed to elucidate the role inhibitors play on TN F-a treated cells and 

CXCLI6 gene expression.

4.4.1 H-18

A number o f  IL18  single nucleotide polymorphisms have been associated with different

diseases. Allelic variation in IL18  can be related to the pathogenesis o f  cervical cancer (Yang

et al., 2007) and some o f  IL18  promoter polymorphisms, including rs360717, are associated

with lowering IL-18 levels, which is an initiating factor in recurrent spontaneous miscarriage

(Khateeb et al., 2011). However, lowering IL18 levels is associated with lowering

cardiovascular risk (Barbeux et al., 2007) but opposite findings have also been reported in MI

patients (Koch et al. 2001). In this study, fewer o f  the population examined were

heterozygous for lL-18 than CXCLI6. However, all individuals were heterozygous for lL-18
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displayed AEI at IL-18  indicating a very positive correlation between this SNP rs360717 and 

ACS patients.

Eight out o f  9 lymphoblast cell lines heterozygous for lL-18, which originated from healthy 

individuals in the CEPH project, showed positive AEI. This further demonstrated the 

importance in investigating this SNP as a marker as both healthy and ACS individuals can 

have this allelic imbalance. The minor allele frequency (MAP) is relatively high in both 

populations, therefore further research is required.

All clinical samples heterozygous for IL-18 displayed allelic imbalance in one direction, 

above 0.6, and cell lines showed AEI in both directions. The clinical data suggest the same 

allele expression is altered. CEPH samples display a strong imbalance evidently as four are 

positive AEI over 0.8. Clinical samples consist o f  a more varied imbalance over 0.6, but the 

majority are over 0.8. However, the AEI values for all three cell lines used in the TNF-a 

treated study decreased toward 0.6 when stimulated with 10 ng/^1 TNF-a. Therefore, allelic 

expression began to become balanced. As discussed, this SNP has been associated with 

lowering IL-18 levels and lowering atherogenesis potential. Therefore, if alleles are 

expressed equally, do IL-18 levels increase, which would make sense when cell lines are 

influenced by a pro-inflammatory molecule. Because o f  this result it was interesting to 

investigate if a higher concentration o f  TNF-a restored balance o f  allele expression. 

GMl 1995 was the only cell line out o f  the three to significantly change AEI values, after 

treatment with I00ng/|il it increased in value towards 1.0, becoming more imbalanced, 

similar to that seen in untreated cell lines. Cell lines G M l0861 and G M l0856 values did not 

deviate significantly when TNF-a concentrated increased, which suggests that 10 and 

I00ng/|il of TNF-a had the same effect on allelic expression of IL-18.
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4.4.2 CXCL16

As there is little information about rs2277680 this study provides additional data into AEl at 

this marker SNP. The SNP in CXCL16  may have been more common in clinical samples than 

the lL-18  SNP, however, the CXCL16  SNP did not display positive AEl in all samples that it 

was present in. This suggests a weaker association with allelic imbalance at this marker SNP 

rs2277680 and ACS patients. The imbalanced alleles, like 1L-I8, all showed positive AEl 

over 0.6, three specifically showed a stronger allele expression around 1.0.

None o f  the CEPH individuals heterozygous for CXCL16 rs2277680 displayed imbalance. 

This indicates that the heterozygote alleles are balanced in gene expression in these 

heterozygous cell lines. Therefore, the association o f  imbalance could be a potential risk 

factor as it is seen in ACS patients. A larger study needs to be carried out on CEPH cell lines 

using this marker SNP for CXCL16 expression analysis. As all cell lines examined did not 

show imbalance for CXCL16, it was decided to stimulate the cells with a common cytokine 

associated with atherosclerosis and analyse the effects on gene expression o f  CXCL16. Even 

though IL-18 showed imbalance in unstimulated CEPH cell lines it too was examined under 

the effect ofTNF-a. Two concentrations ofTTvlF-a were used to stimulate the cell lines, 10 

ng/^1 as it was previously used on CXCL16 protein expression and 100ng/|il as higher levels 

o f  TNF-a exist in plaque in vivo (Rus et al., 1991). The hypotheses that TNF-a could 

influence gene expression o f  CXCL16 was confirmed when stimulated with lOOng/^l. 5 out 

o f  the 10 cell lines had positive AEl above 0.8, GMl 1995, GM12717, GM I0856, G M 10846 

and GMl 1881. The lower concentration 10 ng/^l, which was used throughout the project, did 

not appear to affect allelic expression in CXCL16 at marker SNP rs2277680.

In clinical samples both UA and MI patients had lL-18 and CXCLI6  AEl at marker SNPs. 

Two patients had an imbalance o f  both CXCL16  and lL -]8  gene expression, one UA and one
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Ml. Both patients also showed a strong imbalance over 0.8 for CXCL16  and lL-18. 

C XC LI6  showed imbalance in 5 CEPH cell lines activated with a higher concentration o f  

T N F-a , two o f  which showed imbalance for IL18 in inactivated CEPH cell lines, 

G M 10856 and G M l 1995.

T7slF-a 10 ng/|il stimulated cell lines displayed no AEI, so without increasing 

the concentration, the effect o f  L-Sulphoraphane was investigated on gene expression. 

All three treatments; D M SO  only, inhibitor only and T N F -a  plus inhibitor changed the 

gene expression o f  cell lines 07348 and 12234 at one allele using the marker SNP 

rs2277680. As positive AEI was seen in the D M SO  only treated cells, it remains unclear 

to whether or not the imbalance was caused directly by the inhibitor.

4.4.3 Concluding remarks

One o f  the most interesting findings in this study is the imbalance that occurred in 

CXCL16  in clinical and CEPH was in one direction, above 0.6, indicating that one 

allele is responsible for the altered gene expression. Positive AEI imbalance in one 

direction was seen in patients for both IL-18 and C X CL16 in the some patients, so the 

effect o f  IL-18 on C X CL16 was evident.

In conclusion this study has shown that increasing T N F -a  concentration has a positive

AEI effect on C X CL16 using marker SNP rs2277680 in 50%  o f  CEPH sample cell

lines and either D M SO  or inhibitor has the same effect when treating cell lines 07348 and

12234. These findings encourage further studies into the stability o f  allelic imbalance

when a pro-atherosclerotic environment is present, both are novel findings in this field. As

DM SO is a com m only used com pound in freezing and storing cells it is vitally important

to establish the individual source behind the positive AEI present. Knowledge o f  what

alleles in a pro inflammatory environment are expressed could potentially reveal what to
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examine in a patients genetics when treating inflammatory diseases.

Like the MSD platform discussed in chapter 2, a multiple cytokine profile on AEl could 

be highly important as an environment which contains many inflammatory mediators 

could escalate and increase a certain allele and thus protein expression. AEI can be 

assessed in vitro cell line samples under the influence o f  a number o f  different cytokines 

and chemokines and provide a more extensive knowledge on the effect o f  allele behavior. 

Chapter 2 revealed CXC16 to have significantly higher levels in carotid patients compared 

to controls, and this chapter highlighted the AEI in a CXCL16 SNP in coronary patients. 

Future experiments should look at both MSD and AEI on the opposite patient sets for 

CXCL16 expression analysis. It would also be interesting to activate the cell lines used in 

this chapter under IFN- y stimulation as it is an important mediator in CAD.

4.4.4 Limitations

Limitations involved in this study included the solution o f  DMSO which the inhibitor 

was dissolved in, which meant that the effect o f  the DMSO and the effect o f  the 

inhibitor could not be differentiated. This was a small study o f  ACS patients and CEPH 

individuals, as not all patients were heterozygous for either CXCL16 or IL-18 it would 

be interesting to carry out this study, for example, in the AtheroGene cohort.

Different populations have different mutations in their genetic make-up so the sample 

population should be from the same ancestry pool and the outcome o f  the study could 

vary depending on what population is studied. The AtheroGene cohort includes 1288 

individuals with coronary artery disease which had >30% stenosis, participants were of 

German nationality and lived in the Rhein-Mainz area. Patients had either acute 

myocardial infarctions or unstable angina. The cohort has elucidated the impact of 

gene expression involved in CAD, such as von Wiliebrand factor (vWF). fibrinogen.

thrombin-antithrombin (TA7) complexes. D-dimers. plasmin-antiplasmin (PAP)
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com plexes (M orange et a!.,2006), and HDL (Silbernagel et al., 2013). It would be 

interesting to carry out the same experiments on participants o f  the A theroGene cohort 

and further investigate if  there are significant C X C L 16 alleic expression differences.

4.4.5 Future directions

Further studies related to this chapter could include AEI analysis o f  all heterozygous 

cell lines for C X CL 16 and lL-18 and due to existing results should investigate the 

properties o f  DM SO  and L-Sulphoraphane as factors affecting AEI in C X C L 16 and IL- 

18 expression. It would also be interesting to  see what effect the inhibitor has on cell 

lines that showed AEI imbalance and investigate potential reversal, specifically on 

C X C L16 which showed AEI after 100ng/ |j lT N F-a  treatment.
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Chapter 5

General Discussion

188



Cardiovascular diseases remain the leading causes o f  morbidity and mortality in the 

developed world, despite the advances in prevention, diagnosis and treatment. The majority 

o f  these cases are due to plaque rupture, erosion and thrombosis (Phinikaridou et al., 2013). 

Atherosclerosis involves a mixture o f  cellular components such as immune cells, soluble 

molecules and circulating lipids at the gene and protein level that makes it a complex disease 

(Garrido-Urbani et al.. 2013). In this project a num ber o f  com ponents were investigated, such 

as circulating proteins, endothelial cell activation by mechanotransduction and inflammatory 

m ed ia to rsan d th eab il i ty o fT N F -a  to alter CXCL16 allelic expression.

Inflammation is the predecessor o f  many diseases i.e. cancers, autoimmune diseases and 

complex diseases such as atherosclerosis. Therefore, understanding its initiation and the 

com ponents  involved is important. Chemokines and cytokines produced from immune cells 

or cells that have been disrupted i.e. endothelial dysfunction are key targets o f  anti- 

atherosclerotic therapy. A number o f  new therapeutics were discussed in the Introduction. 

However, statins still remain the number one choice o f  treatment along with blood thinners 

such as aspirin. This thesis investigates cytokines as biomarkers which could be used for 

diagnostics if an appropriate association is discovered, IL-6 and CRP levels have already 

been established as key factors in CVDs. It also uses novel flow models to further investigate 

the potential biomarkers.

This research project used the combination o f  clinical and molecular techniques, protein and 

gene expression analysis to further elucidate the roles o f  potential and existing biomarkers in 

atherosclerosis. A num ber o f  inflammatory markers such as ICAM, CXCL16, oxPAPC have 

unclear roles in inflammation and their contribution to plaque development is undefined so it 

was interesting to see their expression levels in a number o f  different environments. On top o f  

new insights into these controversial molecules, this thesis included new techniques such as
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the M SD  platform, the Cellix immunofluroescent Biochip and the method o f  quantification 

which was adapted from an existing method.

In chapter 2 patients serum cytokine/chemokine expression levels were analysed in multiple 

g roups including, asymptomatic v symptomatic, risk factor association, degree o f  stenosis, 

plaque type and stain therapy. Interestingly GM -C SF, IL-2, IL-12p70, IFN-y and IL - ip  did 

not have many values that were detectable and G M -C SF, IL-2, IL-12p70 only showed 

significant difference comparing stenosis %. N ot many studies have focused on the levels o f  

G M -C SF  and IL-12p70 in serum samples o f  C V D  patients. A previous study com pleted in 

the IMM showed no significance with these tw o  cytokines in Ml and U A Ps (Patel et al., 

2009). IL-2 however was present in unusually  low levels, as it has many inducers including 

two, T N F -a  and lL-6 which were found to have significant differences when com paring  

patients and controls in this study. IFN-y and IL- i p  have both been identified in multiple 

stages o f  atherosclerosis (M cLaren et al., 2005). However, they did not produce any 

significant differences in the groups that were compared. After M is these tw o  cytokines 

appear to rapidly increase (Roth-Isigkeit et al., 1999 and Patel et al., 2009). The levels o f  

IFN-y and I L- i p  may reflect the fact that no infarct had yet been experienced in these patients 

and this surge in levels may be a post-traumatic event only. Higher levels m ay  occur at more 

localised sites o f  inflammation and may not be systemic, which may suggest none o f  the 

cytokines mentioned above have the potential to  identify at risk atherosclerosis patients p re­

stroke. 11-10, the only anti-inflam m atory o f  the study, show ed higher levels in controls which 

suggests that there is an unbalanced level o f  pro and anti-inflam m atory m ediators in these 

patients and IL-10 is down-regulated. As IL-10 suppresses the expression o f  T N F -a  and U A P  

patients display an imbalance between these tw o  cytokines (W aehre et al., 2002) it is not a 

surprise that carotid patients have shown an increase in T N F -a  and a decrease in IL-10.
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Without the balance o f  IL-iO levels stable plaques are threatened as M M P production may 

increase.

TN F-a , lL-6 and lL-8 also showed significant differences in patient v control data, as T N F -a  

is involved in IL-6 production this observation was expected (Bruunsgaard et al., 2000). 

Excluding outliers patients expressed more circulating T N F -a  which may have affected 

increasing IL-6 production in carotid patients. As IL-6 plasma concentrations have been 

associated with morbidity and mortality rates in unstable angina patients it may also be 

considered as a marker for high risk atherosclerosis patients. IL-6 and IL-8 show ongoing 

correlation in this study in the patient groups therefore could both be useful to support the 

diagnosis o f  potential rupture patients. Overall the patient group which showed the most 

significant difl'erences in cytokine levels was comparing %  stenosis. As previously 

mentioned, patients with lesser stenosis are potentially more at risk o f  thrombolytic events so 

markers significantly different in the below 80%  stenosis group could help m onitor disease 

outcome. C X C L16 results proved significant also when patient groups and patient v control 

levels were compared. As well as lL-8, C X CL16 showed significance with IL-6 when 

comparing asymptomatics and symptomatics. As controversial findings exist for serum levels 

exist for C X C L I6  it would appear to be beneficial to establish its role in atherosclerosis as it 

is significant in multiple analysis in this chapter. In conclusion, this chapter suggests that 

analysing a combination o f  serum levels o fC X C L 1 6 ,  IL-6, IL-8, IL-10 and T N F -a  could be 

useful when considering the potential risk o f  atherosclerotic events occurring in patients <65 

years, with < 80%  stenosis and asymptomatic or symptomatic.

Using the information gathered in chapter 2 and the need for clarification for inflammatory 

biomarkers in plaque development, the relationship between stimulants present in 

atherosclerotic disease and the endothelial m onolayer was looked at in more detail in the
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Cellix Biochip with pulsatile pump. In vitro models have contributed hugely to cell 

expression and monocyte adhesion studies. Many studies have used the parallel plate or cone 

apparatus but have modified them in a way where they are novel each time. These models 

have become more complex over the years and facilitate many conditions which make them 

an ideal platform for analysis. They encompass endothelial cell culture, co-culture which 

consists o f  SMCs and ECs, and allow cells to be detached and analysed by a variety of 

methods including mRNA expression, flow cytometry, protein expression by western blotting 

and mainly Immunofluorescence. The in vitro models can be used to replicate what is seen in 

vivo but in a controlled environment so specific causes can be attributed to a certain 

condition. It is a successful way o f  investigating environments such as those seen in 

immunohistochemistry o f  carotid endarterectomies without background noise. Chapter 3 

selected specific conditions based on the current literature on ICAM-I and CXCLI6 

expression. lCAM-1 was used a type o f  positive control for the EC expression biochip model, 

it was known to be expressed in laminar flow and TNF-a stimulation (Chiu et al., 2004, 

Krunkosky et al., 2000). As lysing or detaching ECs from the fibronectin based channels was 

unachievable another form o f  analysis had to be accomplished. Looking at the area o f  cells 

stained was a suitable way o f  interrupting the effect a stimulant had on EC receptor 

expression. Three stimulants used were pulsatile flow with a shear stress of 10 dyne/cm^, 

TNF-a and oxPAPC. Out o f  the three, pulsatile flow had the largest effect on inducing or 

increasing ICAM-1 and CXCLI6 expression levels, followed by TNF-a and oxPAPC had 

little to no effect. CXCLI6 expression was increased most significantly at 6 h under pulsatile 

flow in unstimulated ECs. The combination o f  TNF-a and pulsatile flow showed lCAM-1 

covering 100% of  EC surface in immunofluroescent images at 24 h. As ICAM-1 was at its 

maximum expression levels it can be suggested that it arterial areas o f  laminar flow which are 

subjected to cytokine stimulation can be potential sites o f  excess monocyte adhesion, EC

192



dysfunction and fatty streak formation. Also EC genes which are shear responsive induce 

cytokine and other pro-inflammatory creating the harmful environment itself One o f  the 

main findings in this chapter was the response o f  CXCL16 to laminar flow as the gene was 

found responsive to disturbed SS (Ni et al., 2010). Both qualitative and quantitative results 

show receptor CXCL16 expression induced by laminar flow. The current literature suggests 

CXCL16 has an N F-kP biding site (Chandrasekar et al., 2004) and is responsive to cytokine 

stimulation such as IFN-y and TN F-a therefore pro-inflammatory potential (Abel et al., 

2004). This study found CXCL16 to be induced by TNF-a however small the values 

appeared to be. However, the combination o f  TTv!F-a and pulsatile flow at 24 h did not 

sustain CXCL16 suggesting it may not be a long term threat at an inflammatory site as 

expression appeared to have fatigued. Considering the results from chapter 2 and 3, patients 

have shown higher levels o f  circulating CXCL16 than TNF-a, as CXCL16 may be 

considered more systemic as it is a chemokine whereas TNF-a would be more localised to the 

site o f  inflammation. Lower levels o f  CXCL16 in patients compared to controls may have 

been influenced by statin therapy as this has been reported (Smith et al., 2008). After 6 h 

TNF-a activated ECs in a laminar pulsatile flow o f  10 dyne/cm^ environment, all the 

potential factors for macrophage and oxLDL accumulation are present. Therefore disturbed 

flow may only increase the chances o f  plaque formation and not be an inducing factor.

Qualitatively, two main findings were noticed. At 24 h with no stimulation and pulsatile 

flow, extremely intensified halo shaped distribution o f  ICAM-I were observed along the ECs 

edge at cell-to cell junctions and at 6 h, unstimualted ECs under pulsatile flow showed 

CXCL16 remained localised around the nucleus and spread throughout the cytoplasm by 24 

h.
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After investigating the relationship o f  TNF-a at a protein level, it was decided to return to a 

molecular level and investigate if the same concentration affected allelic expression of 

CXCL16 in CVD patients and CEPH individuals. Allelic imbalance was seen in CVD 

patients, CEPH cell lines showed no imbalance so they were activated with 10 ng/|al for 6 h, 

again, no imbalance was discovered. When TTMF-a concentration were increased to 100 ng/|xl 

an imbalance was achieved. Like the ACS patients, one allele appeared responsible for the 

imbalance occurring, as positive AEI was above 0.6 in all samples. As the higher 

concentration of TNF-a had an impact on genetic expression it would be interesting to use the 

same concentration on EC activation in the in vitro model and monitor CXCLI6 expression. 

To our knowledge, this study is one o f  the first to investigate TNF-a stimulation on AEI 

effect in CEPH individuals. In the past few years, inhibitors have been identified as potential 

candidates for controlling the growth and spread o f  cancer cells and research is ongoing to 

investigate their properties as anti-cancer treatment. Now, inhibitors have been targeted for 

preventing the formation o f  fatty streaks. Cell lines in this study appeared to show positive 

AEI in the presence o f  L-Sulforaphane. However, as this was diluted in DMSO results are 

inconclusive as to the direct impact o f  the inhibitor or DMSO on allelic imbalance.

5.1.1 Concluding remarks

This project encompassed clinical data and molecular data, protein and genetic data that 

attempted to further elucidate markers that have undiscovered potential in the diagnosis or 

prognosis o f  future plaque rupture in individuals who are at risk or suffer from 

atherosclerosis.

In chapter 2 levels o f  circulating cytokines were measured below the ELISA level o f  

sensitivity, an understudied subset o f  patients were investigated and correlations between 

cytokines and other risk factors were investigated. The in vitro model in chapter 3 provides a
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relevant platform and research tool for further expression studies in a m onitored environm ent 

and has the ability to  incorporate multiple factors for investigation. It is also a suitable m odel 

for the evaluation o f  new m olecules/drugs under pulsatile shear stress conditions. Static and 

pulsatile shear s tress conditions on EC expression o f  ICAM-1 and C X C L 16 w ere  evaluated. 

Finally, chapter  4 show ed AEl in clinical and C E PH  cell lines, evaluated the effect T N F -a  

stimulation and L-Sulporaphane had on AEl in C E PH  cell lines and show ed that the 

m easurem ent o f  cis-effects needs to  take stimulation and chromatin  modification into 

consideration.
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