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ABSTRACT

BACKGROUND
Coronary heart disease is caused by the accumulation of fatty deposits within the vascular lining, which often goes undetected until a patient becomes symptomatic. Consequently, current treatments are primarily aimed at symptomatic relief. Nevertheless, it would be more beneficial to develop preventative treatments.
To do this it is necessary to understand the chronic inflammatory processes that underpin atherogenesis. Endothelial adhesion molecules (e.g. ICAM-1) are up-regulated during inflammation. ICAM-1 binds to LFA-1 on circulating leukocytes to enable extravasation into the vessel wall; numerous cell types including the endothelial cell, smooth muscle cell and fibroblast have been shown to express ICAM-1, though its expression patterns in the vessel wall have not been studied in detail. 
Moreover, the involvement of the adventitial fibroblast has become increasingly popular owing to its ability to migrate towards a site of injury at the luminal surface. Therefore, it was hypothesised that inflammatory-activated endothelium directly activates the fibroblast, which then provides a positive feedback loop to enhance the inflammatory response in the endothelial cells.
ICAM-1 was used as a marker to study the augmentation of the inflammatory responses of endothelial cells, smooth muscle cells and fibroblasts in various co-culture arrangements. This would unravel the communication network that exists between these cell types and suggest how this can be augmented in an inflammatory response.

METHODS
The numbers of intimal and adventitial cells were counted in 5 µm paraffin-embedded histology sections of human coronary artery (LAD and RCA). Sections were also immunolabelled against α-SMA and THY-1.
HUVEC, HUASMC and NHDF were cultured in 2D monoculture and co-culture arrangements. The cells were stimulated with 25 U/mL human recombinant TNF-α for 0, 3, 6, 9 and 12 hours before fixing and immunolabelling for ICAM-1 expression. Games-Howell testing was used to determine any statistically significant differences in ICAM-1 expression, and the relationship between cell ratio and ICAM-1 expression was examined via Spearman’s Rho in co-cultures.
Significant results were examined further through conditioned medium experiments. This involved incubating monocultures of HUVEC, HUASMC and NHDF with or without 25 U/mL TNF-α for 12 hours prior to sterile filtering and transferring to fresh monocultures of HUVEC and NHDF. ICAM-1 expression was assessed and compared to monoculture and co-culture data.
Dot blots and western blots were also carried out on HUVEC and NHDF cell lysates on 10 % polyacrylamide gels. For dot blots, dots using 2 µg protein were created whilst for western blotting the wells were loaded with 10 µg total protein. The equipment set to 100 V for 110 and 75 minutes for SDS-PAGE and western blot, respectively. The nitrocellulose membrane was then blocked with 5 % BSA and immunolabelled against ICAM-1 using the chromogenic substrate DAB.

RESULTS/DISCUSSION
The proportion of adventitial cells changed in relation to the extent of plaque progression in the coronary artery sections, though opposing trends were seen in the RCA and LAD, where the cell ratio increased and decreased, respectively. This suggested that additional factors such as shear stress could affect adventitial cell proliferation and/or migration.
Co-labelled cells for α-SMA and THY-1 were present primarily within the tunica adventitia, indicating the likely phenotype conversion of the fibroblast into the myofibroblast.
ICAM-1 expression in HUVEC was significantly increased in co-culture with both HUASMC and NHDF after 12 hours of TNF-α stimulation, when compared to monoculture (p<0.001). The mechanisms of action were contrasting, where HUASMC constitutively expressed a pro-inflammatory molecule whilst TNF-α induced pro-inflammatory expression in NHDF that acted on HUVEC. 
The opposite was found in NHDF, where the ICAM-1 expression was decreased after 12 hours in co-culture with HUVEC and HUASMC versus monoculture (p<0.001), highlighting the expression of anti-inflammatory mediators by both the endothelial and smooth muscle cells. 
Conditioned medium experiments demonstrated that ICAM-1 was significantly up-regulated in HUVEC when HUVEC, HUASMC and NHDF were pre-incubated with TNF-α for 12 hours (p<0.001). Yet, TNF-α offered little alteration to the ICAM-1 up-regulation in NHDF, where significant up-regulation generally occurred when HUVEC, HUASMC and NHDF were pre-incubated without TNF-α. These results confirmed that prior to TNF-α stimulation, signalling pathways targeted fibroblast activation, whilst afterwards these switched to enhancing the inflammatory response within the endothelial cell.
Analysis of HUVEC and NHDF cell lysates through dot blot demonstrated that significant up-regulation of ICAM-1 abundance was evident in HUVEC in the presence of TNF-α (p=0.012). This could not be demonstrated in NHDF. ICAM-1 bands could not be detected in NHDF by western blotting, but HUVEC presented a similar pattern to that obtained through dot blot analysis. 
Differences between the dot blot and confocal image analysis are likely because ICAM-1 is present within the cell and the soluble form of ICAM-1 is released. Confocal image analysis only studied the presence of ICAM-1 expression on the cell membrane. Moreover, the sensitivity threshold of western blotting may not be suitable for assessing ICAM-1 expression; ideally, the western blot experiments would be repeated using a method with enhanced sensitivity, such as using chemiluminescence detection. 

CONCLUSION
Combining the results from monoculture, co-culture and conditioned medium experiments indicated the presence of autocrine, juxtacrine and paracrine signalling pathways. 
Pro-inflammatory pathways were evident from the endothelial and smooth muscle cells to the fibroblast without the presence of TNF-α, yet when TNF-α was included these pathways became inhibitory and new pro-inflammatory pathways were activated from the smooth muscle and fibroblast cells towards the endothelial cell. Consequently, the endothelial pro-inflammatory response was exacerbated when the fibroblast was included. 
Data obtained confirms that the fibroblast has the ability to augment the vascular inflammatory response and should therefore be included in in vitro models that study the signalling mechanisms that underpin atherogenesis. More specifically, the communication pathways between the endothelial cell and fibroblast need to be considered in more detail, which may highlight novel therapeutic targets to prevent vascular disease in the future.
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CHAPTER 1 
INTRODUCTION AND OVERVIEW
1.1 AN INTRODUCTION TO CARDIOVASCULAR DISEASE 
Cardiovascular disease (CVD) is a general term to cover any disease or condition affecting the heart and/or circulation including coronary heart disease, myocardial infarction and stroke; it has been the leading cause of mortality worldwide for the past 15 years, responsible for 15 million deaths in 2015 alone. Although developing countries appear to have a higher proportion of deaths from CVD, middle to high income countries have a much higher prevalence, owing to the improved treatments available [1]. 
Typically, CVD is associated with atherosclerosis, which is characterised by the accumulation of fatty deposits inside the lining of the vessel wall to form plaques. These plaques increase in size over several decades, gradually decreasing vascular lumen size and consequently reducing the blood flow to downstream vessels. When the vessel becomes completely occluded, either via the growth of the plaque or by plaque rupture leading to thrombi formation, apoptosis of cells in downstream vessels is triggered. The different stages of plaque development and underlying mechanisms are described in chapter 2.3, indicating why acute cardiovascular events tend to happen in older age [2].  
The underlying pathogenesis of atherosclerosis is not yet fully understood. The condition has been linked with both lipid accumulation and smooth muscle cell proliferation.  There is also an underlying chronic inflammatory state, and the mechanisms that initiate this and its relationship to atherosclerosis have not been fully elucidated [3].

1.2 	RESEARCH IN CVD
Thus far, research into the pathogenesis of atherosclerosis has primarily been undertaken using animal models, owing to the limitations with human studies. However, the UK National Centre for the Replacement, Refinement & Reduction of Animals in Research (NC3Rs) have been proactively developing and disseminating the principles of the 3 R’s [4] for over 50 years; these principles have been embedded in national and international legislation and regulations to make the use of animals in scientific procedures more humane, as well as in the policies of organisations that fund or conduct animal research [5]. Therefore, not only are the number of animals used in research limited, but techniques carried out must also be seen to minimise the pain, suffering or distress placed on the animal. Moreover, it is encouraged that the use of animals is avoided or replaced in the first place, where possible. All living vertebrates (except humans and cephalopods) are now defined as ‘protected’ under the Animals (Scientific Procedures) Act 1986. Consequently, the development of in vitro methodologies such as tissue engineering and in silico simulations have increasing research priority and importance.
Although there has been progress within the field of tissue engineering for vasculature, the main foci to date have been on the in vitro production of implantable vessels [6] and the cell-cell communication of the endothelial cell [7], smooth muscle cell [8] and inflammatory cells such as macrophages [9]. Implantable vessel production will reduce the need for autografts during surgeries akin to coronary artery bypass, where a donor vessel (typically thoracic, radial or saphenous) is usually obtained from the patient during surgery. Even though the surgery resolves the symptoms for the patient, it does not treat the underlying cause. Moreover, whilst the cell-cell interactions between the endothelial cells, smooth muscle cells and inflammatory cells are major contributors to plaque development, additional cell types can be found within the tunica adventitia (the outermost layer, see chapter 2.2.1) of vasculature that may also be involved in the inflammatory response, including but not limited to fibroblasts, endothelial progenitor cells and resident leukocytes [10]. 
The role of the tunica adventitia has been studied intermittently for the past few decades, yet current in vitro vascular models lack the complexity required to effectively study the intercellular interactions during certain processes, including the inflammatory response which underpins atherogenesis [11]. This became apparent when searching through journal articles to decipher how much each cell type within the vessel contributes to the progression of plaque formation. As discussed in chapter 2, there is well-documented evidence for the role of endothelial cells in atherosclerosis; nevertheless, as one progresses to the smooth muscle cell and subsequently the fibroblast, the research available and understanding of these latter cells begins to decline (figure 1.1).
Nevertheless, it is currently known that the dermal fibroblast plays a critical role in wound healing [12]; consequently, it is surprising that the fibroblast has not been studied further in relation to atherosclerosis. The healthy vessel wall wound healing process involves several stages: haemostasis, inflammation, proliferation, epithelialisation and remodelling [12]. Upon injury to the epidermis, pro-inflammatory cytokines activate the fibroblasts in the dermis via paracrine signalling, which in turn causes the fibroblast to secrete an abundant array of cytokines including Tumour Necrosis Factor Alpha (TNF-α) [13], Interleukin 1 (IL-1) [14], Transforming Growth Factor Beta (TGF-β) [15] (see chapter 2.4.1). The fibroblasts also then undergo phenotypic differentiation into myofibroblasts, which migrate into the wound site and contribute to the production of new extracellular matrix and closure of the wound [12]. This can be related to the pathogenesis of atherosclerosis, which has been theorised to be an aberrant, un-regulated form of wound healing, in response to the damage caused to endothelial cells by low shear stress and/or turbulent flow patterns [16].Figure 1.1 - The number of results from all databases in Web of Science under the topic ‘atherosclerosis’ between 1988-2018. The results were refined using the key words ‘endothelial’, ‘smooth muscle’ and ‘fibroblast’, where the key foci have clearly been on endothelial and smooth muscle cell involvement.

Using this prior information, it is likely that damage caused to the vascular endothelium results in the expression of cytokines which diffuse through the vessel wall, where they can activate the fibroblasts that reside within the tunica adventitia. These fibroblasts then release an extensive range of cytokines from pro-inflammatory mediators such as IL-1 to the chemoattractant monocyte chemotactic protein 1 (MCP-1). some of which would affect the endothelial cells and smooth muscle cells, as well as undergoing a similar transformation to those in the dermis by differentiating into myofibroblasts and migrating towards the wound site.
However, the additional factor of low shear stress (which is not present in skin) may augment the healthy wound healing response by inducing an exaggerated response leading to plaque development. For example, Albuquerque et al demonstrate that a shear stress of 3 dyn/cm2 induces faster wound closure compared to both a static control and physiological shear stress conditions (12 dyn/cm2) in in vitro cultures of endothelial cells [17]. 
Therefore, to completely understand the development of a disorder comparable to atherosclerosis, it is necessary to study all cell types present in the vessel, not only to enable each cell-cell interaction to be studied, but to also understand how a combination of cell types provides diverging results to single cell cultures.

1.3 HYPOTHESIS
Research has already demonstrated that endothelial cells release pro-inflammatory molecules under atherogenic conditions [18]. Combining this with the ability of inflammatory molecules to induce a phenotype conversion in smooth muscle cell, leading to their migration into the tunica intima [19], the main questions that need to be answered are: 
i) whether endothelial damage directly or indirectly activates the inflammatory response in the fibroblast, leading to subsequent myofibroblast formation.
ii) how the cytokines released from the fibroblast upon activation affects the inflammatory response of the endothelial and smooth muscle cells.
I hypothesise that inflammatory-activated endothelium directly activates the fibroblast which consequently provides a positive feedback loop to enhance the inflammatory response in endothelial cells. With the endothelium in atheroprone areas being associated with an inflammatory phenotype, this could provide evidence to suggest that low shear stress could result in an excessive and abnormal wound healing response.

1.4 EXPERIMENTAL DESIGN
Initially, it was necessary to design a variety of in vitro co-culture experiments using endothelial cells, smooth muscle cells and fibroblasts to study the expression of inflammatory markers typically present in an inflammatory response. Any augmentations to the expression profile under different culture set-ups would therefore indicate the presence of a signalling pathway, either pro- or anti-inflammatory.
This would provide data to conclude whether the fibroblast alters the expression profiles in the endothelial and/or smooth muscle cell or simply migrates to a wound site to aid in extracellular matrix production and wound closure.
To be able to investigate the role of the fibroblast and its contribution to the inflammatory response, it was necessary to first assess the inflammatory response in each cell type individually and then analyse how much the fibroblast augments this response when co-cultured with the endothelial cell and smooth muscle cell. Although in vitro experimental results would be more biomimetic if 3D cultures akin to the vascular structure were produced, a basic 2D co-culture design has been adopted (figure 2.17d), where glass coverslips were coated with gelatin to which the Human Umbilical Vein Endothelial Cells (HUVEC), Human Umbilical Artery Smooth Muscle Cells (HUASMC) or Normal Human Dermal Fibroblasts (NHDF) were then directly seeded. This design was simple, but also provided the ability to control and maintain an even level of pro-inflammatory molecule across the culture. If this level was not so accurately controlled, there would be variation in the response time and degree of up-regulation of inflammatory markers, which would make it harder to decipher exactly how the fibroblast was contributing to the inflammatory response.
To begin with, haematoxylin and eosin stained sections of human coronary artery (right coronary artery and left anterior descending) were analysed to calculate the total number of cells present in the tunica adventitia; this included fibroblasts, endothelial progenitor cells and resident leukocytes as these cannot be distinguished via histological staining alone. This value was then used to calculate the ratio of adventitial cells to the number of endothelial cells in areas with and without damage to the endothelium. Moreover, some sections were also immunolabelled, allowing the identification and location of the fibroblasts. Hence, from these data it could be postulated that the fibroblast may play a critical role in atherosclerosis development.
Successively, it was necessary to determine how quickly and to what extent the inflammatory response was up-regulated in each cell type. I decided to use intercellular adhesion molecule 1 (ICAM-1), also known as cluster of differentiation 54 (CD54), as the inflammatory marker of choice. This marker is known to be expressed on HUVEC [20], HUASMC [21] and NHDF [22] and binds to lymphocyte function-associated antigen-1 (LFA-1) and macrophage antigen-1 (MA-1) on leukocytes to promote trans-endothelial migration into the vascular wall [23], a crucial process for the development of atherosclerotic lesions. 
Once these data had been assessed, different co-culture environments were considered: HUVEC & NHDF, HUVEC & HUASMC and HUASMC & NHDF. This enabled any alterations in ICAM-1 expression to be observed between co-culture and monoculture conditions and confirm which cell types induced this response. Thereafter, the HUVEC, HUASMC and NHDF were combined into a tri-culture; whether any modifications in ICAM-1 expression were compounded or neutralised after TNF-α addition would indicate whether additional signalling pathways were present and/or which cell signals were dominant. 

1.5 AIMS AND OBJECTIVES
The aim of my PhD was to contribute further to the understanding of the cellular interactions that take place to initiate and progress atherosclerosis within the vascular wall; specifically, to determine whether the inflammatory response observed in endothelial cells and smooth muscle cells can be augmented by the addition of the fibroblast. If the fibroblast proves critical to the cellular interactions within a vessel, the data will enhance the design of current in vitro models to provide a more accurate representation of the inflammatory response that ensues in disorders such as atherosclerosis. 
To achieve this aim, a series of main objectives were established:
i) To provide evidence of fibroblast presence within human coronary artery through histological and immunohistochemical analysis.
ii) To establish the culture conditions required to effectively analyse the up-regulation of the inflammatory response in all cell types (medium type, concentration of inflammatory mediator, length of incubation).
iii) To identify and semi-quantitatively analyse confocal images of ICAM-1 up-regulation in endothelial cells, smooth muscle cells and fibroblasts (in both monoculture and co-culture conditions) and carry out statistical analysis to determine any significant differences in ICAM-1 expression.
iv) Design experiments to determine the type of signalling occurring between the different cell types and consequently which cytokines may be responsible for any significant differences in ICAM-1 expression observed in co-culture versus monoculture.
If these data conclude that the fibroblast plays a significant role in the vascular inflammatory response, future experiments could build on the current design to include the addition of shear stress and/or the conversion of the current 2D design into 3D to determine whether these have any effect on the up-regulation of ICAM-1.
Moreover, improved vascular co-culture models would enable the investigation into how current therapies affect the fibroblast response and novel targets to be discovered.















[bookmark: _Hlk510862904]CHAPTER 2 
LITERATURE REVIEW
2.1 CVD MORBIDITY AND MORTALITY 
CVD is the leading cause of mortality in both developed and developing countries; the classification of countries is largely influenced its human development index (HDI), which is a statistical indicator of how well a country is performing based on life-expectancy, education and per capita income [24]. However, according to World Health Organisation data, more than 80 % of cardiovascular related deaths now occur in developing countries and account for 10 % of disability-adjusted life years (DALYs) with 14038 deaths versus 133462 DALYs in 2004. Meanwhile, in developed countries, cardiovascular related deaths accounted for 17% of DALYs with 3027 deaths versus 17853 DALYs [25]. 
One DALY is the equivalent to one year of healthy life lost, which is calculated from the total number of years of life lost owing to premature death, in addition to a weighted years of life lost owing to disability.  Therefore, with CVD causing severe disability, particularly amongst people who survive acute coronary events such as myocardial infarction or stroke, it is important to not only consider mortality rates, but to also consider the prevalence of CVD and the resultant loss disability-adjusted life years [26, 25]. 
By looking at the relationship between HDI and the morbidity of CVD worldwide (figure 2.1), it can be observed that in developing countries (HDI ≲ 0.5) there is a positive correlation between disease rate and HDI until reaching a peak of approximately 460 cases per 100,000, at an HDI of 0.7. Developed countries with a higher HDI than 0.9, have a lower rate of CVD than developing countries with low HDI values, likely owing to the research data availability exposing how lifestyle choices such as diet and exercise link to disease risk [27, 26].
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Figure 2.1 - A scatterplot of CVD rate (age-standardised) and HDI for 171 countries. The UK is highlighted in red with an HDI of 0.909 and CVD rate of 60.1 [25, 27].

The United Kingdom (UK) is fortunate enough to be one of the few countries with an HDI greater than 0.9 (figure 2.1). Between 1988 and 2010 the mortality rate from CVD within the UK decreased from approximately 800 to 286 per 100,000 (age-standardised), whilst the prevalence increased from 7.5% to 10.1% in the same period [28]. 
This highlights the situation where CVD is no longer the cause of death for so many people in more developed countries, but rather the relative proportion of people who are living with the disease has now increased. This can be confirmed by looking at cardiovascular-related disease statistics from the UK in 2015 (figure 2.2); stroke and coronary heart disease are not only the major causes of mortality, but also highlight how the number of inpatient episodes within the National Health Service is approximately 6 to 7 times larger than the mortality, respectively.  Consequently, it is estimated that there are 7 million people currently living with CVD within the UK. Furthermore, it is evident that age is the biggest mortality risk factor, with about 2/3rds of cases occurring in individuals over 75 years [28].
Owing to a large percentage of people surviving acute coronary events, the cost of CVD to the National Health Service is continually increasing, with a current estimated cost of £9 billion a year, in addition to an economic cost of £19 billion owing to premature death and disability [2]. The only way to reduce this increasing burden is by improving prevention strategies rather than the treatments available. To date, the focus has been on enhancing life expectancy through the development of new and improved treatments. However, this has resulted in increasing numbers of people living with the side-effects of such events, including having to control dietary intake, and mental illness e.g. depression arising as consequence of an inability to work or perform physically demanding activities.
Figure 2.2 – (top) 2015 mortality statistics from CVD in the UK. (bottom) Morbidity of CVD via inpatient episodes within the NHS (latest) [28].
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2.2 FACTORS AFFECTING CVD DEVELOPMENT
Lifestyle, genetics, anatomy and physiology all affect the rate at which CVD is likely to develop. The full extent to what each of these factors contributes to the progression of disease is not yet completely understood; although many lifestyle factors are known to enhance the progression of disease such as diet, smoking status and alcohol consumption [29], the absence of such factors does not mean disease cannot occur. Therefore, it is imperative that further research is undertaken to determine how each factor affects the relative risk of atherosclerotic plaque development.

2.2.1 VASCULAR ANATOMY AND PHYSIOLOGY
Although CVD covers a wide range of disorders of the heart and associated vascular system, coronary heart disease and stroke are the key diseases that affect the population. Atherosclerotic plaque formation is essential to the development of such diseases; these plaques are prone to form in specific locations within the vasculature, owing to both the relationship between physical structure of the vessels and the mechanical forces instigated by blood flow. 
The vessel wall consists of three distinct layers (figure 2.3):
i) Intima: the innermost layer of the vessel wall consisting of simple squamous epithelium (or endothelium) and a thin internal elastic lamina (IEL). The vascular endothelium is a central regulator of haemostasis, fibrinolysis and vascular tone; the cells provide not only a barrier function but also acting as a signal transducer and synthesise their own growth factors [30].

ii) Media: a thick, middle layer consisting of smooth muscle cells, collagen and elastic fibres. The concentration of elastin decreases towards the extremities and decreases with age. This layer is responsible for providing the vessel tone and responds to chemical signals received from the intima and to neuronal signals from the adventitia to increase/decrease the lumen size. Oxygen is received not only through diffusion but also via small vessels called vasa vasorum that infiltrate the outer wall in large arteries. An external elastic lamina (EEL) separates the media and the adventitia.Figure 2.3 - Diagrammatic representation of vascular structure. All main vessels consist of 3 layers: tunica intima, tunica media and tunica adventitia.
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iii) Adventitia: the outermost layer of the vessel wall. It consists of a dense collagen and elastic network that provides the strength to the vessel. Autonomic nerves and vasa vasorum filter through this layer [31].
Blood flow and pressure are high in arteries to effectively transport oxygen away from the heart to the tissues that require it. To be able to cope with the demands of high pressure, arteries have a much thicker tunica media and tunica adventitia. On the other hand, as veins are under lower pressure, these vessels have thin walls but contain valves to ensure the blood flows in a continuous direction back to the heart. 
Although atherosclerosis is associated with systemic factors such as hypertension and hyperlipidaemia, which tend to be more common in obesity, it has been determined that vessel structure plays a considerable role in influencing where plaques can develop. Blood flow imposes mechanical forces on the vessel wall and each vascular layer works synergistically to maintain a constant wall shear stress (τ) of approximately 15 dyn/cm2 [32]. 
However, this cannot always be achievable, for example in areas of high curvature or vessel bifurcations [33]. These sites are routinely associated with abnormal stresses and strains, typically low-shear stress (<10 dyn/cm2), oscillatory shear stress, complex flow patterns and a high Reynolds (Re) number, a dimensionless number used as an indicator of flow patterns [34].
Pressure gradients are one of the major factors that influence fluid flow. For the majority of time the blood flow is laminar, producing a parabolic velocity profile with the blood constituents in the centre of the vessel travelling the fastest. Nevertheless, there are instances when the profile becomes turbulent and flow is uneven. Areas of low or even negative pressure are created, generating a pressure gradient. These pressure gradients quickly dissipate in areas adjacent to the vessel wall where velocity magnitude is considerably lower than in the main body of fluid. Shear stress becomes zero at the point where separation occurs; in some areas shear stress becomes negative as flow reverses and a region of recirculation develops [35]. These areas provide large residence times for particles such as low-density lipoproteins (LDL), allowing them to be integrated into the vessel wall and provoke an inflammatory response. 
Understanding how blood flows within the coronary arteries is important. The ventricles of the heart have considerably different masses at 112 ± 27 vs 38 ± 8 grams, for the left and right ventricles, respectively [36]. This makes it is easy to understand how differences in velocity profiles in the left and right coronary arteries can be produced, owing to differences in the size of muscular contraction. The right coronary artery (RCA) provides branches into the posterior descending artery and the right marginal artery. Meanwhile, the left coronary artery (LCA) branches into the left anterior descending (LAD) and the circumflex artery (figure 2.4) [37]. 
With a large proportion of the heart mass comprised of the left ventricle, a stronger contraction is produced (compared to the right ventricle) to ensure blood supply to the rest of the body. Thus, a larger pressure gradient is produced (figure 2.5). The altering pressure gradient throughout the coronary tree causes variations in sensitivity to stenosis. Rafflenbeul et al (1980) studied patients with symptoms such as angina and concluded that the mean stenosis (%) in the RCA was lower than in the LAD (63.6 ± 4.4 vs 77.1 ± 3.2, p<0.05).
Additionally, Gradus-Pizlo et al (2003) used high-frequency epicardial echocardiography to determine the wall thickness of the LAD in normal versus diseased patients. The total wall thickness for healthy LAD was 1.0 ± 0.2 mm (combined thickness of tunica intima and tunica media was 0.34 ± 0.1 mm and tunica adventitia was 0.54 ± 0.2 mm) versus 1.8 ± 0.2 mm in patients with atherosclerosis (combined thickness of tunica intima and tunica media was 0.78 ± 0.3 mm and tunica adventitia was 0.92 ± 0.2 mm) [38].
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Figure 2.4 - Atheroprone areas within the coronary arteries and aorta (shown in yellow). Plaque build-up occurs primarily on the inside of curvatures or at branch sites. The coronary arteries are functionally end arteries so if an atheroma obstructs an artery, the heart tissue will die unless anastomoses have had chance to develop. Adapted from [298].




[image: ]2.2.2	GENETIC AND LIFESTYLE FACTORS FOR CVDFigure 2.5 - Comparison of the blood flow profile in the LCA and the RCA. At the beginning of systole, blood flow decreases in both arteries, especially the LCA where there is a sharp decline to almost 0 mL/min. Ventricular contraction allows blood to flow into both arteries, though diastole is the principal source for flow in the LCA. There is almost no change in the RCA owing to the decreased pressure in the right ventricle. Adapted from [299].

Risk factors can be separated into 2 categories: those that can be altered and those that cannot.  Cardiovascular risk factors that cannot be changed include race [39], gender [40] and the inheritance of genetic conditions such as familial hypercholesterolaemia [41] or type-1 diabetes [42]. Gujral et al (2017) verified that the development of abnormal metabolic activities are less prevalent in white people than any other race or ethnicity [39], whilst women are likely to develop CVD approximately 7 to 10 years later than their male counterparts [40]. Moreover, high blood LDL levels are highly associated with the development of atherosclerotic plaques; familial hypercholesterolaemia is a common autosomal-dominant disorder in Europeans that results in a naturally high LDL level owing to a mutation in the LDL receptor which consequently produces an increased risk of heart disease [41].  Other conditions that can be controlled or prevented, include type-2 diabetes [42], high blood pressure and high cholesterol [43], via improvements in lifestyle choice - including healthy diet, decreasing alcohol and tobacco use, as well as increasing physical exercise [29].  

2.3 PATHOGENESIS OF ATHEROSCLEROSIS
Ideally, the progression and understanding of diseases such as atherosclerosis would primarily involve the use on non-invasive in vivo imaging techniques such as ultrasound and computed tomography. Computed tomography is useful for the detection of luminal stenosis and plaque characterisation; however, when disease is extensive the vascular wall can become calcified and accurate visualisation of the lumen is hindered [44]. Moreover, with disease progression occurring over decades, the ability to follow the formation and development of plaques in vivo is limited. 
Consequently, until now the best techniques to assess and analyse plaque formation and composition have been through the histological analysis of both human and mouse model (e.g. ApoE-/-) vascular specimens. Whilst human specimens enable complex plaques to be analysed, mouse models allow relatively quick plaque progression where contribution of additional factors such as diet can be assessed [45]. 

2.3.1 STAGES OF ATHEROSCLEROSIS
The histology of lesions allows classification into degrees of severity, from class I (none to little disease) to VIII (advanced disease) using the conventional American Heart Association classification [46] (figure 2.6). Initial, fatty streak and intermediate lesions are divided into categories I, II and III, whilst more advanced lesions are divided into categories IV, V and VI and can present clinical symptoms such as myocardial infarction and stroke. Categories VII and VIII are reserved for calcified and fibrotic plaques without lipid cores. 
The proportion of advanced lesions increases with age, often with increasing complexity owing to plaque rupture or calcification. Defining the classification of lesions e.g. by magnetic resonance imaging, could potentially allow the indication of intervening treatment prior to plaque advanced stenosis.Figure 2.6 – Schematic representation of the histological changes that occur within the atherosclerotic plaque development. Initially fatty streaks form, then smooth muscle cells migrate into the neointimal space to decrease lumen size. When the plaque becomes larger a necrotic core is formed. The plaque becomes complex when a surface defect leads to thrombus formation or plaque rupture. Adapted from [46].

Figure 2.6 demonstrates how atherosclerotic plaques can be categorised based upon their histology; detailed descriptions of the classifications are as follows [46]:
Class I: Initial lesion with foam cell formation
Only microscopic changes have taken place, meaning most lesions are not visible to the naked eye. Lesions consist of small, isolated groups of macrophage foam cells, preferentially in areas of intimal thickening. Lipid deposits are chemically detectable.
Class II: Multiple foam cell layers within fatty streaks
May have visible yellow coloured streaks, patches or spots, which can be identified via staining with Sudan III/IV. Macrophage foam cells are presented in higher concentration and in stratified adjacent layers. The turnover of macrophages, endothelial cells and smooth muscle cells are increased.
Class III: Pre-atheroma with extracellular lipid pools
Microscopically visible lipid droplets both extracellularly amongst the layers of smooth muscle cells and below the macrophage and foam cell layers, which replace the intercellular matrix proteoglycans and fibres, driving smooth muscle cells apart.

Class IV: Atheroma with confluent extracellular lipid core
Potentially symptom producing. Severe intimal disorganisation caused by the lipid core, which is generally large enough to be visible to the naked eye. The core develops from increased isolated extracellular lipid pools and organelles within some smooth muscle cells may become calcified. Macrophages/macrophage foam cells are more densely concentrated in lesion periphery.
Class V: Fibroatheroma
Formation of prominent new fibrous connective tissue. Arteries are narrowed, generally more so than in type IV. Smooth muscle cells in the media adjacent to the intima may be disordered, calcified and decreased in number, whilst an increase in macrophage and macrophage foam cells are found within the adventitia.
Class VI: Complex plaque with potential surface defect, haemorrhage or thrombus
Lesions with surface defect (fissures or ulceration), thrombus deposits, or calcified nodule. Thrombotic depositions can occur repeatedly over time and may be a key mechanism for vessel occlusion over a long period in medium sized vessels.
Class VII: Calcified plaque
Some plaques generate thick, fibrous caps which overlay sizeable accumulations of calcium within the neointima. The lipid-laden necrotic core, if present, is usually small and therefore this category of lesion is called fibro-calcific, as opposed to atheroma.  These types of plaque may occur as an end-stage of atheromatous plaque rupture and/or erosion after healing and calcification. 
Class VIII: Fibrotic plaque devoid of lipid core
When a plaque ruptures, the lipid contents are expelled, and a void is produced. This void must be filled by vessel wall constituents and healed. Healed plaques can be identified by the migration of smooth muscle cells into this void and the production of proteoglycans and newly synthesised collagen type III to produce a scar. 
Lesions with previously healed ruptures may exhibit a multi-layering of lipid and necrotic core. Nevertheless, some healed lesions display no evidence of either rupture of the fibrous cap or necrotic core. It is assumed that these lesions are the result of healed erosions (a site lacking endothelium and display minimal inflammation), owing to their distinct layering of smooth muscle cells and proteoglycans, as well as frequently containing fibrin and/or platelets. 

2.3.2 ELASTIC LAMINA INTEGRITY
Intimal hyperplasia is theorised to be an adaptive response to reduce the vessel lumen diameter in response to chronically reduced shear stress or endothelial injury. This is characterised by the accumulation of smooth muscle cells [47], proliferation of endothelial cells and changes to the extracellular matrix composition [48].
Owing to the non-uniform τ distribution around a vessel circumference, early physiological changes tend to involve only a portion of the vessel. Even though positive remodelling occurs, regional outward expansion of the vascular wall occurs to maintain lumen diameter. This will likely transpire until approximately 40% area stenosis; this is when the vessel has reached its expansion capacity. Only then will the hyperplasia begin to protrude into the lumen and begin to affect the flow of blood to downstream vessels [49, 50].
Evidence has suggested that the response magnitude has a positive correlation to the degree of injury to the vessel wall, as displayed in figure 2.7; this suggests neointimal thickening is an overactive healing reaction. It is hypothesised that maintaining the structural integrity of IEL is essential to preventing the formation and proliferation of the neointima and this prevents the direct contact between the endothelial and smooth muscle cells. This is underpinned by experimental studies on animals, which have demonstrated that either extensive damage or repeated damage to the endothelium will instigate smooth muscle cell migration [51]. Nevertheless, if loss of endothelial cells is limited and of singular occurrence, smooth muscle cell migration will not take place [52]. 
Previous studies have observed that lesion formation occurs primarily where the IEL has been broken down [51, 53]. Therefore, procedures to reduce vascular blockages where damage to the IEL may occur such as angioplasty or stent insertion often result in restenosis, typically within the first 6 months [54].
On a similar note, Masuoka et al (2010) suggests that a breakdown of the EEL may also correlate to plaque progression when comparing various portions of the internal carotid artery. The EEL was present in all specimens of the petrous portion but had dissipated in 31 out of 32 specimens of the cavernous portion, the most common site of stenosis within this vessel [55]. This indicates that direct contact between smooth muscle cells in the tunica media and cells from within the tuncia adventitia such as fibroblasts, is essential to plaque progression. However, this has not yet been studied in detail in vitro.  
[image: ]Likewise, when comparing alternative arteries affected by atherosclerosis, it has been recognised that the common hepatic artery has a thickened EEL in contrast to the absence of one within the splenic artery; the common hepatic artery is the least affected by atherosclerosis [56].Figure 2.7 - Correlation between injury score and neointimal formation. Schwartz et al (1992) developed a porcine coronary restenosis model, in which histopathological injury was directed via a balloon expansion and coil injury method, as with stent insertion. There is a relatively strong positive correlation, with injury score being: 0 = no injury; 1 = break in the internal elastic membrane; 2 = perforation of the media; 3 = perforation of the external elastic membrane to the adventitia [51]. 

Echeverri et al (2003) confirmed that rupture to the EEL after vascular wall injury e.g. balloon angioplasty stimulates the angiogenic response in plaques, contributing to plaque formation. This may also be a factor that causes the tightly controlled angiogenic factors to become imbalanced to stimulate the production of blood vessels without the creation of lymphatics [57].


2.3.3 SMC PHENOTYPE CONVERSION
Changes in cellular environment and communication pathways from endothelial cells and fibroblasts during inflammation induces phenotypic conversion of smooth muscle cells from their normal contractile state to a synthetic phenotype; this synthetic phenotype is critical to atherogenesis [19]. 
Reactive oxygen species (ROS) mediate the physiological activity of smooth muscle cells. ROS can transfer from endothelial cells to smooth muscle cells via connexins, primarily cx43 and cx37. Connexins are involved in the formation of gap junctions; each gap junction consists of two hemi-channels, where the hemi-channel on the plasma membrane of one cells attaches to a hemi-channel on a nearby cell to allow the transfer of ions and small signalling molecules (figure 2.8) [58]. cx43 and cx37 are reciprocally expressed during times of low and high shear, respectively [18]. Although ROS production increases during endothelial injury, nitric oxide (NO) reacts with superoxide (O2.) to form peroxynitrite (ONOO-), a reactive nitrogen species that promotes LDL oxidation [59]. 
After endothelial injury, contractile proteins such as α-smooth muscle actin (α-SMA) and SM-myosin are down regulated and protein synthesis is up-regulated promoting the synthetic phenotype. This is typically characterised by an increase in rough endoplasmic reticulum, Golgi and ribosomes that facilitate extracellular matrix production and secretion [60]. Moreover, platelet-derived growth factor (PDGF) is up-regulated in endothelial cells, promoting smooth muscle cell proliferation. These synthetic smooth muscle cells have a rhomboid morphology and typically have a higher proliferative and migration rate, resulting in smooth muscle cells being found within the tunica intima to produce the excessive healing response [19].
[image: ]Zhang et al (1999) demonstrated that the synthetic phenotype of the smooth muscle cell can induce tissue factor expression in endothelial cells via a pathway independent of IL-1 and TNF-α [61]. This is significant, owing to the increased likelihood of thrombus formation on a plaque surface, leading to the onset of an acute coronary event.Figure 2.8 – Shear stress controls SMC phenotype. Shear stress induces eNOS to synthesise NO; however, during endothelial injury this is scavenged by the superoxide radical reducing its protective effects. Moreover, miR-143 and miR-145 are up-regulated, controlling SMC phenotype. Unlike NO, these miRNAs must be transferred between cells by vesicle-mediated transport as they are too bulky to pass through the gap junctions. Adapted from [300, 301].


Immunostaining of the smooth muscle cells can be performed, by using markers to determine the phenotype of the cell. MYH11, which encodes the smooth muscle myosin heavy chain and vimentin, a major intermediate filament protein, can be used to identify the contractile and synthetic phenotypes, respectively [60].

2.3.4 FIBROBLAST PHENOTYPE CONVERSION
Adventitial fibroblasts are often the first cells to be activated in response to hormonal, inflammatory and mechanical stresses [62]. In response to vascular injury, fibroblasts can undergo marked changes in phenotype and convert into smooth muscle-like cells called myofibroblasts. They do this by upregulating α-SMA expression, in addition to proliferative and migration abilities, enabling the cells to contribute to neointima formation [63, 64].
It has been hypothesised that a ‘cell array’ may exist from fibroblast to myofibroblast to immature smooth muscle cell, as displayed in figure 2.9. However, fibroblasts are deficient of specific markers, and so whether smooth muscle cells and fibroblasts have a distinct or common progenitor cell has still not been determined [64, 65]. 
Li et al (2000) confirmed that adventitial fibroblasts translocate to the neointima after endoluminal injury; the group transduced the fibroblast cells with a retrovirus expressing B-galactosidase in the RCA of rats immediately after balloon injury and detecting its expression at various time points post-injury [66]. Other studies have also demonstrated that these fibroblasts contribute to smooth muscle cell phenotype conversion as well as their proliferation, migration and apoptotic properties, which are involved in vascular remodelling [67]. Myofibroblast differentiation can be inhibited by TGF-β, preventing vessel constriction and leading to collagen deposition in the tunica adventitia rather than the intima [68]. 
[image: ]On the other hand, alternative evidence also suggests that endothelial-to-mesenchymal transition (EndMT) may also contribute to myofibroblast production and subsequent neointima formation. Chen et al (2015) demonstrated that EndMT increased overall plaque burden by 84%, along with providing a strong correlation between loss of fibroblast growth factor receptor 1, activation of endothelial TGF-β signalling and extent of EndMT [69].Figure 2.9 – The fibroblast to smooth muscle cell continuum hypothesis and its contribution to neointimal formation. Blue arrows represent differentiation whilst green arrows depict migration properties. Adapted from [64].


2.3.5 NEOVASCULARISATION IN ATHEROSCLEROSIS
Neovascularisation comprises of 3 processes: angiogenesis, vasculogenesis and arteriogenesis, describing the growth of new capillaries (from pre-existing vessels and from a primitive vascular network) and increasing the diameter of existing vessels, respectively. 
The extent of adventitial neovascularisation has been correlated with intima-media thickness, which also increases with advancing disease [70]. Heistad & Marcus demonstrated that whilst the tunica media is mostly avascular, the vasa vasorum infiltrating the tunica adventitia provide the nutrition required and if these vessels become occluded, medial necrosis occurs [71]. Consequently, the growth of the atherosclerotic plaque results in a hypoxic centre triggering inflammatory cell infiltration and promoting local neovascularisation. Moulton et al (2003) provides evidence of this, demonstrating that angiostatin reduces plaque angiogenesis and subsequently diminishes the recruitment of macrophages [72]. 
With the inflammatory response being key to inducing neovascularisation and promoting atherosclerotic disease, if it can be determined that endothelial cells are responsible for the activation of fibroblasts within the tunica adventitia, this would provide evidence to support my hypothesis (see section 1.3).
Along with blood capillaries, lymphatic vessels are found within the adventitial layer of large vessels where they may have an important role in removing lipids and inflammatory cells. Vascular endothelial growth factor C (VEGF-C) binds to vascular endothelial growth factor receptor 3 and is known to be over-expressed within advanced atherosclerotic plaques, leading to increased lymphangiogenesis, destabilisation of the plaque and eventual plaque rupture [73, 74]. Although VEGF-C promotes lymphangiogenesis, there appears to be a discrepancy between the formation of new lymphatic vessels and the formation of new blood capillaries during plaque growth, with the lymphatics being produced at a much slower rate. This imbalance of both angiogenesis and lymphangiogenesis could promote the chronic inflammatory state found during atherogenesis [75].

2.4 THE ROLE OF INFLAMMATION IN ATHEROSCLEROSIS
Chronic inflammation is induced and perturbed by apolipoprotein B-containing lipoprotein accumulation and arises at sites of pre-existing intimal hyperplasia. Foam cells and fatty streaks can begin to develop which leads to the progression of atherosclerotic lesions [46]. An increased expression of α4β7 integrin, which mediates lymphocyte homing, mucosal vascular addressin cell adhesion molecule and vascular cell adhesion molecule (VCAM-1) have been demonstrated in atherosclerotic plaques [76, 77]. Likewise, the cytokine IL-1 also appears to play a pivotal role; LDL appears to induce the expression of IL-1β in mononuclear cells in a dose-dependent manner, to which it is then cleaved by caspase-1 and secreted to cause endothelial cell dysfunction [78].  Interestingly, it has been demonstrated that the static co-culture of endothelial cells with smooth muscle cells enhances the sensitivity of the endothelial cell to TNF-α, up-regulating the production of inflammatory molecules [79, 80]. However, the production of these molecules is significantly reduced when the endothelial cells are exposed to flow [81, 80].  The expression of toll-like receptor 4 is up-regulated in a variety of cell types implicated in the pathogenesis of atherosclerosis. Oxidised LDL (oxLDL) but not native LDL has been demonstrated to increase this expression, specifically in macrophages [82, 77]. 
Macrophage apoptosis suppresses plaque progression in early stage lesions. However, in advanced lesions, macrophage apoptosis encourages the development of a necrotic core [83]. Oxidative stress, high concentrations of inflammatory cytokines such as TNF-α, oxLDL or activation of the fatty acid synthase – death receptor pathway are examples of pro-apoptotic processes that contribute to macrophage cell death. Likewise, endoplasmic reticulum stress via activation of an unfolded protein response is strongly correlated with apoptosis and plaque necrosis in advanced lesions of vulnerable human coronary artery plaques. 
An alternative name for the necrotic core is the “lipid core”, owing to the dying lipid-filled macrophages, mostly with cholesterol, which become integrated as extracellular lipid into the areas of plaque necrosis. This necrotic debris is a source of pro-inflammatory stimuli and proteases and can therefore not only cause damage to nearby cells, but also elicit an inflammatory response [83].

2.4.1 INNATE IMMUNITY
The innate or humoral immune system is the first line of defence, which acts on the detection of pathogen-associated molecular patterns that elicit a toxic and inflammatory response as well as a parallel danger-associated molecular pattern pathway. A single signal transduction pathway involving the nuclear-factor kappa B (NF-κB) transcription factor is primarily responsible for the up-regulation of many gene products, such as those that control cell proliferation and cell survival, as well as those key to the inflammatory response [84]. 

NF-κB
NF-κB belongs to a group of proteins known as ‘rapid-acting’ primary transcription factors and is responsible for the up-regulation of several major pro-inflammatory and pro-thrombotic mediators such as TNF-α and various interleukins such as IL-1, interleukin-6 (IL-6), and interleukin-8 (IL-8) [85]; table 2.1 exhibits a selection of the target genes up-regulated within the cell types involved in the vascular wall. Although interactions between specific cell types cannot be accurately concluded, it can be inferred that when any cell type is stimulated to release IL-1β, TNF-α or interleukin-15, all cells within the vessel will respond to that signal. Ultimately, this suggests that an amplified inflammatory response will occur in a multi-cellular response compared to monoculture.
In most unstimulated cells, NF-κB is restricted to the cytosol by an inhibitory protein, IκB. Both IL-1 and TNF-α activate molecular pathways that result in the phosphorylation and subsequent ubiquitination and degradation of IκB proteins to release NF-κB. Only then can translocation into the nucleus occur, where it can control the transcription of its downstream target genes, as demonstrated in figure 2.10. However, in certain cell types such as macrophages and SMCs, NF-κB can be identified as constitutively active [86].  Although NF-κB affects a range of processes including the cell cycle, a significant finding is that the transcription factor binds to the promoter of the oxidised low-density lipoprotein receptor 1 (LOX-1) gene, ultimately increasing the uptake of oxLDL, promoting atherogenesis [87].

Reactive Oxygen Species


Although low concentrations of ROS are produced by all cell types, any imbalance in either the production of ROS or defence mechanisms such as antioxidant manufacture can lead to pathogenesis of disease, including 
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	Target Gene
	Description
	Up-regulated in Atherosclerosis?
	Complementary Receptor?
	References

	
	
	
	EC
	SMC
	Fib
	EC
	SMC
	Fib
	

	Cell Membrane Protein
	ICAM1
	Intercellular adhesion molecule 1, a cell surface glycoprotein. Binds to integrins of type CD11a/CD18 or CD11b/CD18.
	
	
	
	
	
	
	[88, 89, 90, 21]

	
	SELE
	E-selectin is an adhesion molecule that binds to sialylated carbohydrates present on the surface of certain leukocytes.
	
	
	
	
	
	
	[91]

	
	SELP
	P-selectin, an adhesion molecule stored in Weibel-Palade bodies in unactivated ECs.
	
	
	
	
	
	
	[92]

	
	VCAM1
	Cell surface sialoglycoprotein expressed on both small and large blood vessels to mediate adhesion of certain leukocytes. Mediates leukocyte-endothelial signal transduction.
	
	
	
	
	
	
	[88, 93, 94]

	Cytokine/
Chemokine
	IL1B
	IL-1β is synthesised as a precursor protein. Only after stimulation will caspase-1 cleave the protein into its active state.
	
	
	
	
	
	
	[95, 14]

	
	IL1RN
	IL-1ra is an antagonist to the IL-1 receptor.
	
	
	
	
	
	
	[96]

	
	IL6
	An interleukin that can act as both an anti- and pro- inflammatory signalling molecule.
	
	
	
	
	
	
	[97, 98, 99]

	
	IL8
	A protein that causes chemotaxis to neutrophils (but also other granulocytes) in target cells.
	
	
	
	
	
	
	[98, 100]

	
	IL15
	A cytokine constitutively expressed by many cell types. It induces proliferation of NK cells and down-regulates CX3CR1 (CX3CL1 receptor)
	
	
	
	
	
	
	[101, 102]

	
	TNF
	TNF-α, a member of the TNF superfamily. It is expressed in most tissues and involved in systemic inflammation.
	
	
	
	
	
	
	[103, 98, 13, 104]

	
	VEGFC
	Vascular endothelial growth factor C, a member of the platelet-derived growth factor/vascular endothelial growth factor family. Stimulates neovascularisation.
	
	
	
	
	
	
	[105]


Table 2.1 - Genes targeted by NF-κB in large vessel cell types. The expression of most pro-inflammatory cytokine / chemokines are increased in atherosclerosis compared to basal levels in all vessel cell types. Meanwhile, there appears to be a decreasing number of cytokine receptors from the intima to adventitial layers. Green = positive, Red = negative, Amber = unknown.


atherosclerosis [106]. Chiu et al (2005) demonstrated that shear stress causes an increase in ROS in endothelial cells activating a cascade of downstream signalling, up-regulating the expression of inflammatory proteins such as intercellular adhesion molecule 1 (ICAM-1) via NF-κB gene expression [80]. 
Moreover, ROS react with polyunsaturated fatty acids in membranes and lipoprotein particles. This suggests that the formation of oxLDL is likely to occur when LDL is taken up into cells with excess ROS.  Lysophosphatidic acid is derived from the enzymatic cleavage of lysophospholipids or phosphatidic acid by phospholipases such as autotaxin; this has been proven to cause phenotype switching in smooth muscle cells as well as increasing cytokine production in both smooth muscle cells [107] and endothelial cells [108].

TNF-α
Ridker et al (2000) has previously shown that plasma TNF-α is elevated in subjects with vascular complications [109]. TNF-α can be synthesised by most cell types and can bind to either cell surface receptor TNFR1 or TNFR2; TNFR1 is expressed in most tissues whilst TNFR2 is expressed predominantly on immune cells and ECs [110]. Upon activation of TNFR1, at least 3 distinct molecular pathways can be initiated [111]: 
i) Activation of NF-κB: TNFR1-associated death domain protein (TRADD), an adaptor protein that binds to the death domain of the cell receptor, recruits TNF-receptor-associated factor 2 and receptor-interacting protein 1 which subsequently recruit and phosphorylate IκB kinase (IKK) to activate it. IKK can then phosphorylate IκBα, releasing NF-κB. 

ii) Activation of MAPK cascades: there are 3 classical pathways but TNF-α predominantly activates the JNK/AP-1 and secondly the p38-MAPK pathways. These pathways are activated in response to stress and are involved in cell differentiation, proliferation and are generally pro-apoptotic.

iii) Induction of apoptosis: although its death-inducing capability is weak compared to Fas/FasL, TRADD binds to the Fas-associated death domain which recruits an auto-proteolytic activating cysteine protease, caspase-8, leading to activation of downstream caspases involved directly in rapid cell death.
[image: ]
Figure 2.10 – NF-κB is regulated by both TNF-α and IL-1 during the innate immune response but via different mechanisms. When NF-κB can freely translocate into the nucleus, it can bind to the promoter region of its target genes, increasing their relative transcription rates. The transcription factor binds to many genes including cytokines involved in inflammation, cell surface receptors, stress response genes, acute phase proteins, growth factors and regulators of apoptosis. Adapted from [228].


IL-6
IL-6 is involved in a wide array of biological activities including immune regulation, haematopoiesis, inflammation and oncogenesis. The cytokine is highly inducible in vascular tissues through the actions of the angiotensin II peptide and produces a multitude of responses in cell types of cardiovascular importance including endothelial cells, monocytes and platelets [112]. This cytokine is an important acute phase protein, which can act as either a pro-inflammatory cytokine or anti-inflammatory myokine, released primarily by macrophages and T-cells. IL-6 is one of the factors linking the innate and adaptive immune response, with one of its pro-inflammatory mechanisms to activate B-cell differentiation. Its anti-inflammatory properties come from its inhibitory effects on TNF-α and IL-1 [113, 67].

IL-8
IL-8 is produced by various cell types and can alter the functional properties of vascular cells by acting as a chemoattractant for neutrophils and monocytes. It also induces angiogenesis [114]. Endothelial cells, specifically those that form the lining of blood vessels and the heart, store the cytokine within vesicles named Weibel–Palade bodies. Other molecules are also stored within these bodies such as Von Willebrand factor and P-selectin and therefore Weibel-Palade bodies play a dual role in inflammation and haemostasis [115].  

IL-10
Also known as human cytokine synthesis inhibitory factor, this is an anti-inflammatory cytokine produced primarily by macrophages and Th2 lymphocytes. Huet et al (2013) demonstrated that IL-10 has anti-inflammatory properties on endothelial cells by reducing the pro-inflammatory effects that TNF-α induce, including ROS production and up-regulation of ICAM-1 expression [116]. IL-10 has also been shown to alter macrophage lipid metabolism, thus could underpin the formation of foam cells which is a key process in atherogenesis [117]. However, the underlying mechanism has yet to be determined. 

VEGF
VEGF has been demonstrated to be up-regulated in neonatal cardiomyocytes [118] and various animal vascular smooth muscle cells in response to mechanical stretch [119, 120, 121]. It is an essential growth factor for endothelial cells and promotes neovascularisation. VEGF-mediated inflammation has been shown to increase vascular permeability, possibly allowing increasing uptake and retention of lipoproteins such as oxLDL [122].

Fibroblast Growth Factors (FGFs) / Platelet Derived Growth Factors (PDGFs)
FGFs are complex molecules involved in the regulation of many developmental processes such as patterning, morphogenesis, differentiation, migration and cell proliferation [123]. Known to be more potent stimulators of angiogenesis than VEGF [124], FGF1/2 are produced by various cells in human atherosclerotic plaques increasing angiogenesis and production of vasa vasorum via cellular proliferation and migration [125].  It has been demonstrated that the migration of SMCs follows the gradient of the PDGF when exposed to FGF-2. Produced by endothelial cells, smooth muscle cells and platelets during endothelial injury, PDGF is an additional growth factor involved in blood vessel formation; it is similarly a potent mitogen for mesenchymal cells [126].
The up-regulation of cytokines during the inflammatory response in wound healing within the dermis is very well described, unlike during atherosclerosis, however, there appear to be many similarities. Keratinocyte growth factor, also known as FGF7, is produced by mesenchymal cells such as fibroblasts within the dermis exclusively targeting the epithelial keratinocyte growth factor receptor. This enhances keratinocyte proliferation and migration [127]. Likewise, the concentration of PDGF is enhanced stimulating chemotaxis, matrix production and proliferation of cells to induce remodelling of the wound. During the wound repair response, fibroblasts differentiate into a specialised cell called the myofibroblast, enabling wound contraction; however, these cells disappear from the wound site within the dermis [128]. This is in contrast to atherosclerotic lesions and may be of significance. 

2.4.2 ADAPTIVE IMMUNITY
The adaptive or cellular immune system is activated in response to changes in cell-surface receptor concentration and chemokine release within the initial atherosclerotic plaque formation. It is composed of highly specialised cells called T- and B-lymphocytes; along with monocytes, T-cells bind to VCAM-1 and ICAM-1 expressing cells, to which oxLDL up-regulates. Macrophages accumulate the lipids to produce foam cells. However, the T-cells become activated to oxLDL to secrete a range of cytokines including interferon gamma (IFN-γ), which further amplifies the inflammatory response (figure 2.11) [129]. 
Recent studies indicate that the T-cell driven B2-cell response is atherogenic whilst the innate B1-cell response appears to produce an atheroprotective response. This is owing to the differences in structure of the immunoglobulins (Ig) produced by these cell types (figure 2.12); B1 cells synthesise a naturally occurring antibody, IgM, whilst the B2 subtype manufacture IgG. IgG can bind to the oxLDL and promote its uptake into macrophages via Fc receptors, essentially enhancing the production of foam cells [84, 130].
Immunisation of mouse models with malondialdehyde-modified LDL emulsified with Freund's adjuvant (a chemical modification representative of oxLDL with inactivated mycobacterium to elicit the production of specific immunoglobulins) has been shown to reduce atherosclerosis via the activation of B1 cells [131].

[image: ]Figure 2.12 – Differences in immunoglobulins IgM (left) and IgG (right). IgG is a monomer whilst IgM is a pentamer; they make up 5-10% and 70-80 % of total serum immunoglobulins, respectively. Adapted from [302]
Figure 2.11 – The initial stages of inflammation in atherosclerosis. 1) Monocytes and immature CD4+ T-cells migrate into the intima via the up-regulation of cell surface proteins such as VCAM-1. 2) CD4+ T-cell receptor and CD28 interacts with MHC Class II receptor with oxLDL epitope and co-receptor B7 on an antigen-presenting cell, respectively. This allows the T-cell to release IL-2 and stimulate itself in an autocrine manner, maturing the cell and permitting subsequent release of IFN-γ. 3) IFN-γ released causes an increased inflammatory response from the macrophages by resulting in further release of IL-1 and TNF-α. The mature CD4+ T-cell likely migrates to the lymphoid tissue where it can activate a repertoire of other inflammatory cells. 4) Macrophages naturally express the LOX-1 receptor, enabling the uptake of oxLDL and convert into foamy macrophages. These cells begin to build up and indicate atherosclerosis will ensue.

2.4.3 THE CONTRIBUTION OF LDL TO THE EXPRESSION OF ADHESION MOLECULES
A combination of transmural pressure and leaky junctions caused by endothelial cell apoptosis and division enable the transport of LDL molecules into the tunica intima [132]. Sub-endothelial retention of LDL and oxLDL correspond to the initial event in atherogenesis.
Cell surface adhesion proteins (E/P-selectin, ICAM-1, and VCAM-1) become up-regulated under pro-atherogenic conditions via the binding of oxLDL to the scavenger receptor LOX-1, the major oxLDL receptor found in endothelial cells. Basal cellular expression of LOX-1 tends to be very low. Nevertheless, stimulation from elevated levels of IL-1, TNF-α, increased concentration of oxLDL or a low mean τ can also increase receptor expression [133].  
However, it should be noted that other cell types such as smooth muscle cells, fibroblasts and macrophages also express LOX-1 along with other scavenger receptors. Altered expression of contractile proteins (α-actin, calponin) and an increased expression of collagen, along with increased proliferation and production of vasa vasorum via the release of FGF-2 within smooth muscle cells, can at least be partly attributed to oxLDL and the LOX-1 receptor [134]. 
Retention of oxLDL is predominantly found within the deeper layers of the intima during thickening. Therefore, there are 2 possible routes for LDL/oxLDL infiltration: 
i) the leaky gap junctions in the endothelium or 
ii) the vasa vasorum that impregnates through the tunica adventitia. 

Owing to the location of the vasa vasorum, research into the role of the adventitial fibroblast is becoming increasingly popular. Fibroblast cell number and function appears to correlate with dysfunction, restenosis and atherosclerosis of the vasculature, owing to their capacity to increase collagen synthesis and production of inflammatory cytokines [135]. 
Despite it being known that fibroblasts express LOX-1, the extent to which the adventitial fibroblast is involved within the development of inflammatory vascular diseases such as atherosclerosis is not yet completely understood. Research on various fibroblast types, primarily the dermal fibroblast, has provided insight on varying immunomodulatory functions dependent on HOX genes. It has been suggested that an aberrant ‘stromal address code’ can lead to chronic inflammation via retention of T-cells [136].

2.4.4 THE SIGNIFICANCE OF ICAM-1 EXPRESSION
ICAM-1, also known as CD54, is a cell-surface glycoprotein typically expressed on endothelium and cells of the immune system, though other cells including stromal cells have been demonstrated to express the protein [137]. 
ICAM-1 has a core protein of 55 kDa; however, where ICAM-1 has been extracted from tissues the molecular mass appeared in the range of 76-114 kDa, suggesting post-translational modification [138, 139]. It is the complementary receptor to integrins CD11 and CD18 and mediates leukocyte adhesion. During inflammation the expression of ICAM-1 is up-regulated, enhancing leukocyte trans-endothelial migration via binding to lymphocyte function-associated antigen-1 [140]. This is noteworthy owing to the development of foamy macrophages within the neointima, leading to plaque formation.  Moreover, the Prospective Epidemiological Study of Myocardial Infarction study confirmed that the circulating form of the ICAM-1 protein (sICAM-1) correlates to the risk of myocardial infarction and angina pectoris [141]. Therefore, it has been suggested that ICAM-1 is a suitable marker to predict atherosclerotic disease progression and subsequent risk of acute coronary events.

2.5 TREATMENTS FOR CVD
Many people are unaware they have developed atherosclerotic disease. For many individuals, acute coronary syndrome or stroke occurs prior to the diagnosis of advanced disease. It may not be a surprise that available treatments are primarily aimed at therapeutic intervention e.g. increasing vascular lumen diameter opposed to taking preventative measures.  Primarily, patients are advised to optimise their lifestyle to reduce CVD progression. This entails quitting smoking, losing weight if necessary and monitoring their diet and exercise regimes. Nevertheless, in many cases this is not enough to control blood cholesterol levels. In such cases, patients may be advised to take oral medications to reduce blood cholesterol levels, along with decreasing blood pressure and glucose levels, where required. In more severe cases, surgical procedures may be recommended [142].

Statins
Though various medications are available, the principal and most effective treatment used is a group of compounds named statins. These lower the blood LDL via inhibition of the enzyme HMG-CoA reductase, the rate-limiting step in the production of LDL cholesterol [143]. The compounds have been shown to have both anti-inflammatory and anti-coagulant properties, effectively reducing plaque progression and possibly contributing to plaque regression [144].

Angioplasty +/- Stent
Percutaneous transluminal balloon angioplasty can be performed with or without stent deployment and has become increasingly more practiced. During this procedure, the narrow or blocked area is expanded to allow sufficient blood supply to downstream tissues (figure 2.13). However, balloon expansion often causes damage to the vessel wall, leading to scarring and restenosis. Nevertheless, a stent can also be inserted to maintain this increased lumen diameter and prevent re-closure of the vessel.  
A variety of stent designs are available. Firstly, decisions must be made as to whether a bare metal stent (BMS) and drug-eluting stent (DES) will be opted for. BMS are made from a variety of alloys, whilst DES vary depending on drug content and polymer used for drug elution (table 2.2). Although DES are more expensive and delay the healing response of a vessel, they are largely favourable over BMS as they reduce restenosis rate  and thus reduce the need for repeat procedures. On the other hand, this means anti-platelet therapy is necessary for a prolonged period (≥12 months) compared to the 30 days for a BMS to prevent late-stent thrombosis. Therefore, if the patient has a high risk of bleeding or is unable to tolerate or comply with the use of anti-platelet medication, the use of a BMS is preferential [145].Figure 2.13 - The insertion procedure for a stent involves a catheter, guide wire and a balloon, which is attached to the stent. Once the balloon is deployed, the stent remains in place against the vessel wall, preventing the plaque from protruding in to the vessel lumen. Adapted from [303].

There are two main methods of stent insertion: 
i) balloon-expanded stent delivery 
ii) self-expanding stent delivery. 

In the balloon-expanded method, the stent is slipped over a balloon catheter, which is expanded when in the appropriate position. The advantage of this method is that the stent is expanded to the exact diameter. Meanwhile, in the self-expanding method, a sheath enclosing the stent is removed when the stent is in position and the stent expands to a pre-set diameter. This means that correct sizing is essential. If the diameter of the stent is too large, endothelial injury will occur and the vessel will be under a high degree of stress, or if too small then stent thrombosis is probable [146]. The salient properties of stents are reviews in table 2.2. 

Table 2.2 - Features of a stent that can affect restenosis rate.

	Stent Feature
	Description

	Strut Thickness
	Rate of restenosis increases as thickness increases. The ISAR-STEREO trial demonstrated a statistically significant 5% decrease in clinical restenosis in the thin-strut group (95% CI, 0.39 to 0.99; p=0.03) [147].

	
Material
	BMS – Stainless steel (nickel containing alloy 316L) and nitinol (an alloy of nickel and titanium) are commonly used. However, Ni2+ ions have demonstrated biotoxic, immunologic and carcinogenic effects [148, 149].

Biodegradable – Disappear within months to years without significant movement from deployment site. Materials used include poly-L-lactic acid, polyglycolic acids and poly-anhydrides [150].

Drug-eluting stents – Many polymeric materials are used including poly(ethylene-co-vinyl acetate), polyurethanes and poly(styrene-isobutylene-styrene) to control the release of drugs such as sirolimus or paclitaxel [151].

	
Geometry
	In one systematic study, reducing strut-strut intersections reduced vascular injury, thrombosis and neointimal hyperplasia by 42%, 69% and 38%, respectively [152].

There appears to be no relationship between number of struts and restenosis, unless the stent is over-deployed. In this case, more struts are advantageous to more evenly distribute the forces [153].



Coronary Artery Bypass Graft (CABG)
Revascularisation via artery bypass grafting may be used to redirect collateral flow around the blockage and improve perfusion in cases that are unresponsive to medical therapy, or where disease is too extensive for alternative therapies.  
In a meta-analysis with 24,268 patients with multi-vessel coronary artery disease, it was determined that although the incidence rates of mortality and MI were similar for both the coronary artery bypass graft procedure (CABG) and DES, revascularisation had to be performed 4 times more often after DES implantation [154]. Furthermore, it has become evident that major adverse clinical events, such as MI, stroke or death, was greater in percutaneous coronary intervention with DES than with CABG.
Research indicates that the vessel chosen to obtain the graft for surgery must be selected carefully. Previously, the saphenous vein graft (SVG) had been used for an extensive period. However, Loop et al (1986) demonstrated that the internal mammary artery (IMA) improved survival and reduced ensuing complications [155]. The IMA has an increased long term patency rate at 90-95% for 10-15 years compared to approximately 50% failure after 5-10 years for the SVG, with atheroma likely in the remaining viable grafts. A similar long term patency can be observed for the internal thoracic arterty (ITA) and the radial artery (RA), which are also becoming more frequently used. This is owing to a considerably enhanced rate of NO production in the IMA versus the SVG [156].

2.6 IN VITRO MODELS
With current treatments for CVD primarily targeting the surgical removal of stenosis in advanced disease, improvements in treatment options in the future are likely to be produced via preventing plaque formation. To develop such therapies, the signalling cascades involved between the different vascular and immune cell types need to be studied in more detail to uncover any novel targets.  
Cellular or in vitro studies primarily investigate genetic and biochemical changes within disease. They provide a controlled and simplified environment, allowing isolated factors to be studied in detail. There are varieties of cellular technique that can be used to study atherosclerosis specifically; typical in vitro models use cultured endothelial cells exposed to various flow conditions, using devices such as cone-and-plate and parallel-plate chambers [157]. These allow the effect of the mechanical force and cellular interactions to be studied and experiments can be performed using either cell monolayers or co-cultures, which may or may not involve a membrane to separate the two or more cell types [158]. Intercellular communication, cell migration dynamics, stimulation and maintenance of cell function and differentiation can all be monitored using co-culture techniques [159]. The production and benefits of various approaches are discussed.
HUVEC are commonly used as a model for atherosclerosis as they are easy to obtain and have a high proliferative rate [160]. Although certain data, such as cobblestone morphology, doubling time and levels of expression of CD31 and VEGFR2 are reported as not too dissimilar between HUVECs and human coronary artery endothelial cells (HCAECs), evidence suggests HCAECs have a significantly increased response to cytokine stimulation than HUVECs [161].  This is because both genetic and environmental cues influence cell phenotype, which this ultimately influences experimental outcomes. For example, endothelial cells in veins demonstrate a higher vesiculo-vacuolar organelle density when compared to arterial endothelial cells [162]. Moreover, venous smooth muscle cells display a dedifferentiated state in comparison to arterial smooth muscle cells with increased cell proliferation, migration and synthetic capacity [163].
Genetic pre-patterning largely regulates arteriovenous differentiation prior to the introduction of blood flow (figure 2.14). Genes within the Notch signalling pathway are activated when VEGF concentration is high, leading to a pro-inflammatory response and promoting endothelial senescence. However, in venous cell development chicken ovalbumin upstream transcription II (COUP-TFII) suppresses Notch, along with the up-regulation of venous-specific genes including the Sox factors (Sox 7/18) [164].  Nonetheless, early stage endothelial cells are not committed to a specific cell fate at this stage and remain plastic for a short time during development [165, 166, 167, 168]. This change in cell fate is partially dependent upon the haemodynamics experienced within the formed vessels [168].  Liu et al (2012) also demonstrated that Notch expression is higher at plaque formation sites, where a pro-inflammatory state is known to be established, and thus may be related to coronary artery disease burden [164]. 
[image: ]Figure 2.14 – Endothelial cell fate is determined by a variety of genetic factors, primarily the Notch signalling pathway (Hey1/2, Ephrin B2). This pathway is inhibited by COUP-TFII to produce the venous cell phenotype [164]. 

This indicates that the haemodynamic response cannot be investigated optimally  when studying co-cultures in 2D. Therefore, whilst monocultures can easily incorporate flow into their study designs, co-culture studies often only deal with static flow. If flow was to be included, all cell types would be exposed to the same shear forces, increasing the complication of analysis owing to differing levels of cytokine production to those expected in vivo.  
The transformation of vascular cell 2D co-cultures into simple 3D co-cultures is illustrated in figure 2.15. There are various methods in which a simple 3D structure can be constructed; table 2.3 summarises the advantages and disadvantages of using each technique. Although none of these structures provides the complete 3D physiological structure e.g. the lumen of a vessel, they do offer some spatial organisation closer to that found in vivo. With further research, the feasibility of producing a complete physiological construct in vitro via cellular co-culture methods may become a reality.
Co-culture research enables the interactions between two or more specific cell types to be studied in detail, without influences from external sources affecting outputs. Much of the previous co-culture research for atherosclerosis has involved primarily use of both endothelial cells and smooth muscle cells; the key findings from these studies involving predominantly human cells have been summarised in table 2.4.  
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Figure 2.15 - Schematic of various co-culture arrangements. (A) Cultures of endothelial cells and smooth muscle cells are on opposite sides of a porous membrane, facilitating separation but allowing cellular communication. (B) Endothelial cells on surface of gel to which the smooth muscle cells are embedded. The gel may be collagen, fibrin or synthetic. (C) Endothelial cells cultured directly on top of smooth muscle cells to simulate the geometry within the vessel. (D) Mixed culture of both endothelial and smooth muscle cells [158].












	Co-culture
	Advantages
	Disadvantages

	A
	· Cells grow at different rates – prevent overgrowth
	· Membrane stiffer than in vivo

	B/C
	· Reduction in diffusion distance
	· No basement membrane (IEL)

	D
	· ECs form stable capillaries

· Suitable for high-throughput applications
	· No vessel architecture


Table 2.3 - Comparison of 2D Co-culture arrangements from figure 2.17 [158].

Table 2.4 – In vitro co-culture methods to study atherosclerosis using human cells.


	Cell Types
	Flow profile
	Focus
	Key Findings
	Reference

	HUVEC, HSMEC, HASMC, HUASMC, HUVSMC
	Static
	SMC factors on EC tissue factor expression
	Conditioned media from SMC demonstrating synthetic phenotype induced altered TF activity from established inducers of TF activity in EC.
	[61]

	HUVEC, HUSMC, PBL
	Dynamic 
	Patterns of leukocyte recruitment
	Adhesion of lymphocytes was negligible both with EC and EC-SMC co-cultures. TNF-α treated co-cultures demonstrated greater leukocyte recruitment than EC monocultures.
	[79]

	HCAEC, HCMSMC. Monocytes, CD4+ lymphocytes
	Static
	Leukocyte adhesion, chemotaxis and SMC proliferative response
	TNF-α up-regulation of ICAM-1 on EC/SMC co-cultures studied. Adherence and chemotaxis by monocytes and lymphocytes reduced significantly with 5 mmol/L aspirin. Proliferative response of SMC after lymphocyte attack was also reduced significantly.
	[169]

	HUVEC, HUSMC
	Dynamic
and Static
	Effect of shear stress on EC and SMC interactions
	In co-culture where only EC exposed to flow, SMC oriented perpendicularly to flow at higher shear rates and EC oriented themselves in the direction of flow. Without shear, EC gene expression of MCP-1 and oncogene-a brought about by co-culture with SMC was abated in the presence of shear stress.
	[170]

	HUVEC, HUASMC
	Dynamic  and Static
	Inflammation related gene expression in EC due to co-culture with SMC
	EC produce pro-inflammatory genes when cultured with SMC. This gene expression is inhibited when EC exposed to shear stress through inhibition of NF-κB activation brought about by SMC. Consequently, THP-1 adhesion was also curtailed.
	[80]

	HUVEC, HUASMC
	Dynamic 
	Platelet adhesion to EC within EC-SMC co-culture
	Use of TNF-α and TGF-β with EC with a EC-SMC coculture results in maximal levels of platelet adhesion due to the stimulation of vWF production in EC at low wall shear stress rates of 400 s-1.
	[171]

	HUASMC, HUVEC, MonoMac-6
	Static
	In vitro model of muscular artery to study early atherosclerotic events
	In vitro model with multilayered SMC intima and endothelium with ECM was made. Addition of monocytes and LDL resulted in lipid insudation, monocyte transmigration and foam cell formation. IL-8 production was also demonstrated.
	[172]

	HAEC, HASMC
	Dynamic
and Static
	Quiescent SMC influence on TNF-α activated endothelial inflammatory response.
	EC cultured directly with SMC express fewer surface adhesion proteins after exposure to flow and TNF-a activation than EC cultured alone, or indirectly with SMC.
	[81]

	HUVEC, HAVSMC, THP-1
	Static
	Influence of AGES on vascular cells
	SMC proliferation induced by glycol AGES. Significant increase in cytokine expression levels within co-culture.
	[173]

	HAEC or hCB-EC/
HASMC
	Dynamic and Static
	Quantification the elastic modulus of hCB-ECs co-cultured with SMCs 
	The modulus of hCB-ECs was ~25% lower than HAECs under monoculture and static conditions, as well as co-culture and static or flow conditions (p<0.05)
The modulus of hCB-ECs was ~10% lower than HAECs under monoculture and flow conditions (p<0.05)
	[174]

	HUVEC/
HUASMC
	Static
	Novel co-culture model possesses better EC coverage, factor release and anti-shedding functions
	NO, PGI2, TM and TFPI release and/or expression is significant in EC co-culture (versus monoculture), inhibiting E-selectin expression and cell retention
	[175]

	HUVEC/
HUASMC
	Static
	Effect of EC on SMC spreading
	The increase in cell adherence and spreading in EC/SMC was 148 ± 12.8 % and 292 ± 71.5 % in co-culture compared to their respective control groups
	[98]



All studies demonstrate that the communication between the endothelial cell and smooth muscle cell is vital to controlling gene expression upon stimulus with a pro-inflammatory molecule such as TNF-α. Differences in results are generally statistically significant in co-culture when compared to those of cells cultured alone. An important observation from this table is that although approximately half include the induction of shear stress on endothelial cell via flow, these are all laminar flow studies, which induce a constant shear stress. It is imperative that more effort is placed into being able to stimulate the cells with a more accurate representation of the flow conditions found in vivo.
Imegwu & Nackman (2001) also demonstrated that bovine cells provide contrasting results to human cells, with respect to growth rates, which are essential to produce representative in vitro models for intimal hyperplasia and subsequent atherosclerosis development [176]. Nevertheless, there are other cell types involved in the pathogenesis of the disease, which have not yet had much attention. As previously described, adventitial fibroblasts have been indicated to contribute to neointimal formation; a principal function is to produce cytokines in response to injury, which are rarely considered in co-culture studies for atherosclerosis. 
Therefore, it is necessary to investigate the impact of these components in more detail, potentially via the production of three-cell co-culture systems rather than the typical two-cell models. For a three-cell co-culture model, it would be necessary to ensure a system for easy identification of each cell type, and maintenance of cellular layers when transforming the model from 2D to 3D, owing to variations in cell growing times. Thus, cell trackers or cellular markers (summarised in table 2.4) play a key role in the identification of each cell type and determination of whether there has been either any active cellular migration between layers or transformation / differentiation of cell types during experimental procedure. 
Cytokine production is essential to the initiation of the inflammatory response in atherosclerosis, and is not too dissimilar to that already 
proven in other tissues such as cardiac tissue [177] and skin [178]. Considering this, it may be a suggestion to determine what influence both the smooth muscle cells and fibroblasts have on the synthesis of the inflammatory cytokines within the diseased vasculature.

	Marker
	Function
	Advantages / Disadvantages
	References

	α-SMA
	Key constituent of the contractile system within smooth muscle cells
	Stains: 
· myofibroblasts 
· glomus cells
· myoepithelial cells
	[179]

	CD31/PECAM-1
	Cell adhesion molecule which is required for
leukocyte trans-endothelial migration under most inflammatory conditions.
	Vascular endothelial marker; more specific than CD34.
	[179]

	Vimentin
	A class-III intermediate filament involved with the stabilisation of type 1 collagen.
	Mesenchymal marker; stains:
· endothelial cells
· fibroblastic cells
· macrophages
· melanocytes
· smooth muscle cells
· lymphocytes
	[179]

	Myosin-11
	
Forms the heavy chain of a myosin protein complex found in smooth muscles
	Smooth muscle specific
	[180]

	VCAM-1
	A type I membrane protein that mediates leukocyte-endothelial cell adhesion and signal transduction
	Expressed on: 
· activated endothelial cells 
· smooth muscle cells
· fibroblasts
	[181]

	Connexin 37/40/43
	Endothelial gap junction proteins which expression levels change (increase in cx37/40, decrease in cx43) in response to shear stress
	Expressed in a variety of mammalian tissues
	[182]

	TE-7
	Thymic microenvironment stromal cell indicator.
	Specific for vascular fibroblasts
	[183]


Table 2.5 - Common experimental markers used for vascular cells either to identify or characterise under different environmental conditions.  

Table 2.4 - Common experimental markers used for vascular cells either to identify or characterise under different environmental conditions.  

2.7 SUMMARY
CVD is the leading cause of mortality worldwide and unless further action is taken to develop new therapeutic strategies the morbidity of the disease will continue to increase.  Research has uncovered that an underlying inflammatory response is responsible for instigating the pathogenesis of atherosclerosis and is key to the failure of current surgical treatments such as angioplasty and CABG. Nevertheless, the full cellular interactions have not yet been elucidated meaning drug therapy for prevention is still in its infancy. Therefore, if further work can be undertaken to delve into this area then new targets may be discovered enabling this lack of prevention to be overcome. 
The primary way this inflammatory response can be studied in detail is via the production of more elegant and informative in vitro models. Studying the progression of plaque formation in vivo is almost impossible owing to ethics and invasiveness. Although animal models such as the ApoE-/- mouse have been in use for some time, the genetic differences between humans and animal models mean that the translation of research to human studies does not always work effectively. 
With a full understanding of atherosclerosis still absent, recent research has developed our awareness of the complexity of its pathogenesis. Models allow us to design and test novel approaches with the objective of finding a better therapeutic solution to those currently available. To study atherosclerosis, models need to be produced at each biological level to which the disease plays a role. This means producing models at the molecular, cellular, tissue and organ level as well as the human body to determine how they interact. This would allow the changes in the physiology to be studied to alterations to any of the biological inputs [184] 
Moreover, with a growing understanding of the in vitro co-culture topic, it is necessary to determine whether the addition of fibroblasts into the current endothelial cell / smooth muscle cell co-culture model designs are indispensable. If significant deviations occur upon the fibroblasts’ inclusion, the approach to number of cell types included in in vitro model designs should be taken into consideration for future experimentation.  A lack of specific markers currently makes it difficult to study fibroblasts, myofibroblasts and immature smooth muscle cells. However, if a marker was uncovered, the potential for future research into the cell continuum theory and respective progenitors’ role in relation to disease is extensive.
As the capability of in vitro models progresses towards the study of co-cultures in 3D matrices, experimental conditions achieved will get ever closer to those provided in vivo. This will allow not only continuing research into the pathogenesis of diseases and the mechanism of action of pharmaceuticals, but also the development and improvement of design of implants and mechanical devices. For example, with the ability to produce a complete blood vessel in vitro, exactly how stents alter blood flow can be studied in finer detail; thus, their physical design and biocompatibility can be optimised to attempt to continue reducing restenosis rates.
















CHAPTER 3 
DETERMINING FIBROBLAST PRESENCE IN HUMAN ATHEROSCLEROTIC SPECIMENS BY IMMUNOHISTOCHEMISTRY AND HISTOLOGY
3.1 	INTRODUCTION
Prior to performing any analysis of the inflammatory response in in vitro cultured human endothelial cells, smooth muscle cells and fibroblast cells, histological sections of human coronary arteries (RCA and LAD) were studied. The aim of this work was to provide a solid foundation for all future studies by examining how the relative number of fibroblasts were altered in areas of increased neointimal thickness. 
Ideally, the presence of fibroblasts would be studied in humans in vivo, to enable fibroblast presence, proliferation and migration to be studied in real-time and under the correct environmental conditions. Recent advancements in imaging techniques such as contrast-enhanced ultrasound with use of intravascular agents such as microbubbles can enable the pathology of atherosclerotic plaques to be assessed in greater detail than ever before (for more details see chapter 2.5.2) [185]. However, issues that arise when human participation is required in clinical trials include obtaining informed consent and maintaining high levels of attendance. 
Consequently, the next best option was to analyse sections of human coronary artery tissue from deceased patients who had previously given consent for their tissue to be used in medical research. These sections provided a snap-shot image of fibroblast location and number, and were therefore useful in obtaining the required information to support future experimental studies. 
It had been understood for some time that atherosclerosis results from an unresolved underlying chronic inflammatory response [46]; fibroblasts have been shown to play a key role within the inflammatory response to endothelial injury and subsequent wound repair in both in vitro and in vivo animal models [186, 12, 66, 51]. A complex combination of factors contribute to the relative risk of disease in an individual from genetic factors (gender [40], ethnicity [39]) to lifestyle factors such as diet and exercise (see chapter 2.2.2) [29]. An additional factor that affects disease progression is vessel architecture, whereby areas of low shear stress are produced at vessel bifurcations leading to increased residence times of lipids such as LDL [16, 187, 170]. Thus, two different coronary artery sections were obtained for analysis. The RCA and LAD are from opposite sides of the heart, with different flow and shear patterns. Consequently, the trends for each vascular section could be compared to determine whether shear stress may have influenced the abundance and location of fibroblasts throughout the vessel wall.
Additionally, Satore et al (2001) proposed a fibroblast to smooth muscle cell continuum. Combining previous knowledge suggested that increased neointimal thickness (which would correlate to the degree of atherosclerotic disease progression) may relate to the degree of fibroblast proliferation and migration; this was examined in the histological sections with relative ease through a combination of light microscopy (the ratio of cell within the tunica intima and tunica adventitia was compared through H&E stained sections) and confocal imaging techniques (immunofluorescence of α-SMA and THY-1 to detect the presence of fibroblasts, myofibroblast and smooth muscle cells). Whether the information obtained from in vivo animal experiments is directly translatable to disease progression in humans has not yet been fully elucidated, hence assessing human histological sections would provide further insight into the applicability of previous works.








3.2 	METHODS
3.2.1	PREPARATION OF HUMAN CORONARY ARTERY SECTIONS
All human coronary artery samples (RCA and LAD) were ethically obtained from the Sheffield Tissue Bank under the ethics submission STH 16346 ‘Assessing Inflammatory Regulators of Vascular Disease in Arteries’, in accordance with the Human Tissue Act 2004. A minimal number of sections were used for research purposes and those that remained were returned for future research.
Paraffin-embedded 5 µm thick sections of diseased human coronary artery were de-waxed and rehydrated by placing in solutions of xylene (2x) and through graded alcohols (100 % - 50 % (v/v)) to water for 2-minute intervals at room temperature (RT). Antigen-retrieval was performed by incubating the sections in a sodium citrate buffer solution (pH 6) for 30 minutes at 95 °C.  After cooling to RT and rinsing in phosphate-buffered saline (PBS) (3x), sections were incubated in 3 % (m/v) Bovine Serum Albumin (BSA) (Sigma-Aldrich; A17030) in PBS solution for 30 minutes at RT to block non-specific binding of secondary antibodies.
Primary antibodies of mouse monoclonal anti-human α-SMA (Dako; M0851) and sheep polyclonal anti-human thymocyte antigen 1 (THY-1) (R&D Systems; AF2067) were combined in PBS at a final concentration of 5 µg/mL each. Approximately 100 µL were required for each section, which were then placed in a humidity tray and incubated at 4 °C overnight. Following a series of PBS washes (3 x 5 mins), secondary antibodies of NL493 conjugated donkey anti-mouse (R&D Systems; NL009) and Dylight594 conjugated rabbit anti-sheep (Thermo Scientific; SA5-10056) were added at a final concentration of 5 µg/mL and 1 µg/mL in PBS for 2 hours at RT.
Once all antibodies had been added, the sections were rinsed in tap water and mounted using permanent aqueous mounting medium (Biolegend; 926102). The samples were left to dry overnight and maintained in dark conditions to prevent photobleaching.

3.2.2 	CONFOCAL MICROSCOPY
Images were obtained using a Zeiss inverted LSM510 Meta confocal microscope, combined with a Zeiss EC Plan NEOFLUAR 40x/1.30 oil immersion objective. Argon/2 (λEx 488 nm, λEm 500-550) and HeNe1 (λEx 543 nm, λEm 600-700) lasers were used to excite the Alexa Fluor 488 and Dylight 550 conjugated secondary antibodies within the mouse aortic sections, and the NL493 and Dylight594 within the human coronary artery sections, respectively.
The gain and offset were adjusted for each image to ensure the highest dynamic range was obtained.

3.2.3 	LIGHT MICROSCOPY
Haematoxylin and eosin stained diseased mouse aorta sections were imaged on an upright Motic light microscope using brightfield to provide comparative images to the fluorophore-labelled sections. Similarly, for the human coronary artery sections analogous van Gieson pre-stained sections were imaged (figure 3.1).
Haematoxylin and eosin stained sections of diseased RCA and LAD were obtained from the Cardiovascular Science Department, University of Sheffield. These were imaged using an upright Motic light microscope using brightfield and a 20x air objective (figure 3.2). Images of the entire endothelium and tunica adventitia were acquired for analysis, with an average of 3-fold more images required to cover the area of the tunica adventitia compared to the endothelium. 
The total number of endothelial cells present were counted and the mean number of endothelial cells per mm estimated for each image taken. 
Owing to an increased number of images obtained for the tunica adventitia, each image was assigned to its corresponding endothelium image; variations occurred in the number of adventitial images assigned per intimal image owing to the degree of curvature within regions of the histological sections as described in figure 3.3.
The number of adventitial cells were then counted, and the mean calculated. This enabled the adventitial cell to endothelial cell ratio to be predicted (equation 3.1).

The expected cell ratio was also calculated using equation 3.2, allowing the observed cell ratio and expected cell ratio to be compared.
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Figure 3.1 – A light microscopy image of a van Gieson stained diseased human coronary artery using a 4x objective. A series of images were taken on a 40x objective (dotted box, 1-4) and stitched together. The various layers of the vessel, the tunica intima (I), tunica media (M) and tunica adventitia (A) are clearly observable. Scale bar = 500 µm.

Figure 3.1 – A light microscopy image of a van Gieson stained human coronary artery using a 4x objective. A series of images were taken on a 40x objective (dotted box, 1-4) and stitched together. The various layers of the vessel, the tunica intima (I), tunica media (M) and tunica adventitia (A) are clearly observable. Scale bar = 500 µm.

Figure 3.2 - Haematoxylin and eosin stained images of a RCA. A) The endothelium is markedly present. B) An abundance of cells were found within the tunica adventitia, with the erythrocytes (red) indicating the location of the vasa vasorum. Scale bar = 200 µm.

Figure 3.2 - Haematoxylin and eosin stained images of a RCA. A) The endothelium is markedly present. B) An abundance of cells were found within the tunica adventitia, with the erythrocytes (red) indicating the location of the vasa vasorum. Scale bar = 200 µm.
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Figure 3.3 – Representative image to demonstrate the method of analysing the ratio of endothelial cells to adventitial cells via microscopy. In areas of curvature an increased number of images were required at the adventitia to cover the area inferior to the respective endothelium. Area 1 covers the endothelium whilst areas 2 and 3 cover the respective area of adventitia underneath. Scale bar = 500 µm.

3.3 	RESULTS
3.3.1 	IMMUNOHISTOCHEMISTRY SIGNIFYING MYOFIBROBLAST PRESENCE
With solely α-SMA labelling (figure 3.4), the tunica media can be observed as a relatively thin band with the production of a dense signal. Above this, a signal density gradient (high to low) can be observed from the tunica media-tunica intima interface towards the endothelium; this is indicative of migration of α-SMA+ cells from the tunica media into the tunica intima to produce a neointima.  α-SMA+ labelling is also present within the tunica adventitia. Although it is apparent that some of the positively labelled cells profile the vasa vasorum, the presence of individual α-SMA+ cells can be observed. 
[image: ]Meanwhile, THY-1 clearly highlighted the activated endothelium (figure 3.5); THY-1+ bundles were also found within the tunica adventitia and sporadic Figure 3.4 – Immunostaining for α-SMA in a mouse coronary artery. The dotted line is approximately where the media-intima interface could be found. The neointima can be observed to be the thickest on the right portion of the vessel and can be distinguished from the tunica media by the decrease in intensity. Scale bar = 500 µm.

Figure 3.4 – Immunostaining for α-SMA in a human coronary artery. The dotted line is approximately where the media-intima interface could be found. The neointima can be observed to be the thickest on the right portion of the vessel and can be distinguished from the tunica media by the decrease in intensity. Scale bar = 500 µm.

labelling was present throughout the entire vessel section. A proportion of the THY-1+ labelled cells, mostly those found within the tunica adventitia, were also α-SMA+ (figure 3.5).  [image: ] 

Figure 3.5 – Immunohistochemistry for α-SMA and THY-1 in human coronary artery sections. A van Gieson stain had been used on the section on the left, with specific Immunolabelling for α-SMA (green) and THY-1 (red) on the right. The α-SMA signal not only clearly defined the tunica media (M) but also appeared to diffuse towards the endothelium (E). Meanwhile, the THY-1 signal was dotted throughout. The white arrows highlight co-stained areas, indicating possible myofibroblast formation. (A = adventitia, I = intima). Scale bar = 50 µm. 

Figure 3.5 – Immunohistochemistry for α-SMA and THY-1 in human coronary artery sections. A van Gieson stain had been used on the section on the left, with specific Immunolabelling for α-SMA (green) and THY-1 (red) on the right. The α-SMA signal not only clearly defined the tunica media (M) but also appeared to diffuse towards the endothelium (E). Meanwhile, the THY-1 signal was dotted throughout. The white arrows highlight co-stained areas, indicating possible myofibroblast formation. (A = adventitia, I = intima). Scale bar = 50 µm. 


3.3.2 	LIGHT MICROSCOPY ANALYSIS COMPARING ADVENTITIAL TO ENDOTHELIAL CELL COUNTS
The number of endothelial and adventitial cells were counted in sections of diseased RCA and LAD. A cell ratio was then calculated using equation 3.1 and plotted against the number of endothelial cells present per mm (figure 3.6). Consequently, the number of endothelial cells per mm was related to the integrity of the barrier between the lumen and the adjacent tissue, with approximately 60 endothelial cells per mm (cell ratio of 0) constructing a complete. 
Using equation 3.1, it was expected that the respective proportion of adventitial cells would increase with decreasing endothelial barrier integrity, owing to a constant number of adventitial cells but decreased number of endothelial cells. However, when comparing the values obtained for both vessels, large differences were observed in the number of adventitial cells present for the same number of endothelial cells. Consequently, when the data obtained was compared to the ‘expected cell ratio’ as calculated using equation 3.2, the RCA and LAD produced opposing trends, whereby the RCA produced larger adventitial cell numbers than expected, with a reduced count produced in the LAD.Figure 3.6 – The ratio of adventitial cell to endothelial cell in relation to the completeness of the endothelial barrier. A complete barrier was produced at approximately 55-60 cells per mm. Solid lines = trendline of the histology data (equation 3.1), dashed lines = expected cell ratio (equation 3.2).


Figure 3.6 – The ratio of adventitial cell to endothelial cell in relation to the completeness of the endothelial barrier. A complete barrier was produced at approximately 55-60 cells per mm.. Solid lines = trendline of the histology data (equation 3.1), dashed lines = expected cell ratio (equation 3.2).


3.4 	DISCUSSION
After consolidation of previous studies on the initiation and progression of atherosclerosis, it was determined that information gained from studies involving human participants was relatively limited owing to ethical considerations and the need for improved non-invasive imaging technology. Although experimental studies can be carried out on human tissue that had previously been consented for work in medical research, most research performed on such tissue in the past had mostly involved staining with standard histological stains to have a look at the gross anatomy/physiology of the vessels. 
More in-depth analysis of fibroblast involvement in the initiation and progression of atherosclerosis had been carried out using either in vitro techniques or animal models to determine whether the fibroblast cells can differentiate and migrate towards the vascular lumen upon injury. However, whether the results from these experiments are directly translatable to humans had not yet been elucidated. 
Therefore, the aim of the work in this chapter was to determine whether the results obtained from animal models were comparable to humans. To do this the objectives were to confirm fibroblast presence within the tunica adventitia of human coronary arteries and subsequently assess the relationship between the number of fibroblasts present within the tunica adventitia to the neointimal thickness for that section of vasculature.

3.4.1 IMMUNOHISTOCHEMISTRY SIGNIFYING MYOFIBROBLAST PRESENCE
The first objective was to confirm the presence of the fibroblast within the tunica adventitia through immunohistochemical techniques. The proteins of interest chosen were THY-1 and α-SMA; whilst α-SMA would identify any cell with smooth muscle cell-like properties e.g. smooth muscle cell and myofibroblast [63], the THY-1 would highlight any activated endothelium [188] as well as fibroblasts and myofibroblasts [189]. As a result, fibroblast presence within the tunica adventitia was completed through assessing mono- and/or dual-labelling.
Although the α-SMA label alone did not provide sufficient evidence for fibroblast involvement, combining this information with the data obtained through THY-1 labelling provided further insight. THY-1 has been shown to bind to receptors Mac-1 and CD97 on leukocytes, indicating its role in cell attachment to the endothelium during inflammation. Moreover, Koumas et al (2003) demonstrated that fibroblasts are heterogeneous for THY-1, and that only THY-1+ cells had the ability to differentiate into myofibroblasts upon stimulation with TGF-β [189]. It was ascertained that a few co-labelled SMA+/THY-1+ cells were present primarily within the tunica adventitia. This co-labelling suggests the presence of a cell type with both smooth muscle cell and fibroblast properties. Combining all this evidence suggests that the co-labelled cells are likely to be myofibroblasts.
Although myofibroblasts have the potential to originate from either endothelial cells [69] or fibroblasts [66], a large proportion of the co-labelled cells were found within the tunica adventitia. Even though the vessel sections suggest that there were little to no fibroblasts present within the tunica adventitia, it can be observed in figure 3.3 and figure 3.5 that there was little adventitia remaining on the section; the tunica adventitia is generally a thick layer to provide mechanical support to the vessel [31] and consequently is infiltrated with vasa vasorum (as seen in figure 3.4) to provide sufficient nutrient supply to the cells within. However, combining the fibroblast to smooth muscle cell continuum hypothesis [64], the likely activation and proliferation of the fibroblast prior to myofibroblast conversion and migration [190], and the relatively close positioning of the myofibroblasts observed within figure 3.5 to the tunica media, it can be proposed that these myofibroblasts originated from fibroblasts situated beyond the scope of the histology section.    
Experiments on ApoE-/- mice by Xu et al (2007) indicated that adventitial fibroblasts are activated before atherosclerotic lesion formation, thus indicate that adventitial inflammation is an early event in murine atherogenesis.  Likewise, as discussed in chapter 2.3.4, Li et al (2000) confirmed that adventitial fibroblasts translocate to the neointima after endoluminal injury in rats. Both of these experiments suggest that whilst spontaneous plaque formation occurs in murine opposed to the slow disease progression in humans, the mechanisms that underpin plaque formation are likely to be comparable. 
3.4.2 	LIGHT MICROSCOPY ANALYSIS COMPARING ADVENTITIAL TO ENDOTHELIAL CELL COUNTS
With literature suggesting that endothelial injury activates fibroblast proliferation, migration and phenotype conversion [64], the ratio of adventitial cells to endothelial cells present within the coronary artery sections was examined. Consequently, it could be determined whether fibroblast proliferation occurred primarily in areas of stenosis. Whilst an approximate equal ratio of adventitial to endothelial cells was found in areas of complete endothelial integrity, the ratio was augmented in areas of disease with contrasting results obtained in the RCA versus the LAD.
Barrier integrity can be related to atherosclerosis progression whereby disruption to the endothelium is often found in areas of greater intimal thickness; the lack of protective barrier cannot protect the underlying tissue from a pro-inflammatory response. Zhang et al (2011) disclosed that sustained hypercholesterolemia in New Zealand White rabbits provoked barrier disruption only in older plaques [191]. Whilst the proportion of adventitial cells varied according to endothelial barrier integrity (figure 3.6), there was no additional specific labelling to determine what type of cells the tunica adventitia was composed of. Although fibroblasts can be found sporadically throughout the tunica adventitia, additional cell types can also be found including tissue macrophages and endothelial progenitor cells [10]. Consequently, it cannot be definitively determined at this stage that when the number of adventitial cells increases the number of fibroblasts also increase. Likewise, it cannot be determined that the decrease in adventitial cells in the LAD is through a lack of proliferation, whether the cells that were present had migrated towards the vascular lumen, or whether there was a lack of adventitial tissue present (i.e had been dissected away during preparation for embedding). 
Mechanical stresses induced by the fluid flow through the vascular lumen will have little influence on the cells sat at a distance from a complete endothelial cell barrier, unless this occurs indirectly via the release of cytokines from the endothelial cells. Nevertheless, when the endothelial barrier becomes compromised, the underlying cells are then exposed to the fluid flow. These cells are then exposed to changes in mechanical stresses, which may activate morphogenesis on cells found within the tunica media and tunica adventitia e.g. conversion of the contractile smooth muscle cell into the synthetic phenotype. 
Relevant to my findings, the variations in mechanical stressors between the LAD and RCA may have a large impact on the level of fibroblast proliferation within the tunica adventitia of the two vessels [37]. Although there are larger fluid flow gradients found within the LAD, wall stress is increased in the RCA [192], which could cause the increased number of adventitial cells in areas of disrupted endothelial cell barrier.
Stenmark et al (2013) demonstrated that adventitial fibroblast are first responders to changing vascular mechanical stressors [62]. Meanwhile, a window stress threshold in 3T3 fibroblast islands has been demonstrated, where the highest proliferation rates found in areas of higher mechanical stress and with stress values higher than the upper limit of the window producing no additional effect [193]. This would suggest that compromises in endothelial cell barrier integrity will initially affect the proliferation of fibroblasts rather than any other cell type.
Fibroblasts in ApoE-/- mice have been shown to express more α-SMA, proliferated and migrated faster, and synthesised more TGF‐β1, MCP‐1, and PDGF‐b than adventitial fibroblasts from C57BL/6 mice [194].  Moreover, Shi et al (2009) demonstrated that increased transmural interstitial flow enhanced rat aortic adventitial fibroblast motility via the production of MMPs in vitro [195].  
Therefore, although little evidence can be found relating the number of fibroblasts present within the human tunica adventitia to either extent of stenosis or shear stress, murine experiments appear to be useful for obtaining information that is translatable to humans. The lack of human-specific studies are likely owed to the lack of specific fibroblast markers and availability and/or accessibility of human vascular tissue to study. To confirm how useful the information gained from murine studies are, a large-scale study comparing the histological findings relating to the number and location of fibroblasts in both murine and human arteries may be worthwhile.


3.5 	CONCLUSION
The small-scale analysis of histological sections of coronary arteries studied suggests that the number of cells within the tunica adventitia changes in relation to barrier integrity and extent of disease. However, it cannot be said for certain whether the fibroblast contributes to the inflammatory process that underpins neointimal thickening and plaque production. 
Nevertheless, the data suggests that the fibroblast population may have some involvement, both owing to the presence of THY-1+ cells in the tunica media and the diverging fibroblast population figures calculated between the RCA and LAD. The shear stress induced within these two vessels differ, owing to their positions within the cardiac tissue and may interplay with the integrity of the endothelial barrier to influence the proliferation of nearby fibroblasts and burden of disease.
These data suggest that the interaction between the endothelial cell and fibroblast warrants further inspection. In vitro studies concentrating on cell to cell interactions within the vessel tissue could ascertain whether the integrity of the endothelial barrier could influence the proliferation and subsequent contribution of fibroblasts to the inflammatory response that underpins atherosclerosis.











CHAPTER 4 
HUMAN UMBILICAL VEIN ENDOTHELIAL CELL, HUMAN UMBILICAL ARTERY SMOOTH MUSCLE CELL AND NORMAL HUMAN DERMAL FIBROBLAST MONOCULTURE STUDIES
4.1 	INTRODUCTION
Staining of human coronary arteries in chapter 3 provided an indication that fibroblasts may be involved in vascular inflammation and subsequent plaque formation. Therefore, the next stage in determining the level of contribution from the fibroblast was to elicit an inflammatory response in vitro on HUVEC, HUASMC and NHDF individually. The aim of these experiments was to provide an ICAM-1 up-regulatory response to TNF-α without any influences from additional cell types; these provided baseline results to which future studies assessing ICAM-1 up-regulation in co-culture could be compared.
As described in chapter 1, current in vitro vascular co-culture models primarily include only the endothelial cell and smooth muscle cell; moreover, there were no studies comparing the inflammatory response or ICAM-1 up-regulation within these cell types, either individually or in co-culture. Therefore, a staged process was required where the fibroblast was firstly studied alone, and then combined with the endothelial cell and smooth muscle cell once all baseline results were obtained.  
The chosen method for analysing the up-regulation of the inflammatory response was via the amount of ICAM-1 expression on cell membranes, using TNF-α as the inflammatory inducer. TNF-α has two cognate receptors, TNFR1 And TNFR2; for the purposes of the following experiments the receptor of interest is TNFR1 which is the major signalling receptor for TNF-α. As described by figure 2.10, TNF-α activates the MEKK/NIK pathway, leading to NF-κB activation and the expression of inflammatory cytokines, cell surface receptors, stress response genes, growth factors and regulators of apoptosis [196]. One of the cell surface receptors that becomes up-regulated is ICAM-1. Research has demonstrated ICAM-1 is known to be expressed on HUVEC [20], HUASMC [21] and NHDF [22], making it an ideal protein of interest to study the inflammatory response in these cell types.

4.2 	METHODS
4.2.1 	PREPARATION OF CELL CULTURE MEDIUM
Medium 199 (10x) (Gibco; 21180-021) was stored at 4-8 °C until required. 50 mL of this stock medium was taken when required to make an intermediate solution containing serum, penicillin-streptomycin and amphotericin B (table 4.1).  
	Ingredient
	Quantity (mL)

	10x M199 stock medium
	50

	dH20
	383

	FBS
	50

	Penicillin-Streptomycin
	5

	Amphotericin B
	2

	NaHCO3
	10


Table 4.1 – Constituents of the intermediate Medium 199 used for HUVEC and HUASMC culture.


Table 4.1 – Constituents of the 1x conditioned Medium 199 used for HUVEC and HUASMC culture.











The intermediate medium was used for HUASMC culture and neutralisation of trypsin. For HUVEC cell culture and experimental set-ups, endothelial cell growth supplements combined with heparin (ECGS/H) (Promocell; C-30140) were added at a concentration of 0.4 % (v/v) to transform the intermediate medium into the complete M199 required. It was essential that complete medium was produced when necessary in 50 mL batches owing to the supplement only being stable for up to 1 week when stored at 4 °C.
[bookmark: C-12203]Initial experiments were carried out using in-house isolated HUVEC, which were solely cultured in complete M199. For experiments studying the up-regulation of ICAM-1 up to 12 hours after TNF-α addition, purchased HUVEC (Promocell; C-12203) were used. These cells were initially cultured in endothelial cell basal medium (Promocell; C-22210) with supplement addition (minus hydrocortisone) (Promocell; C-39210). They were received at passage 2 and cultured until passage 4, where they were then cryopreserved. These HUVEC were thawed using this same medium before exchanging for complete M199 the following day. 
Dulbecco’s modified eagle medium (DMEM) AQMedia (Sigma-Aldrich; D0819) with the same volumes of foetal bovine serum (FBS), antibiotics and antifungals was used for NHDF isolation culture prior to experimentation. For experiments, the NHDF were incubated in the complete M199 medium as described above.
As with HUVEC, purchased HUASMC were cultured in a different culture medium to begin with. Smooth muscle cell growth medium 2 (Promocell; C-22062) with supplement mix (Promocell; C-39267) was used to culture the cells until cryopreservation. Although the same medium was used to thaw the HUASMC, the following day the medium was exchanged for the intermediate M199 medium. This was changed again for experimentation to complete M199.

4.2.2 HUVEC ISOLATION AND CULTURE
For initial experiments, HUVECs were isolated from donated umbilical cords from the Jessop Wing, Sheffield NHS Teaching Hospitals, U.K. The ethics number was STH 15599 and approval named ‘Umbilical Cords for Vascular Cell Research’.  Samples were stored at 4 °C in HEPES buffered DMEM combined with 1 % (v/v) penicillin-streptomycin and 0.4 % (v/v) amphotericin B. Isolation was ideally carried out within 24 hours.
Umbilical cord isolation of endothelial cells was carried out according to the method of Jaffe et al (1973) [197]. Cords were removed from the fridge and allowed to warm to room temperature for 30 minutes. During this time, the culture hood was prepared, and all materials acquired. The umbilical cord was carefully removed from the pot and the exterior cleansed with an ‘Azowipe’. Excess blood from within the vein was gently removed by massaging the cord. Any traumatised regions (e.g. areas accidentally torn during child birth or filled with irremovable blood clots) of the cord were removed before cannulating and clamping one end of the vein.  The vein was then washed with 10-20 mL of serum free M199 to both flush the vein of any remaining clots and determine whether there were any holes in the tissue that must be removed, before securing the free end. 
Type IV collagenase (Sigma-Aldrich; C5138) solution (0.1 % m/v) in serum free M199 was centrifuged for 1 minute at 3000 rpm and filtered through a sterile 0.2 µm filter to remove any large particles. The filtered solution was then taken up into a 20 mL syringe and attached to the cannula to inflate the vein. The cannulated, clamped and inflated cord can be observed in figure 4.1.   
The cord containing the collagenase solution was then incubated for approximately 12-15 minutes at RT, ensuring the vein was occasionally massaged to encourage detachment of HUVEC. The clamp at the free end was then released to allow the removal of the collagenase solution into a 50 mL centrifuge tube. The remaining collagenase solution was then flushed through the vein, followed by 10 mL of the intermediate M199 medium. The cell suspension was then centrifuged at 220 g for 5 minutes at RT before discarding the supernatant and re-suspending the pellet using complete M199 medium. The cell suspension was transferred into a pre-gelatinised (0.1 % (m/v) gelatin (Sigma-Aldrich; G1890) in PBS) T75 flask and incubated at 37 °C, 5 % CO2. After the isolation procedure was completed, all waste was placed into a pot and stored at -20 °C to be incinerated later, following an ethically approved procedure.
[bookmark: _GoBack][image: ]After cell isolation, complete M199 medium was changed 16-24 hours later, complete with PBS washes (2x), and subsequently every 2-3 days. Cells were grown until approximately 70-80 % confluency before passaging. To passage, the cells were rinsed with PBS (2x) before adding 5 mL of 0.25 % (m/v) trypsin. Cells were observed under a phase contrast light microscope and a small amount of mechanical force applied at intervals to assist in detachment. When about 80-90 % of cells detached, 10 mL of 10 %  intermediate M199 medium was added to inhibit further trypsinisation. The cell suspension was then transferred to a 25 mL Universal tube and centrifuged at 220 g for 5 minutes. 
Figure 4.1 – HUVEC isolation. The cord was cleaned, cannula inserted, and each end clamped. The collagenase solution was then injected into the vein until the cord became turgid and incubated at room temperature for 15-20 minutes.

Supernatant was then removed, and the cell pellet re-suspended in complete M199 medium. A haemocytometer was used to measure cell density and the cells were seeded into new T75 pre-gelatinised flasks (0.1 % (m/v) gelatin (Sigma-Aldrich; G1890) in PBS) at a density of 5,000-10,000 cells/cm2 and incubated at 37 °C, 5 % CO2.  HUVECs were cultured to passage 2 before cryopreserving for later use. Cells were cryopreserved at 1 million cells per vial, with freezing solution comprising of 50 % (v/v) complete M199 medium, 40 % (v/v) FBS and 10% (v/v) dimethyl sulfoxide (DMSO). When the commercially obtained HUVEC were cryopreserved at passage 4, the freezing medium consisted of 50 % (v/v) endothelial cell basal medium with supplements (minus hydrocortisone) (Promocell; C-22210 / C-39210), 40 % (v/v) FBS and 10 % (v/v) DMSO. Vials were placed in a ‘Mr Frosty’ container at -80 °C overnight, before being transferred to liquid nitrogen (-196°C) Dewars for long-term storage.

4.2.3 	NHDF ISOLATION AND CULTURE
Human skin samples were collected from consenting patients undergoing abdominoplasty, which involved the removal of excess tissue from the middle and lower abdomen. All tissue was banked and used on an anonymous basis under Human Tissue Authority Research Tissue Bank Licence Number 12179. The bulk tissue samples were stored in a standard physiological solution (e.g. PBS) with antimicrobial agents at 4 °C, for no longer than 12 hours before processing. 
If isolation was unachievable within the same day, a segment of skin approximately 5 cm x 5 cm was removed from the processed bulk tissue and placed at 4 °C in prepared DMEM AQmedia (Sigma-Aldrich; D0819) for use in the following days. Using scalpel and forceps, a large skin segment was placed into a Petri dish and cut into smaller sections approximately 1 cm x 1 cm. Fragments were placed into a 0.2 % (m/v) Difco trypsin solution in a Universal 25 mL tube and stored at 4 °C overnight (figure 4.2). The trypsin solution was then removed, and the tissue placed into a Petri dish. This allowed the epidermis to be peeled off and discarded. The epidermal side of the dermis was then scraped using a scalpel blade to ensure removal of any remaining epidermal tissue before being minced into fragments smaller than 1 mm x 1 mm. 5 mL of collagenase A solution (Roche; 11088866001) was then added to the Petri dish before incubating the tissue at 37 °C and 5 % CO2 for up to 24 hours. An overview of the procedure can be seen in figure 4.2.

Figure 4.2 – Stages of NHDF isolation. (From left to right) skin was placed in Difco trypsin solution overnight. This enabled the epidermis to be peeled off and discarded, whilst the remaining tissue was minced for incubation in collagenase A solution overnight.


Figure 4.2 – Stages of NHDF isolation. (From left to right) skin was placed in Difco trypsin solution overnight. This enabled the epidermis to be peeled off and discarded, whilst the remaining tissue was minced for incubation in collagenase A solution overnight.


Once all the dermis had been digested, DMEM AQmedia was added to inhibit the collagenase and the solution was thoroughly mixed to separate any larger particles using a Pasteur pipette before placing the solution through a cell strainer. The cell suspension was centrifuged at 400 g for 10 minutes to form a cell pellet. The supernatant was discarded, and the pellet re-suspended in 5 mL prepared DMEM AQmedia before transferring to a T25 flask for incubation at 37 °C, 5 % CO2.  Culture medium was then changed after 24 hours, ensuring the cells were rinsed (2x) with PBS, and then every 2 to 3 days. All cells were grown until approximately 70-80 % confluency, before passaging.  
To passage, cells were rinsed with PBS (2x) before adding 3 mL (T25) or 5 mL (T75) of 0.25 % trypsin. Cells were observed under a phase contrast light microscope and a small amount of mechanical force applied at intervals to assist in detachment. When about 80-90 % of cells detached, twice the trypsin volume of DMEM was added for neutralisation. The cell suspension was then transferred to a 25 mL Universal tube and centrifuged at 220 g for 5 minutes. 
The supernatant was then removed, and the cell pellet re-suspended in DMEM AQmedia. A haemocytometer was used to calculate cell density and cells were seeded into new T75 flasks at a density of 5,000-10,000 cells/cm2 and incubated at 37 °C, 5 % CO2. NHDF were cultured to passage 3 before cryopreserving for later use. All cells were cryopreserved at 1 million cells per vial, with freezing solution comprising of 50 % (v/v) DMEM AQmedia, 40 % FBS (v/v) and 10 % (v/v) DMSO. Vials were placed in a ‘Mr Frosty’ container at -80 °C overnight before being transferred to liquid nitrogen Dewar flasks (-196 °C) for long-term storage. 

4.2.4 	HUASMC CULTURE
Cryopreserved HUASMC (Promocell; C-12500) were thawed in a 37 °C water bath for 2 minutes. The cell suspension was then transferred to pre-warmed complete smooth muscle cell medium (Promocell; C-22062) and incubated at 37 °C, 5 % CO2. Culture medium was exchanged after 16-24 hours and subsequently every 2 to 3 days as standard, ensuring the cells were rinsed with PBS (2x) during medium changes. Cell cultures were grown until approximately 80-90 % confluency before passaging. 5 mL of 0.25 % trypsin solution was added to the freshly rinsed flask and detachment of the HUASMC observed under a phase contrast microscope. When the cells became rounded, a small amount of mechanical force was applied to remove the cells from the surface. When about 80-90 % of the cells has detached, 10 mL smooth muscle cell medium containing FBS was added for neutralisation.
The cell suspension was transferred to a 25 mL Universal tube and centrifuged at 220 g for 5 minutes. The supernatant was discarded, and fresh complete smooth muscle cell medium added. Cells were then counted using a haemocytometer and seeded into new T75 flasks at a density of 7,500-10,000 cells/cm2. Cells were grown to passage 5 before freezing down in a freezing medium consisting of 50 % (v/v) complete smooth muscle cell medium, 40 % (v/v) FBS and 10% (v/v) DMSO at 1 million cells per vial. Vials were placed in a ‘Mr Frosty’ container at -80 °C overnight before being transferred to liquid nitrogen Dewars (-196°C) for long-term storage. 

4.2.5 	RESURRECTION OF CRYOPRESERVED CELLS
When defrosting cells from long-term storage including the commercially obtained HUVECs (Promocell; C-12203), the lower half of vials was placed in a 37 °C water bath for 90 seconds, or until only a small ice crystal was remaining. Pre-warmed cell culture medium was then added to the vial and the vial immediately transferred to a T75 flask, ensuring the seeding density remained between 5-10,000 cells/cm2 for HUVEC and NHDF and 7.5-10,000 cells/cm2 for HUASMC, as standard. The culture medium was then changed the following day and cultured as standard.  For experimentation, cells were cultured up to 15 population doublings, where any remaining cells were then discarded.

4.2.6 EFFECTS OF CULTURE MEDIUM CONDITIONS ON CELL GROWTH
Prior to performing any extensive experimental set-up, the ideal working conditions for monocultures were studied to ensure both all cell types could be grown in the same medium type. The morphology of both HUVEC and NHDF was examined to determine whether the cells were undergoing apoptosis or proliferation when cultured in the different culture medium options (DMEM, intermediate M199 medium and complete M199 medium).  
HUVEC and NHDF were seeded at 30,000 cells/mL into pre-gelatinised well plates to produce monocultures and incubated in DMEM, intermediate M199 medium or complete M199 medium. The medium was exchanged within 16-24 hours and images taken 48 hours post-seeding via phase-contrast on standard light microscope to observe morphology of the cells.

4.2.7 	TNF-α STIMULATION OF MONOCULTURES
13 mm glass cover slips (Academy Science; NPC13/13) were placed into 24-well plates and incubated with 0.1 % (m/v) gelatin in PBS for at least 1 hour.  Well plates were rinsed with PBS before the addition of HUASMC, HUVEC or NHDF at a seeding density of 7,500, 15,000 and 15,000 cells/cm2, respectively. All cells were grown in their preferred culture medium until approximately 60-70 % confluency. Initially, HUVEC and NHDF were then rinsed with PBS and incubated in complete M199 medium containing between 0 and 100 U/mL of human recombinant TNF-α (Thermo Scientific; PHC3015) for 6 and 24 hours to determine the correct concentration of TNF-α to use.
Following this, HUVEC, HUASMC and NHDF were seeded as previously described but the culture medium was exchanged at 3-hourly intervals (up to 12 hours) for complete M199 medium supplemented with 25 U/mL of TNF-α.  Upon completion of cell stimulation with TNF-α, the cells were rinsed with PBS (3x) and fixed using 3.7 % (v/v) formaldehyde at RT for 20 minutes. Following a triplicate series of 5-minute PBS washes, a 3 % (m/v) BSA in PBS solution was added to prevent non-specific binding of secondary antibodies, and the samples were incubated at 4 °C, before beginning the immunolabelling process within the following days. 
All experiments were completed in triplicate with n indicating the number of independent repeats.

4.2.8 	IMMUNOCYTOCHEMISTRY TO EXAMINE ICAM-1 UP-REGULATION 
Mouse anti-human ICAM-1/CD54 primary antibody (eBioscience; BMS108) was diluted in PBS to produce a final concentration of 2.5 µg/mL, added to the formaldehyde-fixed cells and incubated at 4 °C overnight. The primary antibody was aspirated, and the coverslips were rinsed (3x) in PBS for 5 minutes each. The PBS was removed and was replaced with goat anti-mouse Alexa Fluor 633 (Life Technologies; A21052), which was diluted in PBS to produce a final concentration of 2 µg/mL. The coverslips were incubated for 2 hours at RT.  The secondary antibody was discarded, and the coverslips rinsed (3x) in PBS (5 minutes each); this was followed by the addition of DAPI at a concentration of 1 ng/mL (also diluted in PBS), to which the coverslips were incubated for 10 minutes at RT. The samples were rinsed (3x) with PBS and the samples were stored in the dark at 4 °C until imaging could take place. Ideally, this would be within the same day, but if unable then imaging would take place the following day.
Immunolabelled glass coverslips were transferred from the well plate into a Petri dish containing PBS. Cells were observed using an upright Zeiss LSM510 Meta confocal microscope, combined with a Zeiss Achroplan 10x /0.30 W Ph1 water emersion objective lens. HeNe2 (λEx 633 nm, λEm 650-710 nm) and Ti-sapphire two-photon (λEx 780 nm, λEm 435-485 nm) lasers were used to stimulate the Alexa Fluor 633 (max λEx 632 nm, max λEm 647 nm) and DAPI (max λEx 358 nm, max λEm 461 nm), respectively. To minimise observation bias between images, an initial image was taken from a sample with expected high intensity values (12-hour sample from NHDF) with the pinhole size on maximum (approximately 9.7 Airy Units) to enable the entire cell to be observed. The microscope settings were then altered to produce a high-quality image at 512 x 512 pixels: for the Alexa Fluor 633 this consisted of a transmission (%) of 39.5 for the HeNe2 laser, detector gain of 850, amplifier offset of 0.1, amplifier gain at 1 and an average reading was taken from 4 scans. These settings were maintained throughout all remaining image acquisitions.
Close-up images of HUVEC and NHDF were obtained after stimulation with 25 U/mL TNF-α for 12 hours. For these, a Zeiss Achroplan 40x /0.80 W water emersion objective lens was used. The pinhole was changed to 1 Airy Unit and the detector gain/amplifier offset were adjusted accordingly.

4.2.9 	USING IMAGE ANALYSIS SOFTWARE TO ASSESS 
ICAM-1 EXPRESSION IN MONOCULTURE
ImageJ was the software of choice to calculate the mean intensity of ICAM-1 for each sample [198].  Each image had background fluorescence removed via ‘process -> subtract background’. The rolling ball radius was set to 12 pixels and the mean intensity of ICAM-1 was then obtained using the software.  The data was then transferred to SPSS for statistical analysis. Games-Howell test was used to determine potential significant differences at the 5 % level.  






4.3 	RESULTS
4.3.1	EFFECTS OF CULTURE MEDIUM CONDITIONS ON CELL GROWTH
Figure 4.3 shows phase contrast light microscopy images obtained 48 hours after seeding in each culture condition. In DMEM, HUVEC have completely detached from the cell culture plate, likely owing to the lack of supplements which promote growth, leading to apoptosis. This is similar in the intermediate M199 medium, where although the HUVEC still appear attached to the surface, some of the cells are shrivelled and appear to be blebbing, indicating they are undergoing apoptosis. 
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However, in complete M199 medium the HUVEC have the typical cobblestone morphology and have formed clusters, as expected. Meanwhile, NHDF demonstrated their typical spindle-shaped morphology in all culture medium types, suggesting that regardless of the culture environment they will be able to survive and proliferate. Figure 4.3 – Phase contrast images of HUVEC and NHDF phenotype when cultured for 48 hours in either DMEM, intermediate M199 medium or complete M199 medium. The typical cobblestone morphology of HUVEC and spindle-shape of NHDF are only found together in complete M199 medium. Scale Bar = 200 µm.

Figure 4.3 – Phase contrast images of HUVEC and NHDF phenotype when cultured for 48 hours in either DMEM, ‘conditioned M199’ or ‘complete M199’. The typical cobblestone morphology of HUVEC and spindle-shape of NHDF are only found together in ‘complete M199’. Scale Bar = 200 µm.


4.3.2	ICAM-1 UPREGULATION DEPENDENCE OF TNF-α CONCENTRATION
A range of TNF-α concentrations up to 100 U/mL were tested on both HUVEC and NHDF cells. Examining the confocal images obtained (figure 4.4) and their analysis (figure 4.5), it can be concluded that even the lowest concentration studied (25 U/mL) stimulated a significant up-regulation of ICAM-1 in both cell types. The Games-Howell test confirmed this, indicating that all TNF-α concentrations caused a significant increase in intensity in HUVEC (p<0.001), whilst concentrations of 50 U/mL (p<0.01), 75 U/mL (p<0.05) and 100 U/mL (p<0.01) did so in NHDF after 6 hours of incubation. After 24 hours incubation with TNF-α, all concentrations significantly increased ICAM-1 upregulation in both cell types (p<0.001). 
Beyond this, the only significant difference observed was between 25 U/mL and 100 U/mL at the 6-hour timepoint for HUVEC (p<0.01). Meanwhile, for NHDF cells a significant difference was observed between 25-75 U/mL (p<0.001), 25-100 U/mL (p<0.001), 50-75 U/mL (p<0.05), 50-100 U/mL (p<0.001) and 75-100 U/mL (p<0.01) after 24 hours incubation, but not 6 hours.
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  Figure 4.4 – Representative confocal micrograph images of HUVEC and NHDF at 6 and 24 hours stimulated under different concentrations of TNF-α. Nuclei are in blue with ICAM-1 upregulation in red. A significant increase in ICAM-1 expression can be observed after the addition of 25 U/mL TNF- α in both HUVEC and NHDF, particularly after 24 hours of incubation. There appears to be little difference in ICAM-1 expression with increasing concentrations of TNF-α versus the results using 25 U/mL. Scale bar = 500 µm.

Figure 4.4 – Representative confocal micrograph images of HUVEC and NHDF at 6 and 24 hours stimulated under different concentrations of TNF-α. Nuclei are in blue with ICAM-1 upregulation in red. A significant increase in ICAM-1 expression can be observed after the addition of 25 U/mL TNF- α in both HUVEC and NHDF, particularly after 24 hours of incubation. There appears to be little difference in ICAM-1 expression with increasing concentrations of TNF-α versus the results using 25 U/mL. Scale bar = 500 µm.


(b)


(a)



Figure 4.5 – Mean ICAM-1 upregulation in (a) HUVEC and (b) NHDF after incubation with different concentrations of TNF-α. A significant up-regulation of ICAM-1 was seen even at the lowest concentration of TNF-α (25 U/mL). (n=2).  

4.3.3	TIME DEPENDENCE OF ICAM-1 EXPRESSION
Combining the fact that both HUVEC and NHDF produced significant up-regulation of ICAM-1 with only 25 U/mL TNF-α by 6 hours, and that whilst there is a large increase from 6 to 24 hours in HUVEC versus a smaller increase in NHDF, the time-course of ICAM-1 expression over 12 hours post TNF-α addition was examined in closer detail. Confocal micrograph images can be viewed in figure 4.6, where it is evident that ICAM-1 is gradually up-regulated in both HUVEC and NHDF over the experimental period, with an observably higher expression in HUVEC at 6 hours when compared to NHDF. Meanwhile, HUASMC appear to have a constitutively high ICAM-1 expression level.
Figure 4.7 shows a plot of relative intensity levels of ICAM-1 over 12 hours for HUVEC, NHDF and HUASMC cells. When examining the average intensity of ICAM-1 in HUVEC, a two-stage response was observed; an almost exponential increase in ICAM-1 upregulation between 0 and 6 hours, followed by a reduction in rate; the overall increase in ICAM-1 over the 12-hour period was approximately 3.9-fold. The different stages were confirmed by the significant differences (p<0.001) in ICAM-1 intensity between 0, 3 and 6 hours (p<0.001), as well as between 9 and 12 hours (p<0.01). During the 3-hour period between 6 and 9 hours, the difference was not significant (p=0.311). 
In NHDF, there appeared to be no significant up-regulation of ICAM-1 expression between 0 and 3 hours (p=0.902). However, this was then followed by an approximate linear increase in ICAM-1; significant differences were calculated between the 3-, 6- and 9-hour intervals (p<0.001 and p<0.05). Although there appeared to be a further increase between 9 and 12 hours, the difference was not significant (p=0.069).  Akin to HUVEC cells, the overall intensity increase was approximately 3.9-fold. 
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 Figure 4.6 – Representative confocal micrographs of ICAM-1 expression at 3 hourly intervals up to 12 hours for HUVEC, HUASMC and NHDF after incubation with 25 U/mL TNF-α. A gradual increase in ICAM-1 upregulation was observed for HUVEC and NHDF cells, whilst HUASMC appeared to constitutively express ICAM-1 across all time points. Scale bar = 200 m. 

Figure 4.6 – Representative confocal micrographs of ICAM-1 expression at 3 hourly intervals up to 12 hours for HUVEC, HUASMC and NHDF after incubation with 25 U/mL TNF-α. A gradual increase in ICAM-1 upregulation was observed for HUVEC and NHDF cells, whilst HUASMC appeared to constitutively express ICAM-1 across all time points. Scale bar = 200 m. 
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Figure 4.7 – ICAM-1 upregulation in HUVEC, HUASMC and NHDF monocultures stimulated with 25 U/mL TNF-α. In HUVEC, ICAM-1 appeared to increase in 2 stages; the first between 0 and 6 hours and the second beyond 9 hours. No change was observed in HUASMC. A linear increase in ICAM-1 was produced in NHDF after an initial delay of 3 hours. Mean ± SEM (n=3). 

Figure 4.7 – ICAM-1 upregulation in HUVEC, HUASMC and NHDF monocultures stimulated with 25 U/mL TNF-α. In HUVEC, ICAM-1 appeared to increase in 2 stages; the first between 0 and 6 hours and the second beyond 9 hours. No change was observed in HUASMC. A linear increase in ICAM-1 was produced in NHDF after an initial delay of 3 hours. Mean ± SEM (n=3). 



In contrast, baseline ICAM-1 expression in HUASMC was observably higher compared to HUVEC or NHDF cells (3.7-fold versus 1.3-fold, versus 1.2-fold), there appeared to be no significant change over the 12-hour period (p=1.000).
When comparing the localisation of ICAM-1 on the cell surface of HUVEC and NHDF (figure 4.8), it appears that whilst there is an almost uniform spread of ICAM-1 on the surface of NHDF, on HUVEC there appears to be an increased localised expression in areas of high cell-cell contact as well as on the leading edge.
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Figure 4.8 – Confocal images of ICAM-1 expression (red) on HUVEC and NHDF after 12 hours of stimulation with 25 U/mL TNF-α. There appears to be high concentrations of ICAM-1 on the leading edge and in areas of HUVEC cell-cell contact, whilst in NHDF the ICAM-1 expression appears relatively consistent. Scale bar = 50m.

Figure 4.8 – Confocal images of ICAM-1 expression (red) on HUVEC and NHDF  after 12 hours of stimulation with 25 U/mL TNF-α. There appears to be high concentrations of ICAM-1 on the leading edge and in areas of HUVEC cell-cell contact, whilst in NHDF the ICAM-1 expression appears relatively consistent. Scale bar = 50m.



4.4 	DISCUSSION
The up-regulation of ICAM-1 was first examined in HUVEC, HUASMC and NHDF in monoculture conditions. This firstly enabled the ICAM-1 up-regulation to be examined for each cell type without any external influences, and secondly provided data which could later be compared to the ICAM-1 expression profile in the same cell types under different co-culture conditions. This was necessary to determine any significant differences in the expression profiles produced under altered culture conditions.
Although ICAM-1 expression was revealed on HUVEC, HUASMC and NHDF, the pattern of expression was different throughout. ICAM-1 was distinctly increased in areas of cell-cell contact and the leading edge in HUVEC upon TNF-α stimulation, HUASMC produced a constitutively high ICAM-1 expression and in NHDF the increase in ICAM-1 expression to TNF-α stimulation was uniform.

4.4.1 EFFECTS OF CULTURE MEDIUM CONDITIONS ON CELL GROWTH
Since HUVEC and NHDF are normally cultured in different medium, it was first necessary to determine what single medium type should be used for experiments, allowing the environmental conditions to be more tightly controlled. It was evident that the only culture medium that could be used was the complete M199 formulation and consequently was the medium chosen for all future experiments.
This was decided from the phase-contrast images of HUVEC (figure 4.3) after incubation in the different medium choices under consideration: DMEM, intermediate M199 medium and complete M199 medium. In both DMEM and the intermediate M199 medium, the HUVEC appear to be undergoing apoptosis, as suggested by the condensed and blebbing nature of the cells. 
Although DMEM or the intermediate M199 medium may be suitable for the HUVEC when in co-culture with either HUASMC and/or NHDF, it would not be suitable to determine whether any differences in ICAM-1 expression levels were the result of the addition of a different cell type or change in culture medium type. Moreover, complete M199 medium would also be required if any differences between monoculture and co-culture were studied further via conditioned medium experiments, where the culture medium is incubated on one cell type prior to the addition to another e.g. NHDF monoculture stimulated for 12 hours prior to transferring the medium to HUVEC monoculture. Furthermore, it has also been previously demonstrated that umbilical smooth muscle cells can be grown in M199 [199]. Thus, it was decided that for continuity and control of factors within the culture medium, complete M199 medium would be the primary culture medium for future experimentation. 
In addition, serum starvation has been routinely used when studying the effect of growth factors and cytokines in vitro. However, Pirkmajer & Chibalin (2011) concluded that although it is assumed that the basal activity of cells is reduced after serum starvation, available experimental data does not entirely support this and can even trigger various responses that could potentially interfere with experimental results [200]. Combining this with the knowledge that HUVEC cells are highly susceptible to undergoing apoptosis without the presence of growth factors, it was decided that serum starvation would not be required to study how the different cell types interact.

4.4.2 ICAM-1 EXPRESSION
For initial experiments on ICAM-1 expression, HUVEC cells were isolated ‘in-house’ whilst for later experiments these cells were commercially sourced (Promocell; C-12203). Therefore, for experiments involving the in-house isolated cells, ICAM-1 up-regulation represents only one donor, whilst the commercially bought HUVEC contained cells pooled from 3-4 umbilical cords. Consequently, the variation in data obtained for the first set of experiments was greater.  Nevertheless, with the experiment being repeated in triplicate these results produced average values comparable to experiments conducted with pooled HUVEC.
Even though TNF-α caused an increase in ICAM-1 expression in both HUVEC and NHDF cells, the increase in ICAM-1 upregulation had a different profile over time. A maximum level of expression in NHDF at 6 hours was observed, suggesting that an alternative factor to TNF-α concentration was limiting the rate of production of ICAM-1. TNF-α induction of ICAM-1 gene expression has been shown to be dependent on NF-κB activation [80]. Thus, the accumulation of ICAM-1 on the cell surface is expected to be delayed, owing to the requirement of the transcription of new mRNA and subsequent protein synthesis.
Both transcription factors and the stability of the produced mRNA regulate how much overall protein is expressed. In unstimulated NHDF cells, the transcription unit including the ICAM-1 gene is normally found as a ‘closed complex’ and becomes ‘open’ when NF-κB is activated.  However, the transcription unit in HUVEC is already in the ‘open complex’ format, likely owing to an additional factor regulating the activation of NF-κB [201]. This means that RNA polymerase II can readily bind to the transcription start site of ICAM-1 in HUVEC. Therefore, when TNF-α increases the production of NF-κB the rate of transcription is simply enhanced, explaining how ICAM-1 upregulation can be raised at 3 hours in HUVEC but not in NHDF cells.
Additionally, pro-inflammatory cytokines such as TNF-α have been shown to have a moderate stabilising effect on ICAM-1 mRNA in rat astrocytes [202]; if the basal levels of ICAM-1 mRNA are stabilised in such a manner, this could explain the initial exponential increase in ICAM-1 versus the linear relationship observed in NHDF and after 6 hours in HUVEC cells.  Nevertheless, the knowledge that the fibroblast can express ICAM-1 is important to its involvement in plaque formation. Although the data thus far cannot conclude whether the initiation of the inflammatory response underlying atherogenesis is induced via the endothelium, it provides supporting evidence to the suggestion that leukocytes may migrate into the vessel wall via the vasa vasorum.  These may then infiltrate the tunica adventitia of larger arteries, and not necessarily from the luminal side via transmigration through the tunica intima.
Moreover, the up-regulation of ICAM-1 indicates that at least the HUVEC and NHDF cells are responding to the stimulus and consequently may be able to induce different effects on the other cell types under consideration. For example, evidence exists that report on HUVEC cells releasing IL-1 [14], IL-6 [99], IL-8 [100], TNF-α [104] and VEGF [105]; these induce numerous signalling pathways including potentiating the inflammatory response in nearby cells as well as recruiting leukocytes to the site of inflammation. Fibroblasts are known to respond to some of these pro-inflammatory cytokines and in response produce and secrete cytokines including TGF-β1, IL-1β and IL-33 [203]. These interactions can be studied in more detail if the fibroblast is included in in vitro co-culture models. 
Meanwhile, ICAM-1 expression in HUASMC has been demonstrated to be phenotype-dependent, whereby freshly isolated cells have a high-volume fraction of myofilaments and do not express ICAM-1, but over time in culture the cells decrease their volume fraction of myofilaments and concomitantly induce constitutive expression of ICAM-1 [21]. Consequently, the ICAM-1 expression was unaltered by the addition of TNF-α; this could simply indicate that the HUASMC cells are already maximally expressing ICAM-1. This suggests that SMCs are of the synthetic phenotype, comparable to those present in atherosclerotic plaques. The morphology of the HUASMC can also be anywhere from the typical contractile SMCs phenotype which are elongated and spindle-shaped to the synthetic phenotype, which are less elongated and have a cobblestone morphology; the HUASMC in figure 4.6 appear to be somewhere between the 2 states. Although it would also be useful to study how the expression of such adhesion molecules can be augmented in the contractile phenotype, this would require cells to be used for experimentation immediately after isolation. Nevertheless, the HUASMC were obtained commercially at passage 2, meaning that even if they were used immediately there is doubt as to ICAM-1 expression being low.
In terms of limitations, the method of image analysis and how this could affect the results also needs to be taken into consideration. Any background fluorescence was removed via ImageJ using a constant rolling ball radius; this would affect each cell type differently owing to size and shape. For example, with HUASMC being much larger than either HUVEC or NHDF, the background intensity removed from each cell would be larger, respectively. Therefore, no conclusions of a quantitative nature were made about the difference in ICAM-1 levels between cell types.
Additionally, whilst HUVEC and HUASMCs were used, which both come from the same in vivo environment and naturally cross-talk, NHDFs were also used which are from a considerably different in vivo environment. Not only are fibroblasts heterogeneous meaning that cells from different tissues may display slightly different characteristics [128], but HUVEC and HUASMC are from neonates whilst NHDFs are adult cells. Evidence suggests that healing is faster at an earlier neonatal age and scar production is less likely [204]; this could affect the development of the chronic inflammatory response underpinning atherogenesis in adults.

4.5 	CONCLUSION
Significant up-regulation of ICAM-1 was observed in both HUVEC and NHDF after 12 hours of incubation with 25 U/mL TNF-α, with HUASMC constitutively expressing the cell adhesion molecule. Although this indicated that HUASMC were likely of a synthetic phenotype, this cell phenotype is often found in areas of atherosclerotic plaque formation and consequently the information gathered about how these cells can influence endothelial and fibroblast cells will still be valuable.  
Moreover, considering that the three cell types are found from different layers of the vessel wall, that all can express ICAM-1, and that ICAM-1 binds to LFA-1 on leukocytes to allow transmigration, this raises questions as to whether leukocytes migrate into the vessel wall via the lumen or vasa vasorum. Consequently, results thus far demonstrate the importance of studying the interactions between all three cell types.
In vitro experiments are markedly different to in vivo conditions, with many cell types present together within the tissue as well as the cells being within in a 3D structure. However, it is important to simplify the design of the experiments to be able to make conclusions about specific cell-cell interactions. Therefore, the next stage in making the conditions more biomimetic was to introduce additional cell types into the culture conditions to determine whether any specific interactions influence the expression levels of ICAM-1.
	



CHAPTER 5 
HUMAN UMBILICAL VEIN ENDOTHELIAL CELL, HUMAN UMBILICAL ARTERY SMOOTH MUSCLE CELL AND NORMAL HUMAN DERMAL FIBROBLAST CO-CULTURE STUDIES
5.1	INTRODUCTION
In chapter 4, the time course of ICAM-1 up-regulation when stimulated with 25 U/mL TNF-α was examined in HUVEC, HUASMC and NHDF monocultures. These experiments demonstrated that ICAM-1 expression can be up-regulated in HUVEC and NHDF cells over the 12-hour incubation period, whilst in HUASMC no significant difference in ICAM-1 intensity was observed. The results obtained from these experiments provided baseline ICAM-1 expression data to which future co-culture and medium transfer experiments could be compared to answer whether the expression of ICAM-1 was augmented through communication with additional cell types.
As previously mentioned, current in vitro vascular co-culture models primarily include only the endothelial cell and smooth muscle cell (chapter 1); although previous research has indicated that smooth muscle cells can enhance the inflammatory response of endothelial cells [79, 80], the role of the fibroblast cell with respect to the vascular inflammatory response has not been studied in detail. Moreover, even though previous research has indicated that ICAM-1 is expressed on HUVEC [20], HUASMC [21] and NHDF [22], there are no studies comparing the ICAM-1 up-regulation within these cell types, either individually or in co-culture. 
Therefore, my next studies focussed on the co-culture of HUVEC, HUASMC and NHDF with the aim to determine whether the ICAM-1 up-regulation patterns observed in chapter 4 could be augmented in any way through the addition of alternative cell types to the culture. Initially, a co-culture of HUVEC and NHDF were studied. These were followed by co-culture experiments of HUVEC and HUASMC, and HUASMC and NHDF co-cultures. Finally, an experiment involving all three cell types (HUVEC, HUASMC and NHDF) was performed. These experiments allowed the presence of communication pathways between each cell type to be confirmed or discounted, as well as enabling the synthesis of hypotheses relating to the type of communication methods involved e.g. paracrine versus direct contact.
Cell biology in vivo is drastically different to that observed in vitro, with tissues presenting a 3D matrix with specific mechanical properties [205] and being made up of numerous different cell types (e.g. the tunica adventitia contains fibroblasts, tissue macrophages and endothelial progenitor cells [10]), all of which provide different biological functions to maintain a homeostatic environment. In vitro disease models provide a more simplistic approach, allowing changes in the physiology to be studied upon alterations to biological inputs [184]. Consequently, it is expected that the phenotype of a cell in vitro (e.g. endothelial cell) will become more biomimetic when the culture environment provides similar mechanical and chemical properties to those found in vivo. Thus, the introduction of additional cell types that are usually present (e.g. smooth muscle cell) can be incorporated into the culture, enabling the intercellular cross-talk that naturally occurs and enhancing the biomimetic properties of the cell culture [206].  
If these co-culture experiments provide evidence to suggest NHDF can augment the ICAM-1 expression profile in HUASMC and/or HUVEC, this would provide further reasoning for the fibroblasts’ inclusion in future in vitro vascular models.

5.2 	METHODS
5.2.1 	CELL CULTURE
All cell types were initially grown in their preferred medium type; HUVEC and HUASMC were grown in M199 medium, with and without ECGS/H respectively, whilst NHDF were cultured in DMEM AQmedia. All cell types were cultured for up to 15 population doublings and complete M199 medium was used during experiments to maintain consistency throughout.  For further details on culture methods, see chapters 4.2.1 - 4.2.4.
5.2.2 ANALYSIS OF CELL SEEDING RATIOS
To label one of the two cell types combined in co-culture, Celltracker™ Green CMFDA Dye (Thermo Scientific; C7025) was used. This was prepared by dissolving the powder in DMSO to produce a stock concentration of 10 mM, where it was then aliquoted and stored in the dark at -20 °C until required. The stock solution was then diluted in serum free M199 to produce a working concentration of 1 µM, covered with foil and pre-warmed to 37 °C before the addition of cells.  Whilst the cell tracker solution was warming, the cell type to be labelled was passaged (described in chapter 4.2.3) to produce a cell pellet. The supernatant was discarded, and the cell pellet was re-suspended using the tracker-medium solution and incubated in the dark at 37 °C for 30 minutes, before re-centrifugation at 220 g for 5 minutes and re-suspension in complete M199 medium. The retention of the fluorescent signal from the cell tracker was greater than 72 hours and was passed on to daughter cells; this easily covered the time-period required to carry out the experiments described and highlighted all the NHDF during culture.
HUVECs were then also passaged (described in chapter 4.2.2) and combined with the NHDFs in ‘complete M199’ to produce cell suspensions with cell ratios of 2:1, 1:1 and 1:2 (HUVEC : NHDF), which equates to -0.7, 1 and 0.7 after implementing equation 5.1.

The combined HUVEC and NHDF cell suspensions were subsequently seeded at 15,000 cells/cm2 on sterilised and gelatinised coverslips (0.1 % (m/v) gelatin (Sigma-Aldrich; G1890) in PBS) and incubated at 37 °C, 5 % CO2. The following day the coverslips were rinsed (3x) in PBS and fresh complete M199 medium was added. After either 24 or 48 hours of incubation, the cells were rinsed (3x) with PBS and fixed with 3.7 % (v/v) formaldehyde for 20 minutes at RT. After additional (3x) PBS washes, the coverslips were also incubated with DAPI (1 ng/mL) for 10 minutes at RT, before rinsing (3x) and storing the coverslips in PBS. The samples were kept in the dark at 4 °C until imaged, which would preferentially be completed within the same day.
Images were obtained on an IX73 Olympus inverted microscope using a 10x/0.3 air objective; the system was combined with a wLS LED light source and DAPI/FITC/Texas Red triple filter system which possess spectra of λEx 390-420 nm λEm 435-475 nm, of λEx 480-505 nm λEm 510-555 nm and λEx 550-590 nm λEm 595-690 nm, respectively. This enabled the Celltracker™ Green CMFDA Dye (max λEx 492 nm, max λEm 517 nm) (Thermo Scientific; C7025) and DAPI (max λEx 358 nm, max λEm 461 nm) to be detected. 
ImageJ was the software used to count the number of cells present in each labelled image [198]. The process entailed ‘image -> adjust -> colour threshold’, followed by ‘analyse -> analyse particles’; the total cell count and the number of NHDFs were then readily available and supported the calculation of the number of HUVECs (equation 5.2).
 
The cell ratio obtained from the images was also compared to the initial seeding cell ratio using equation 5.1 to determine:
i) whether there was a density dependence on how well each cell type grew in co-culture
ii) what initial seeding ratio was required to obtain an equal number after 48 hours (a 1:1 ratio was considered ‘healthy’, as discussed in Chapter 3.3.2)
T-tests to a 95% confidence interval were then carried out to compare HUVEC and NHDF cell counts between the different seeding cell ratios.

5.2.3 	TNF-α STIMULATION OF CO-CULTURES
For co-cultures, one cell type was pre-labelled with Celltracker™ Green CMFDA Dye (Thermo Scientific; C7025) as described above, re-suspended in complete M199 medium and combined with the other cell type at the correct ratio. For 3-cell co-cultures, NHDF cells were pre-labelled with the tracker, whilst HUVEC and HUASMC could be distinguished via size differences.  Co-cultures were combined to produce concentrations approximately half that used in the monoculture experiments and seeded onto gelatinised (0.1 % (m/v) gelatin (Sigma-Aldrich; G1890) in PBS) 13mm circular coverslips (Academy Science; NPC13/13) in 24-well plates and incubated at 37 °C, 5 % CO2 overnight to allow cell adhesion. 
The following day, the culture medium was exchanged for complete M199 medium containing 25 U/mL of human TNF-α (Thermo Fisher Scientific; PHC3015). The samples were incubated for 0, 3, 6, 9 and 12 hours.  Where all three cell types were combined, the cells were seeded at 3,500, 5,000 and 6,000 cells/mL for HUASMC, HUVEC and NHDF, respectively. Owing to the limited availability of HUASMC, these co-cultures were only incubated with TNF-α for 12 hours.  Thereafter, the cells were fixed using 3.7 % (v/v) formaldehyde for 20 minutes at RT before washing with PBS (3x). Prevention of non-specific binding of secondary antibodies was carried out by incubating samples for 1 hour with a 3 % (w/v) BSA (Sigma-Aldrich; A7030) in PBS solution.  Samples were then stored at 4 °C.
With cell seeding occurring on Day 1, with the addition of TNF-α on either Day 2 or 3, immunolabelling was then carried out on Days 4 and/or 5, respectively. All experiments were completed in triplicate with n indicating the number of independent repeats.

5.2.4 	IMMUNOCYTOCHEMISTRY TO EXAMINE ICAM-1 UP-REGULATION
As previously described in chapter 4.2.7, mouse anti-human ICAM-1/CD54 primary antibody (eBioscience; BMS108), goat anti-mouse Alexa Fluor 633 secondary antibody (Life Technologies; A21052) and DAPI were added to the fixed cells.
For imaging, the samples (coverslips) were transferred to a Petri dish containing PBS. Images were obtained using a Zeiss upright LSM510 Meta confocal microscope, combined with a Zeiss 10x/0.30 W Ph1 water immersion objective. Argon/2 (ex = 488 nm / em = 500-550 nm), HeNe2 (ex = 633 nm / em = 650-710 nm), Ti-Sapphire two-photon (ex = 780 nm / em = 435-485 nm) lasers were used to stimulate the CMFDA (max λEx 492 nm, max λEm 517 nm), Alexa Fluor 633 (max λEx 632 nm, max λEm 647 nm) and DAPI (max λEx 358 nm, max λEm 461 nm) fluorophores, respectively. 
All microscope and laser settings for Alexa Fluor 633 imaging were maintained from previous experiments: the resolution of the image was set to 512 x 512 pixels, the pinhole size was set to ~9.7 Airy Units,  transmission (%) set to 39.5 for the HeNe2 laser with detector gain of 850, amplifier offset of 0.1, amplifier gain at 1 and an average reading was taken from 4 scans.

5.2.5 	USING IMAGE ANALYSIS SOFTWARE TO ASSESS ICAM-1 EXPRESSION IN CO-CULTURE
ImageJ was the software of choice to calculate the mean intensity of ICAM-1 for each sample [198].  The total cell count was obtained via DAPI identifying all cells present, with the CMFDA labelling identifying the number of NHDF cells. The number of HUVEC was then calculated using equation 5.1 and the cell ratio obtained (equation 5.2).  The cell ratio of the co-cultures involving HUASMC was calculated in a similar manner as demonstrated in equation 5.3.

Any images obtained that were clearly not representative of the population were removed from the image analysis; for example, if an image contained many HUVEC but few HUASMC cells. Each image had its background fluorescence removed via ‘process -> subtract background’, with the rolling ball radius set to 12 pixels. Areas were then selected of solely a single cell type and the mean intensity of ICAM-1 was then obtained using the software.  
The data was then transferred to SPSS for statistical analysis. The Games-Howell test was used to calculate the p-value between the intensities obtained at different time-points; thus, highlighting any significant results at the 95% confidence interval.  Where applicable, the cell ratio to intensity correlation was also assessed via the Spearman’s Rho test to determine RS values.



5.3 	RESULTS
5.3.1	ANALYSIS OF CELL SEEDING RATIOS 
With the population doubling time being slightly different between all cell types under normal monoculture conditions, optimal seeding ratios needed to be calculated for the co-cultures, considering any influence on growth from the alternative cell type. This enabled co-culture experiments analysing the ICAM-1 expression to be carried out the day after seeding with an approximate equal cell ratio – this was calculated to be a healthy cell ratio as determined via the histological analysis of human coronary arteries in chapter 3.  
Firstly, HUVEC and NHDF co-cultures were considered. The cells were seeded at three different seeding ratios, cultured for 48 hours and the new cell ratio calculated; images taken via epifluorescent microscopy can be seen in figure 5.1. The number of HUVEC appreciably increased between 24 and 48 hours. Moreover, although both cell types appear throughout the sample, the relative proportion changed in regions of interest owing to the formation of HUVEC islands. Figure 5.2 illustrates the change in cell ratio observed under different culture conditions. A decrease in cell ratio (equation 5.1), indicating a relative increase in HUVEC, occurred when HUVEC and NHDF were seeded at 2:1 and 1:2 (HUVEC : NHDF) ratios, whilst no differences were observed when cells were seeded equally.
It was essential that the cell ratio decreased when more NHDF were seeded to even out the ratio of HUVEC to NHDF by 48 hours; in this case the ratio changed from 0.7 to approximately 0.1, meaning that although there was twice the number of NHDF than HUVEC initially, the number of each cell type was relatively even after 48 hours. This suggests that a seeding ratio of both 0 and 0.7 were suitable for experiments.  It was also essential that the exact cell numbers were analysed, to ensure that each cell type was growing well at the chosen seeding densities. Figure 5.3 displays the cell counts for HUVEC and NHDF. Observing the HUVEC data, whilst the numbers increased by approximately 150 % between 24 and 48 hours when seeded at ratio of -0.7 (2:1) and 0 (1:1), at 0.7 (1:2) the number of HUVEC appeared to increase by about 850 %.  Although there appeared to be an increase of 100 % and 50 % in NHDF at 0 and 0.7 seeding ratios between 24 and 48 hours statistical tests were not performed and thus significant differences could not be established.
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Figure 5.1 – Epifluorescent micrograph images representing the different HUVEC and NHDF co-culture ratios. DAPI (blue) identifies nuclei of both HUVEC and NHDF cells, whilst NHDF were identified by a CMFDA cell tracker (red-yellow). A significant increase in HUVEC count occurred between the two time-points for all seeding ratios, with the seeding ratios 1:1 and 1:2 appearing to have approximately equal quantities of both HUVEC and NHDF at 48 hours. Scale bar = 200 m.
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Figure 5.2 – The mean change in ratio of HUVEC and NHDF when cultured at different seeding ratios. Although there was no significant change in cell ratio when seeded in equal numbers, a significant decrease in cell ratio was observed when one cell type was predominant at seeding, indicating a relative increase in HUVEC count. (n=1). 



Figure 5.3 - The mean change in cell count of HUVEC and NHDF over the 48-hour study period in co-culture. In HUVEC, the difference in cell count between 24 and 48 hours was only significant when HUVEC were not the major cell type present at seeding. There were also no significant differences in the HUVEC count between seeding ratios after 48 hours. In NHDF, there was no significant difference in number at 48 hours versus 24 hours for all seeding ratios. Moreover, the difference in cell count between the seeding ratios only became significant when comparing the results obtained at 48 hours for seeding ratios of -0.7 and 0.7. (n=1). 
Nevertheless, owing to the higher initial seeding numbers with increasing ratio, the final NHDF count was significantly higher at 0.7 than -0.7 at 48 hours.  Combining the data, it appeared that increasing the relative proportion of NHDF enhanced the growth of HUVEC, whilst an increasing proportion of HUVEC inhibited the growth of NHDF cells. Thus, a cell ratio somewhere between 0 and 0.7 was decided as optimum.

5.3.2 	HUVEC AND NHDF CELLS IN CO-CULTURE
HUVEC and NHDF cells were seeded and stimulated with 25 U/mL TNF-α. Representative confocal images can be observed in figure 5.4. As with monoculture studies, there was a relative increase in expression of ICAM-1 over a 12-hour period.  However, upon closer examination of respective cell response, it was evident that this increase in ICAM-1 was primarily from the HUVEC cells, with little expression observed in NHDF. The difference in ICAM-1 upregulation was more pronounced when analysing the relative ICAM-1 intensity of each cell type.  Figure 5.5 displays the ICAM-1 intensity in HUVEC and NHDF under co-culture conditions, respectively. 
HUVEC cells displayed a sigmoidal-shaped response; the differences between the mean intensities for each 3-hourly interval up to 9 hours were highly significant (p<0.01, p<0.001, p<0.001), followed by a difference that was not significant (p=0.451). This was different to HUVEC cells under monoculture condition, where the difference in ICAM-1 between 6 and 9 hours was not significant.   Moreover, an increase in basal ICAM-1 expression in HUVEC cells when co-cultured with NHDF was observed (2.1 vs 1.3-fold; p<0.01), as well as a steeper gradient of ICAM-1 up-regulation. This resulted in the mean intensity at 12 hours being significantly greater than in monoculture (8.3- vs 5.2-fold; p<0.001). 
On the other hand, NHDF cells did not display a significant change from basal ICAM-1 expression levels (0 hrs) after addition of TNF-α until a 12-hour time-point (p<0.05). Additionally, the mean intensity between the 3- and 9-hour intervals (p<0.01), and the 6- and 12-hour intervals (p<0.05) were significant. The basal ICAM-1 expression in co-culture was comparable to monoculture conditions (p=0.874). However, the relative intensity after 12 hours of incubation with  TNF-α was only 1.7-fold in co-culture versus 5.1-fold 
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Figure 5.4 – Representative confocal micrograph images of HUVEC and NHDF co-cultures when stimulated with 25 U/mL TNF-α for 0-12 hours. DAPI (blue) identifies the nuclei of all cells, CMFDA (green) labels NHDF cells only. ICAM-1 (red) generally increased with increasing TNF-α exposure, though upon close examination this primarily arose in HUVEC cells. Scale bar = 250 m.
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Figure 5.5 – ICAM-1 upregulation in HUVEC and NHDF cells in co-culture when stimulated with 25 U/mL TNF-α. A small increase in basal ICAM-1 expression occurred after seeding, followed by a sigmoidal shaped response over 12-hours after stimulation in HUVEC presence. NHDF ICAM-1 expression was low for the first 6 hours, followed by a small increase over the following 6 hours. Mean ± SEM (n=3). 


Figure 5.5 – ICAM-1 upregulation in HUVEC and NHDF cells in co-culture when stimulated with 25 U/mL TNF-α. A small increase in basal ICAM-1 expression occurred after seeding, followed by a sigmoidal shaped response over 12-hours after stimulation in HUVEC presence. NHDF ICAM-1 expression was low for the first 6 hours, followed by a small increase over the following 6 hours. Mean ± SEM (n=3). 



in monoculture, indicating that the expression of ICAM-1 in monoculture was significantly greater than when in co-culture with HUVEC (p<0.001). 
The influence of each cell type on the other is illustrated in figure 5.6, where the cell ratio can be related to the ICAM-1 upregulation in each cell type. A significant and positive relationship between the cell ratio and ICAM-1 level was observed in both HUVEC and NHDF. Cell ratio versus ICAM-1 intensity in HUVEC cells producing a gradient of 2.3 and RS value of 0.541 (p<0.01), whilst in NHDF a gradient of 0.2 was produced with an RS value of 0.652 (p<0.01). 

5.3.3 HUVEC AND HUASMC CELLS IN CO-CULTURE
HUVEC and HUASMC were seeded and stimulated with 25 U/mL TNF-α the following day for up to 12 hours. Confocal micrograph images obtained at various time-points are illustrated in figure 5.7. ICAM-1 appears to be expressed in both cell types at the 0-hour time point. Moreover, an increasing intensity was observed over the experimental period within the HUVEC whilst for HUASMC there was little change, akin to monoculture conditions. Intensity values were obtained for each cell type and shown in figure 5.8. The ICAM-1 intensity for HUVEC cells was significantly higher in co-culture with HUASMC prior to TNF-α addition, than in co-culture with NHDF cells or under monoculture conditions (5.6- vs 1.9- vs 1.3-fold; p<0.001). 
The overall increase of ICAM-1 level within the experimental period for HUVEC cells appeared to be approximately 3.9-fold, similar to monoculture conditions. This meant that the intensity values obtained from HUVEC cells in co-culture with HUASMC cells after 12 hours of TNF-α stimulation was significantly greater than for either in co-culture with NHDF cells or monoculture (9.6- vs 8.3-fold; p<0.05) versus 5.2-fold (p<0.001). Interestingly, it seems that in co-culture with HUASMC the only interval with a significant increase in intensity was between 3 and 6 hours after the addition of TNF-α (p<0.01), whereas in monoculture all intervals except the 6 to 9 hour period were significant.


 Figure 5.6 – Relationship between the cell ratio (equation 5.1) and ICAM-1 levels in HUVEC and NHDF cells in co-culture when stimulated with 25 U/mL TNF-α. A positive cell ratio indicates more NHDF than HUVEC were present in a particular image. A positive correlation was present for both cell types, indicating that increasing NHDF proportion increases the ICAM-1 expression in both cell types. (n=3)


Figure 5.6 – Relationship between the cell ratio (equation 5.1) and ICAM-1 levels in HUVEC and NHDF cells in co-culture when stimulated with 25 U/mL TNF-α. A positive cell ratio indicates more NHDF than HUVEC were present in a particular image. A positive correlation was present for both cell types, indicating that increasing NHDF proportion increases the ICAM-1 expression in both cell types. (n=3)
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 Figure 5.7 – Representative confocal micrograph images of ICAM-1 (red) in HUVEC and HUASMC co-cultures when stimulated with 25 U/mL TNF-α for 0-12 hours. DAPI (blue) identifies the nuclei of all cells, whilst CMFDA (green) identifies HUVEC cells. HUASMC cells appear to express constitutive levels of ICAM-1 throughout, whilst significant up-regulation occurs in HUVEC cells. Scale bar = 250 m.
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Figure 5.8 – ICAM-1 upregulation in HUVEC and HUASMC cells in co-culture when stimulated with 25 U/mL TNF-α. Basal ICAM-1 expression appeared to increase in HUVEC cells when cultured with HUASMC cell before the addition of TNF-α. Little change in ICAM-1 was observed in HUASMC throughout, whilst a significant increase in ICAM-1 was observed in HUVEC cells, specifically between 3 and 6 hours after TNF-α addition. Mean ± SEM (n=3). 
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There was no significant difference in HUASMC ICAM-1 expression over the 12-hour period (p=0.546) and no significant difference observed between monoculture conditions, and the baseline intensity (p=0.498), or 12-hour intensity of ICAM-1 (p=0.419) when cells were co-cultured with HUVEC cells. The relationship between the HUVEC and HUASMC cell ratio (equation 5.3) and ICAM-1 level can be observed in figure 5.9, where it appears that an increasing proportion of HUASMC resulted in an increase in ICAM-1 levels in HUVEC cells. However, this correlation was not significant, producing an RS statistic of -0.475 with p-value of 0.063. Owing to the intensity of ICAM-1 in HUASMC being relatively consistent, the relationship between the cell ratio and intensity of ICAM-1 in HUASMC was not considered.



Figure 5.9 – The relationship between HUVEC to HUASMC cell ratio and ICAM-1 intensity in HUVEC cells. Owing to the size difference between HUVEC and HUASMC, there was always a significantly larger number of HUVEC present. Though not quite significant, the negative correlation indicates that increasing the number of HUVEC decreases the ICAM-1 intensity within the HUVEC.


Figure 5.9 – The relationship between HUVEC to HUASMC cell ratio and ICAM-1 intensity in HUVEC cells. Owing to the size difference between HUVEC and HUASMC, there was always a significantly larger number of HUVEC present. Though not quite significant, the negative correlation indicates that increasing the number of HUVEC decreases the ICAM-1 intensity within the HUVEC.





5.3.4 	HUASMC AND NHDF CELLS IN CO-CULTURE
To complete the different co-culture combinations using two cell types, HUASMC and NHDF cells were co-cultured and ICAM-1 levels calculated after addition of 25 U/mL TNF-α. Confocal micrograph images obtained are shown in figure 5.10.  Whilst there appeared to be a relatively high level of ICAM-1 expression prior to addition of TNF-α, there was little to no observable change over the course of the experiment in either cell type. This was confirmed by the intensity values obtained, shown in figure 5.11. Games-Howell tests concluded that there were no significant differences for either HUASMC or NHDF cells.  Whilst the baseline expression of ICAM-1 in HUASMC cells was comparable to both monoculture (p=0.659) and HUVEC co-culture conditions (p=0.356), for NHDF cells a significant increase in intensity was seen prior to TNF-α addition when compared to both monoculture and HUVEC co-culture conditions (2.8- vs 1.1-fold, p<0.001).
Owing to the lack of change in ICAM-1 intensity after the addition of TNF-α in either NHDF (p=0.991) or HUASMC (p=1.000), the relationship between cell ratio and intensity was not examined further.
This was distinctly different to the NHDF cell findings in both monoculture and co-culture with HUVEC cells, where baseline levels remained low and ICAM-1 increased over the experimental period.  All intensity values for NHDF in the co-culture with HUASMC experiments were significantly greater than those observed in co-culture with HUVEC over a 12-hour period (p<0.001). Though the ICAM-1 intensity in NHDF at 12 hours was significantly greater in monoculture than in co-culture with HUASMC (p<0.001), the results obtained after 6 hours of incubation with 25 U/mL TNF-α were comparable (p=0.608). The relationship between the cell ratio of NHDF to HUASMC was not considered owing to a maximum level of ICAM-1 for both cell types, even in the presence of TNF-α.
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Figure 5.10 – Confocal micrograph images representative of HUASMC and NHDF cell co-cultures when stimulated with 25 U/mL TNF-α for 0-12 hours. DAPI (blue) identifies the nuclei of all cells, whilst CMFDA (green) identifies NHDF cells. No obvious change in expression of ICAM-1 (red) was observed throughout the experiment in either cell type. Scale bar = 250 m.
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Figure 5.11 – ICAM-1 expression in HUASMC and NHDF cells in co-culture when stimulated with 25 U/mL TNF-α. No significant changes in ICAM-1 expression was observed in either cell type throughout the experimental period. Mean ± SEM (n=3).  
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5.3.5 	HUVEC, HUASMC AND NHDF CELLS IN TRI-CULTURE
With evident cross-talk between HUVEC and NHDF (chapter 5.3.2), and at least unidirectional signalling from HUASMC to HUVEC (chapter 5.3.3) and NHDF (chapter 5.3.4), the concluding experiment was to produce a co-culture that investigated ICAM-1 up-regulation all 3 cell types: HUVEC, HUASMC and NHDF cells. This would allow the ICAM-1 expression profile to be compared to previous co-culture experiments and predict the roles of each cell type in augmenting the inflammatory response.   
Figure 5.12 shows confocal micrograph images obtained from tri-cultures after stimulation with 25 U/mL TNF-α for 12 hours. The confocal images obtained from this experiment were akin to those obtained in previous co-culture experiments, with a high level of ICAM-1 expression in HUVEC cells and a low but still present level of ICAM-1 expression in NHDF cells. Figure 5.13 compares ICAM-1 intensity levels obtained in all cell types under the different culture condition after 12 hours of pro-inflammatory stimulation. However, owing to the absence of experimental repeats through the lack of both availability of materials and time, no statistical tests were carried out to compare these results to those in previous co-culture experiments; therefore, only general comparisons were made, and hypotheses formulated based on what these data suggests.
ICAM-1 expression in HUVEC cells was the lowest in monoculture, with the introduction of an additional cell type enhancing the up-regulation of the inflammatory marker; HUASMC caused a greater overall increase in ICAM-1 compared to NHDF cells. Moreover, when all three cell types were combined up-regulation was potentiated further.  An opposing trend was seen in NHDF cells, where expression of ICAM-1 in monoculture was highest, with the addition of HUASMC or HUVEC cells decreasing expression. Although HUVEC cells appeared to decrease ICAM-1 more than HUASMC, in the tri-culture levels of ICAM-1 appeared to be comparable to when NHDF were cultured solely with HUASMC cells. 
Although there was little difference in HUASMC expression in monoculture and co-culture conditions, when all three cell types were combined, ICAM-1 levels appeared to be slightly reduced.
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Figure 5.12 – Confocal micrograph images of a HUVEC / HUASMC / NHDF cell co-culture after stimulation with 25 U/mL TNF-α for 12 hours. Owing to the comparable size of HUVEC and NHDF, NHDF were tracked using CMFDA (green), whilst HUVEC were identifiable through the high ICAM-1 (red) expression alone. HUASMC were easily identified as they were greater in size and constitutively expressed ICAM-1, akin to monoculture and previous co-culture experiments. Although NHDF appear to express ICAM-1, the intensity appears lower than in monoculture conditions whereas the opposite occurred for HUVEC. DAPI (blue) highlights all cell nuclei. Scale bar = 250 m. 





Figure 5.13 – A summary of the ICAM-1 intensities obtained after 12 hours of TNF-α stimulation in HUVEC, HUASMC and NHDF cells under different culture conditions. HUVEC cells appeared to increase ICAM-1 levels upon introduction of additional cell types. In HUASMC cells the tri-culture ICAM-1 level appears lower than for monoculture or NHDF cell co-culture conditions. For NHDF cells the tri-culture ICAM-1 intensity is comparable to data obtained for the HUASMC cell co-culture. (for monocultures and co-cultures n=3, for tri-culture n=1)


Figure 5.13 – A summary of the ICAM-1 intensities obtained after 12 hours of TNF-α stimulation in HUVEC, HUASMC and NHDF cells under different culture conditions. HUVEC cells appeared to increase ICAM-1 levels upon introduction of additional cell types. In HUASMC cells the tri-culture ICAM-1 level appears lower than for monoculture or NHDF cell co-culture conditions. For NHDF cells the tri-culture ICAM-1 intensity is comparable to data obtained for the HUASMC cell co-culture. (n=1)



5.4 	DISCUSSION 
Co-culture experiments were carried out using different combinations of HUVEC, HUASMC and NHDF. The level of ICAM-1 intensity was obtained for each cell type in the various co-culture arrangements and were then compared to the previous monoculture experiments; consequently, where changes in ICAM-1 intensity were evident, the cause for this change had to be the result of intercellular signalling. For example, HUVEC appeared to express more ICAM-1 in co-culture with HUASMC than in monoculture, indicating that a signalling pathway must flow from HUASMC to HUVEC to elicit the response. Any significant findings were then examined later through the transfer of conditioned medium to confirm whether paracrine signals were responsible for the adjustment in ICAM-1 intensity.

5.4.1	ANALYSIS OF CELL SEEDING RATIOS
With all monoculture and co-culture experiments taking place over 2 days, the cell counts were only considered for up to 48 hours as the samples would then be fixed for immunolabelling. Although the results from the co-culture of HUVEC and NHDF indicate that a cell ratio between 0 and 0.7 was optimum, which indicates that there required to be a slightly higher percentage of NHDF than HUVEC at seeding, no further experimentation was carried out to determine exactly what the optimum seeding ratio was. There were two main reasons for this: 
i) cell counting provided only an estimate of the whole cell population and there was little discrepancy between the cell counts after 48 hours at either seeding ratio (figure 5.3) 
ii) HUVEC are known to form islands (figure 4.3), which means that in all samples there would be areas with high and low densities of HUVEC. 
Additionally, there was a distinct difference in both cell size and growth rate when comparing HUVEC and NHDF to HUASMC: the population doubling time in culture was approximately 1.5 – 2.0 days for HUVEC, 2.0 - 2.5 days for NHDF, and 10-12 days for HUASMC; likewise, HUASMC covered approximately 10x the surface area of both HUVEC and NHDF. Therefore, the seeding approach was adapted, whereby HUVEC, NHDF and HUASMC would be seeded at around a half or one third the normal seeding density (Chapters 4.2.2-4.2.4), for co-culture and tri-culture respectively, followed by calculating the ratio of different cell types in various areas of the culture. The cell ratio could then be compared to ICAM-1 expression within that area to determine whether any correlation was present. 

5.4.2	NHDF TO HUVEC CELL COMMUNICATION
Clear differences in ICAM-1 expression levels were observed in both HUVEC and NHDF cells in co-culture, versus monoculture. Though opposing trends were produced, where the respective levels of ICAM-1 were increased in HUVEC and decreased in NHDF cells in co-culture, these results indicated that communication in both directions between HUVEC and NHDF was essential. Though the type of communication between HUVEC and NHDF cells cannot be completely determined by studying the co-culture data alone, analysis of the cell ratio versus ICAM-1 intensity in figure 5.6 provided an insight into the probable communication mechanisms. 
The results in figure 5.6 suggested that the signalling method from NHDF to HUVEC involved either direct communication or the release of molecule(s) which had a very short effective communication distance [207], owing to the steep gradient between cell ratio and ICAM-1 intensity in HUVEC. Meanwhile, a small gradient relating ICAM-1 intensity in NHDF to the cell ratio suggested the responsible signalling molecule(s) released from HUVEC had a much larger effective communication distance, similar to what one would expect from a paracrine signal. 
Francis & Palsson (1997) estimated that the maximum distance a single cell can successfully communicate via soluble cyto- and chemokine release is 250 µm, which is projected to take a period of 10 – 30 minutes to occur. This takes into account the speed of diffusion and intensity of signal required to effectively induce a response; their analysis indicated that whilst one would expect faster diffusion to result in a larger communication distance, in fact slower diffusion was better owing to the propagation of a more intense signal prior to dilution via random molecular motion [207]. Consequently, it is also expected that HUVEC express significantly larger quantities of the signalling molecule(s) compared to NHDF.
With the understanding that during injury to the endothelium, fibroblasts from within the tunica adventitia become activated and migrate towards the injury site, the communication methods observed between the endothelial and fibroblast cell may prove to be vital for a successful wound healing response.
Firstly, endothelial injury would promote the release of pro-inflammatory molecules from the endothelial cells into the interstitial fluid, where they can then diffuse through the surrounding tissue to activate fibroblasts laying within the tunica adventitia. For example, the expression of cytokines IL-1α, IL-6, IL-7, IL-8, IL-15, TNF-α and TGF-β are all increased in HUVEC in response to TNF-α stimulation [208], of which IL-1α [209], TNF-α [210] and TGF-β [211] have all been shown to act on NHDF.
Hannan et al (2009) confirmed the synthesis of TGF-β as well as bFGF by HUVEC [212]. Treatment of cultured rat atrial fibroblasts with TGF-β has been shown to induce a higher expression of hyaluronan, CD44, STAT3, and collagen (a marker of fibrosis), whereby antibody blocking of CD44 attenuated STAT activation and collagen production [213]. Acharya et al (2008) also confirmed that CD44-dependent TGF-β activation of fibroblasts was essential for fibroblast migration [214]. 
Furthermore, growth factors such as FGFs are essential for the regulation of proliferation, differentiation and metabolism of cells and have shown to be enhanced upon endothelial injury and in states of chronic inflammation. FGFs have a high affinity to heparan sulphate glycosaminoglycans, which not only enhances their half-life but also causes them to act in a localised manner near to their source of expression [215]. Therefore, a bFGF gradient is produced, with the highest concentration being found at the endothelium, leading to the recruitment of fibroblasts [216]. 
Secondly, the migrating fibroblasts would require a mechanism enabling them to know when they have reached their intended target and to subsequently change their phenotype from a pro-inflammatory phenotype which promotes the production of extracellular components such as collagen [217, 186] back to their original non-inflammatory state. This could be through the active induction of anti-inflammatory mediators expressed by either the endothelial or fibroblast cells, which are involved in the resolution of inflammation [218]. 
Young & Adamson (1993) demonstrated that epithelial cell secretions inhibited fibroblast growth in both control cultures and during acute bleomycin-induced pulmonary inflammation in rats [219]. However, a prolonged chronic pro-inflammatory stimulus may de-regulate the normal inflammatory processes to result in excess deposition of extracellular matrix [220]. Prolonged bleomycin-induced inflammation in rats confirmed this through the loss of inhibition of fibroblast growth by the epithelium which lead to fibrosis formation within the lung [219].
The origin of this fibroblast inhibition was likely through the growth factor FGF10, as it has since been revealed that its overexpression leads to reduced bleomycin-induced pulmonary fibrosis in mice [221]. The mechanism of action was possibly through the reduction of TGF-β and MMP-2 activity [222]. FGF10 appears to only be expressed by the mesenchyme, which develops into connective and skeletal tissues, including blood and lymph during embryo development [223]. Moreover, although FGF10 only produced a weak response in endothelial cells, it appeared to play a significant role in vasculogenesis and angiogenesis, as demonstrated via a chick chorioallantoic membrane model [224].
Even though FGF10 has been shown to have an important role in both vasculogenesis and angiogenesis [224], whether it may be involved in plaque angiogenesis during atherosclerosis disease development has not yet been studied and may be a potential direction for future studies. 
Finally, fibroblasts are known to respond to pro-inflammatory cytokines such as TNF-α by synthesising and secreting cytokines including TGF-β1, IL-1β and IL-33 [203]. Whilst IL-1β and IL-33 are both part of the IL-1 superfamily [225], IL-1β in particular has been shown to increase ICAM-1 in endothelial cells [226]. Suzuki et al (1994) also established that TGF-β1 can induce ICAM-1 expression in HUVEC [227].
TNF-α, TGF-β and IL-1α/β all ultimately activate NF-κB to induce ICAM-1 expression, but act through slightly different signalling pathways to induce their effect [228, 229]. Hence, if more than one of these pro-inflammatory molecules are present, or their respective concentrations are boosted by alternative cell types, the ability to induce NF-κB translocation into the nucleus could coalesce to provoke an ICAM-1 expression beyond what would otherwise be observed, as indicated in HUVEC when in co-culture with NHDF (figure 5.5), where the respective increase in ICAM-1 intensity was 6.1-fold in co-culture versus 3.9-fold in monoculture (figure 4.7).

5.4.3	HUASMC INFLUENCE ON ICAM-1 EXPRESSION BY HUVEC AND NHDF
When both HUVEC and NHDF were cultured with HUASMC, the expression of ICAM-1 on the cell surface increased before TNF-α was added by 4.1-fold in HUVEC (figure 5.8) versus 1.8-fold in NHDF (figure 5.11). This indicated that either the HUASMC cells were expressing a pro-inflammatory stimulus (either constitutively or through HUVEC/NHDF induction), or that HUVEC/NHDF were releasing pro-inflammatory stimuli induced by HUASMC presence.
Likewise, the moderate negative correlation in figure 5.9 demonstrates that with increasing proportion of HUASMC, the ICAM-1 intensity in HUVEC increases. Though this relationship was not significant to the 95% confidence level (p=0.068), it does highlight HUASMC are likely required to be in close-contact to HUVEC to induce the increased ICAM-1 observed prior to TNF-α addition. 
Chiu et al (2005) revealed that endothelial cells increase pro-inflammatory gene expression when co-cultured with smooth muscle cells under static conditions [80]; the direct contact of smooth muscle cells on endothelial cells results in Tyr142-phosphorylation of β-catenin in endothelial cells, leading to inflammation [230]. On the other hand, this was inhibited by exposing the endothelial cells to high shear stresses, highlighting the protective effect of shear stress in atherogenesis [80]. 
This was confirmed by Wallace & Truskey (2010), who also demonstrated direct contact between endothelial and smooth muscle cells was essential to produce the atheroprotective effects of high shear stress. Their results indicated that the expression of eNOS and Krüppel-like Family 2 genes were significantly up-regulated in the endothelial cell in co-culture with smooth muscle cells versus monoculture [81]. 
Considering that the relative ICAM-1 intensity increased by a significantly larger value in HUVEC than NHDF (4.1-fold vs 1.8-fold) in co-culture with HUASMC prior to TNF-α addition, this could highlight either: 
i) HUVEC are more sensitive to the pro-inflammatory paracrine signal released by HUASMC 
or
ii) the activation of different pathways in HUVEC and NHDF are responsible for the increased ICAM-1 expression.
If the relative abundance of a receptor is different on the surface of the endothelial and fibroblast cells, the intensity of the cellular response could be different to the same concentration of pro-inflammatory stimulus. For example, IL-1 is known to initiate a number of different functions on vascular cells (see chapter 2.4.1); two subtypes of IL-1 receptor exist (IL-1RI and IL-1RII) to which IL-1RI transduces a signal whilst IL-1RII acts as a sink for IL-1β and has thus been termed a ‘decoy’ receptor [231]. 
Alternatively, different signalling pathways could be activated in the endothelial and fibroblast cells. Although NF-κB is the most common transcription factor to induce ICAM-1 gene expression, a number of alternative factors are also involved in transcription regulation including Janus kinase/signal transducers and activators of transcription (JAK/STAT) [232], palindromic interferon-γ-responsive element [232], Ets-1 [233], Ccaat-enhancer-binding proteins [234], Sphingosine-1-Phosphate [235], and retinoic acid response element [236]. 
Human airway smooth muscle cells have been shown to constitutively express the VEGF protein [237]. An imbalance of angiogenesis and lymphangiogenesis is found in atherosclerotic disease progression and has previously been discussed in chapter 2.3.5. 
Additionally, prostaglandins are ubiquitously produced and act as autocrine and paracrine lipid mediators; they may be involved in both the promotion and resolution of the inflammatory response [238]. Vascular cells, including endothelial cells, smooth muscle cells and fibroblasts, are involved in the basal synthesis of Prostaglandin E2 (PGE2) [239]. However, during inflammation smooth muscle cells up-regulate PGE2 synthesis [240].
Combining experimental results and previous research, it can be hypothesised that HUASMC express a paracrine signal to generate a pro-inflammatory phenotype in endothelial cells; however, this signal can be attenuated through a combination of direct contact and shear stress. This would support the previous hypotheses suggesting that a combination of paracrine and direct signalling is present between the endothelial and fibroblast cell types to produce a successful wound healing response. For example, after endothelial injury, it would be expected that the direct contact between the endothelium and underlying smooth muscle cells would be lost, promoting a pro-inflammatory phenotype in the surrounding tissue, contributing to the initiation and continuance of fibroblast activation and migration.

5.4.4. COMBINED EFFECTS IN TRI-CULTURE
There was only time to complete one tri-culture experiment, but the data indicated that the pathways present in the HUVEC/NHDF, HUVEC/HUASMC and HUASMC/NHDF co-cultures were interlinked.  
For example, HUVEC ICAM-1 expression levels 12 hours after TNF-α addition were 5.2-, 8.3- and 9.5-fold in monoculture (figure 4.7), co-culture with NHDF (figure 5.5) and co-culture with HUASMC (figure 5.8), respectively. When all three cell types were combined, the ICAM-1 intensity appeared to increase further to approximately 11.4-fold (figure 5.13). Although the change in baseline ICAM-1 expression was not examined in tri-culture, the results indicate that the enhanced ICAM-1 expression prior to TNF-α addition in co-culture with HUASMC plus the enhanced expression between 0-12 hours post-TNF-α addition in co-culture with NHDF united. 
Although TNF-α, IL-1 and VEGF have been shown to increase ICAM-1 in endothelial cells [74, 241, 77]; there is no research confirming whether simultaneous activation of these pathways can combine to enhance ICAM-1 expression beyond the expression after stimulation with each individual cytokine.
Similarly, the intensity of ICAM-1 in NHDF failed to change after the inclusion of TNF-α in co-culture with either HUVEC (figure 5.5) or HUASMC (figure 5.11). Upon combining all three cell types, the intensity of ICAM-1 12 hours after TNF-α addition was 2.8-fold, similar to the 2-7-fold observed in co-culture with HUASMC; this was an increase of approximately 1.7-fold in co-culture with HUASMC prior to TNF-α addition. Thus, it can be assumed that the ICAM-1 intensity of NHDF in tri-culture arose from a HUASMC signal, to which TNF-α had no influence.

5.4.5. LIMITATIONS
It is without doubt that there are factors within this co-culture model design that have not been taken in to consideration, such as the inclusion of leukocytes, extracellular matrix and/or the elastic lamina to separate the endothelial, smooth muscle and fibroblast cell types. However, these provide avenues to explore in future work.
As described in Chapter 2.4, macrophage apoptosis suppresses plaque progression in early stage lesions, whilst in advanced lesions, macrophage apoptosis encourages the development of a necrotic core [83]. Consequently, how the native vascular macrophage affects the expression of ICAM-1 upon the introduction of an inflammatory molecule such as TNF-α, would be a worthwhile avenue to proceed as this could influence the results obtained via the co-culture experiments and augment any subsequent leukocyte infiltration. 
Likewise, the composition of the extracellular matrix, which typically includes a mixture of collagen, elastin, glycoproteins and proteoglycans, determines the tensile strength and elastic modulus of the arterial wall [242]. Whilst gelatin is denatured collagen and was used throughout experimentation, the inclusion of other components could influence the attachment, growth rate and cell signalling of the cultured cell types. Whilst advanced stable plaques exhibit a high matrix composition, plaque rupture risk is associated with increase matrix metalloproteinase production and increase matrix degradation. This includes the degradation of the internal and external elastic lamina, which increased the ability of fibroblasts and smooth muscle cells to migrate towards the vascular lumen, as discussed in Chapter 2.


5.5 	CONCLUSION
Co-culture studies have demonstrated that complex communication networks exist between the HUVEC, HUASMC and NHDF, which control the extent to which the inflammatory response is induced upon TNF-α stimulation.
HUASMC appeared to constitutively release a pro-inflammatory stimulus that increased ICAM-1 expression in both HUVEC and NHDF under basal culture conditions. Moreover, HUASMC didn’t have any influence on how much the ICAM-1 intensity increased in HUVEC when TNF-α was added, suggesting that the responsible molecule activated an ICAM-1 signalling pathway independent to the NF-κB activation seen with TNF-α. With literature demonstrating constitutive VEGF expression in human airway smooth muscle cells and its ability to enhance ICAM-1 transcription via the JAK/STAT pathway, it could be speculated that VEGF could be responsible for the results observed. 
Similarly, the rate of ICAM-1 expression on HUVEC was enhanced after TNF-α stimulation in co-culture with NHDF versus monoculture. Pro-inflammatory activation of fibroblasts is known to induce large quantities of pro-inflammatory cytokine expression such as TNF-α, IL-1 and IL-6, of which any or all could contribute to NF-κB activation and subsequent ICAM-1 expression. 
On the contrary, both HUVEC and HUASMC appeared to inhibit the up-regulation of ICAM-1 in NHDF after TNF-α was added to the culture. Accountable molecules for this response could include the expression of prostaglandins or TNF-α antagonists that are only able to induce their effect on the fibroblast cell and may be critical to a successful wound healing response. 
With NHDF enhancing the ICAM-1 expression in HUVEC, plus the ability of HUVEC and HUASMC to control ICAM-1 expression in NHDF, the fibroblast could play a larger role than expected in the vascular inflammatory response. Including the fibroblast into the endothelial and smooth muscle cell co-cultures already used has revealed communication pathways that would otherwise be omitted. The combinations of these cell-signalling pathways could be key to unlocking previously unknown signalling pathways between the endothelial cell, smooth muscle cell and fibroblast and thus enhancing the current understanding of the inflammatory process that underpins atherogenesis.
Although the results from these co-culture experiments provided notable results, they were not been able to provide any evidence on: 
i) any autocrine stimulation. 
ii) whether the TNF-α supplement was degraded through the 12-hour experimental period. 
It was anticipated that further experimentation through the production and transfer of conditioned culture medium between the endothelial, smooth muscle and fibroblast cells would provide an insight into these missing aspects and thus support or renounce current hypotheses.
















CHAPTER 6 
TRANSFER OF PRE-CONDITIONED CELL CULTURE MEDIUM TO ASSESS CELLULAR COMMUNICATION METHODS
6.1 	INTRODUCTION
Monoculture (Chapter 4) and co-culture (Chapter 5) experiments provided some insights into the communication pathways that are present between HUVEC, HUASMC and NHDF. When compared to monoculture data, ICAM-1 expression on NHDF appeared to be significantly reduced in co-culture with either HUVEC and/or HUASMC. On the contrary, the opposite effect was seen in HUVEC, where co-culture with either HUASMC and/or NHDF appeared to enhance overall ICAM-1 expression versus monoculture.
ICAM-1 expression was also augmented in both HUVEC and NHDF by HUASMC prior to TNF-α addition under co-culture conditions. Moreover, when comparing the ratio of HUVEC, HUASMC and NHDF in co-culture to ICAM-1 intensity, it became apparent that the effective communication distance of the signalling molecules were unique, where the larger gradient between cell ratio and ICAM-1 intensity in HUVEC indicated a shorter effective communication distance [207]; this also highlights the high probability of different signalling molecules being expressed by HUVEC and NHDF in response to TNF-α. However, although the spacial range of cytokine communication is vital, it is currently insufficiently understood [243]. 
Therefore, the primary aim of the following experiments was to confirm whether paracrine signalling was solely responsible for the changes in ICAM-1 intensity previously observed. These experiments concentrated on exacerbating the communication distance between the HUVEC, HUASMC and NHDF (through the transfer of conditioned culture medium between independent monoculture samples), to confirm whether a stable soluble factor was being released.
Unlike previous monoculture and co-culture experiments, the following experimental set-up allowed any autocrine signalling to be identified. This enabled a second aim to be achieved involving the production of a comprehensive map of signalling pathways between the endothelial, smooth muscle and fibroblast cell types. The absence or presence of autocrine signals could indicate whether a primary or secondary cytokine was able to induce the changes in ICAM-1 expression observed,and were consequently required to confirm or disprove current hypotheses.

6.2 	METHODS
6.2.1 CELL CULTURE
All cell types were initially grown in their preferred medium type; HUVEC and HUASMC were grown in M199 medium, with and without ECGS respectively, whilst NHDF were cultured in DMEM.
All cell types were cultured for up to 15 population doublings and complete M199 medium was used during experiments to maintain consistency throughout.
For further details on culture methods, see chapters 4.2.1 – 4.2.4.

6.2.2 	ICAM-1 UP-REGULATION USING PRE-CONDITIONED MEDIUM
HUVEC, HUASMC and NHDF were passaged into Petri-dishes (pre-gelatinised for HUVEC) and incubated overnight in their preferred medium type to allow the cell adhesion. The cells were then incubated with complete M199 medium with or without the addition of 25 U/mL TNF-α (Thermo Scientific; PHC3015) for 12 hours (except for one case where HUVEC were incubated with TNF-α for 6 hours). After this incubation period was over, the medium was aspirated and stored at either 4 °C for use within the same day, or at -20 °C for future use. The culture medium was sterile filtered before using again.
Meanwhile, HUVEC and NHDF were also seeded onto pre-gelatinised glass coverslips at 15,000 cells/cm2 and incubated overnight at 37 °C, 5 % CO2 in their respective growth medium. The following day, the medium was discarded, the cells rinsed in PBS (2x) and pre-incubated medium was added to the cell culture at 3-hour time intervals, producing samples between 0 and 12 hours (figure 6.1). For example, 25 U/mL TNF-α was added to HUVEC cultured in a Petri dish for 12 hours, the medium was then removed, sterile filtered and added to NHDF cultured in a 24-well plate for between 0-12 hours. 
As a control, the culture medium on HUVEC and NHDF was changed for complete M199 (no conditioning) at 3-hourly intervals for comparison. The different combinations used are displayed in table 6.1. All experiments were completed in triplicate with n indicating the number of independent repeats.
The HUVEC and/or NHDF samples were then fixed using 3.7 % formaldehyde for 20 minutes at RT before rinsing with PBS (3x). Blocking of non-specific binding of secondary antibodies was carried out via incubating the samples with a 3 % (m/v) BSA (Sigma-Aldrich; A7030) in PBS solution overnight at 4 °C. 
With cell seeding occurring on Day 1, the addition of TNF-α to the petri dish occurred on Day 2 and ideally transferred to the well plate on Day 3. Immunolabelling was then carried out on Days 4 and/or 5, respectively.

Conditioned Medium 


Post-conditioned Cell Type


Pre-conditioned Cell Type



500 µL/well Conditioned M199 
 
15 mL Complete M199 ± 25 U/mL TNF-α



Figure 6.1 – Medium transfer experimental design. Complete M199 medium was added to the pre-conditioned cell type for 12 hours before being aspirated, sterile filtered and added to the post-conditioned cell type for 0-12 hours. 


Figure 6.1 – Medium transfer experimental design. Complete M199 medium was added to the pre-conditioned cell type for 12 hours before being aspirated, sterile filtered and added to the post-conditioned cell type for 0-12 hours. 






Table 6.1 – The combinations used for conditioned medium experiments. Transfer between the same cell types were used as a control for comparative purposes.

Table 6.1 – The combinations used for conditioned medium experiments. Transfer between the same cell types were used as a control for comparative purposes.



	Pre-conditioned
Cell Type
	With 25 U/mL
TNF-α?
	Post-conditioned Cell Type

	HUVEC
	+
	HUVEC

	
	-
	

	HUASMC
	+
	

	
	-
	

	NHDF
	+
	

	
	-
	

	-
	-
	

	HUVEC
	+
	NHDF

	
	-
	

	HUASMC
	+
	

	
	-
	

	NHDF
	+
	

	
	-
	

	-
	-
	




6.2.3 	IMMUNOCYTOCHEMISTRY TO EXAMINE ICAM-1 UP-REGULATION
As previously described in chapter 4.2.7, mouse anti-human ICAM-1/CD54 primary antibody (eBioscience; BMS108) and goat anti-mouse Alexa Fluor 633 secondary antibody (Life Technologies; A21052) were added to the fixed cells.
Immunolabelled HUVEC/NHDF samples were transferred from the well plate into a Petri dish containing PBS in the dark room for imaging. Cells were observed using an upright Zeiss LSM510 Meta confocal microscope, combined with a Zeiss Achroplan 10x /0.30 W Ph1 water emersion objective lens. A HeNe2 (λEx 633 nm, λEm 650-710 nm) laser was used to stimulate the Alexa Fluor 633 (max λEx 632 nm, max λEm 647 nm). Microscope and laser settings were maintained from previous experiments: image size set to 512 x 512 pixels; pinhole size was set to maximum (approximately 9.7 Airy Units); transmission (%) of 39.5 for the HeNe2 laser, detector gain of 850, amplifier offset of 0.1, amplifier gain at 1 and an average reading was taken from 4 scans. 

6.2.4 	ANALYSIS OF IMAGES
ImageJ was the software of choice to calculate the mean intensity of ICAM-1 for each sample [198].  Each image had background fluorescence removed via ‘process -> subtract background’. The rolling ball radius was set to 12 pixels and the mean intensity of ICAM-1 was then obtained using the software.  The data was then transferred to SPSS for statistical analysis. The Games-Howell test was used to determine significant results at the 5 % level.  





6.3 	RESULTS
With diverse results obtained in the different co-culture arrangements, conditioned medium experiments were carried out to determine what method of communication occurred between the different cell types. HUASMC were only used as a pre-conditioned cell type owing to the lack of diversity of ICAM-1 expression across the experimental conditions.

6.3.1	HUVEC CONDITIONED MEDIUM TRANSFERRED TO HUVEC 
HUVEC were incubated with complete M199 medium for 12 hours, with and without 25 U/mL TNF-α. The medium was then transferred to a fresh sample of HUVEC; these would provide baseline results to which later experiments (where the same conditioned medium would be transferred to NHDF) could be compared. As a control, the medium was changed in the same format on HUVEC, but replaced with fresh complete M199 medium, to ensure the process of medium exchange did not influence the results.
The confocal images obtained can be viewed in figure 6.2, with the respective ICAM-1 intensity values displayed in figure 6.3. As expected, there were no significant changes in ICAM-1 expression over the 12-hour period in the control experiment (p=0.243). The results obtained when the conditioned medium did not contain TNF-α were comparable to this, where the ICAM-1 intensity at 12 hours was almost identical to 0 hours (p=0.999). On the contrary, when TNF-α was added to the conditioned medium, ICAM-1 intensity significantly increased over the experimental period (p<0.001). 
The overall increase in intensity was 5.1-fold, approximately 30 % greater than the increase in standard monoculture conditions and when in co-culture with HUASMC (both 3.9-fold), but not as much as in co-culture with NHDF where the intensity increased by 6.3-fold. Consequently, when comparing the ICAM-1 intensities at 12 hours, the transfer of conditioned medium containing 
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Figure 6.2 – Representative confocal micrograph images of ICAM-1 expression on HUVEC. The cells were incubated with conditioned medium from HUVEC with and without 25 U/mL TNF-α. No observable difference can be seen without TNF-α addition to the control, whilst its presence significantly up-regulated ICAM-1 expression. Scale bar = 200 µm.

Figure 6.2 – Representative confocal micrograph images of ICAM-1 expression on HUVEC. The cells were incubated with pre-conditioned medium from HUVEC with and without 25 U/mL TNF-α. No observable difference can be seen without TNF-α addition to the control, whilst its presence significantly up-regulated ICAM-1 expression. Scale bar = 200 µm.
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Figure 6.3 – Intensity of ICAM-1 on HUVEC after adding conditioned medium from HUVEC for 12 hours. When TNF-α there were no significant differences in ICAM-1, whilst with TNF-α significant up-regulation occurred at every 3-hour interval up to 9 hours post-transfer. Mean ± SEM. (n=3)


TNF-α from HUVEC to HUVEC was significantly greater than in monoculture (6.9- vs 5.2-fold, p<0.001), but not as high as in co-culture with either NHDF (6.9- vs 8.3-fold, p<0.01) or HUASMC (6.9- vs 9.6-fold, p<0.001).  
Moreover, whilst in monoculture there was no significant increase between 6 and 9 hours after TNF-α addition, in the conditioned medium experiment this occurred between 9 and 12 hours instead (p=0.299). 

6.3.2	HUASMC CONDITIONED MEDIUM TRANSFERRED TO HUVEC 
Culture medium was conditioned on HUASMC prior to the transfer to HUVEC for 0-12 hours. Figure 6.4 displays the confocal images obtained of HUVEC under the different conditions: control (no conditioning), conditioned without TNF-α and conditioned with 25 U/mL TNF-α, with intensity values obtained shown in figure 6.5.
The transfer of conditioned medium without TNF-α resulted in a 1.0-fold increase of ICAM-1 expression over the experiment. No significant increase in ICAM-1 intensity from baseline at either 3 (p=0.973) or 6 hours (p=0.061). The difference in ICAM-1 intensity between 6 and 9 hours was significant (p<0.05) meaning that by 9 hours the up-regulation from baseline was highly significant (p<0.001). There was no difference between the intensity values obtained at 9 and 12 hours (p=0.915). However, when the intensity values at 12 hours were compared to the control, this no longer became significant (2.3- vs 1.9-fold, p=0.345).
When the HUASMC were conditioned with TNF-α, all time-points were significantly higher than at 0 hours (p<0.001).  As when TNF-α wasn’t present, there was no significant difference between the intensity values at 9 and 12 hours (p=0.309).  Consequently, even at the 3-hour time point the intensity values were significantly higher than both the control (2.5- vs 1.5-fold, p=0.001) and conditioned medium without TNF-α (2.5- vs 1.3-fold, p<0.001).
The overall increase in ICAM-1 in HUVEC was approximately 4.9-fold for the experiment involving HUASMC conditioned medium with TNF-α, statistical 
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Figure 6.4 – Representative confocal micrograph images of ICAM-1 expression on HUVEC when incubated with conditioned medium from HUASMC. A small but observable increase in ICAM-1 occurred when medium was transferred from HUASMC to HUVEC without the presence of TNF-α; this was more significant when TNF-α was present. Scale bar = 200 µm.

Figure 6.4 – Representative confocal micrograph images of ICAM-1 expression on HUVEC when incubated with pre-conditioned medium from HUASMC. A small but observable increase in ICAM-1 occurred when medium was transferred from HUASMC to HUVEC without the presence of TNF-α; this was more significant when TNF-α was present. Scale bar = 200 µm.


Figure 6.5 – ICAM-1 intensity values on HUVEC after incubation with conditioned medium from HUASMC. There was no significant difference between the conditioned medium without TNF-α and the control. When 25 U/mL TNF-α was added to the conditioned medium, the medium produced a significant up-regulation after 3 hours incubation.  Mean ± SEM. (n=3)

Figure 6.5 – ICAM-1 intensity values on HUVEC after incubation with pre-conditioned medium from HUASMC. There was no significant difference between the pre-conditioned medium without TNF-α and the control. When 25 U/mL TNF-α was added to the conditioned medium, the medium produced a significant up-regulation after 3 hours incubation.  Mean ± SEM. (n=3)
*

*


analysis comparing the ICAM-1 intensity at 12 hours was not significantly different to either monoculture (6.1- vs 5.2-fold, p=0.119) or HUVEC conditioned medium with TNF-α (6.1- vs 6.9-fold, p=0.060). However, the intensities of HUVEC in co-culture with either NHDF or HUASMC were significantly higher (p<0.001). 

6.3.3	NHDF CONDITIONED MEDIUM TRANSFERRED TO HUVEC 
Figure 6.6 displays the confocal images obtained of HUVEC when incubated with conditioned medium from NHDF, both with and without the presence of TNF-α; figure 6.7 shows the ICAM-1 intensity values obtained.
When the NHDF were conditioned without TNF-α, there was no observable increase in ICAM-1 expression in HUVEC. This was confirmed when statistically comparing the intensity values at 0 and 12 hours (p=0.999). Moreover, there was no significant difference between the NHDF conditioned medium without TNF-α and the control at 12 hours (1.5- vs 1.9-fold, p=0.294). 
Upon TNF-α addition to the conditioned culture medium, all time-points produced a significant increase in ICAM-1 intensity compared to the baseline (p<0.001). The intensity increase between each time-point was also significant (3 - 6 hrs, p<0.001; 6 - 9 hrs, p<0.05; 9 - 12 hrs, p<0.05). Therefore, the NHDF conditioned medium with TNF-α produced an intensity at 12 hours that was statistically significant when compared to NHDF conditioned medium without TNF-α and the control (5.2- vs 1.5-fold, p<0.001).
In addition, the overall increase in intensity was approximately 3.9-fold, analogous to the expression increase observed in HUVEC under monoculture conditions (p=0.993). Comparing the intensities at 12 hours, NHDF conditioned with TNF-α was not significantly different to HUAMSC conditioned with TNF-α (5.2- vs 6.1-fold, p=0.074) but were when the medium was conditioned either on HUVEC or when HUVEC were in co-culture with either HUASMC or NHDF (p<0.001).
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Figure 6.6 – Confocal micrograph images representative of the ICAM-1 expression on HUVEC after incubation with conditioned medium from NHDF. No clear difference is observed between the control and no TNF-α was added to the conditioned medium. When TNF-α was present in the conditioned medium, ICAM-1 was enhanced through each time-point. Scale bar = 200 µm.

Figure 6.6 – Confocal micrograph images representative of the ICAM-1 expression on HUVEC after incubation with pre-conditioned medium from NHDF. No clear difference is observed between the control and no TNF-α was added to the pre-conditioned medium. When TNF-α was present in the pre-conditioned medium, ICAM-1 was enhanced through each time-point. Scale bar = 200 µm.
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Figure 6.7 – ICAM-1 intensity on HUVEC after the transfer of NHDF conditioned complete M199 medium, both with and without 25 U/mL TNF-α. No significant deviation from the control appeared without TNF-α present, whilst when it was added a significant increase in ICAM-1 arose, akin to in monoculture conditions. Mean ± SEM. (n=3)


6.3.4	HUVEC CONDITIONED MEDIUM TRANSFERRED TO NHDF 
The confocal images obtained of NHDF incubated with conditioned medium from HUVEC can be seen in figure 6.8, with figure 6.9 displaying the respective intensity values.
It appeared that the ICAM-1 intensity was significantly higher than the control when NHDF were incubated with HUVEC conditioned medium, both when TNF-α was and was not present (p<0.001). Without TNF-α, the overall increase in intensity was 2.3-fold (p<0.001); the difference between 0 - 3 hours (p=0.996) and 9 - 12 hours were not statistically significant (p=0.077) whilst both intervals between 3 and 9 hours were extremely significant (p<0.001). The intensity value at 12 hours was approximately 67 % of that found in monoculture (3.4- vs 5.1-fold, p<0.001) and was significantly greater than in co-culture with either HUASMC (3.4- vs 2.7-fold, p<0.05) or HUVEC (3.4- vs 1.7-fold, p<0.001).
Meanwhile, the overall increase in ICAM-1 intensity was 1.4-fold when the conditioned medium included TNF-α (p<0.001). The only significant difference between 2 consecutive intervals was 3 - 6 hours post medium transfer (p<0.05). At 12 hours, the ICAM-1 intensity was 50 % of that in monoculture (2.6- vs 5.1-fold, p<0.001), which was comparable to the values obtained in co-culture with HUASMC (2.6- vs 2.7-fold, p=0.995) but significantly greater than when in co-culture with HUVEC (2.6- vs 1.7-fold, p<0.01).
Owing to the decrease in ICAM-1 in NHDF after HUVEC were conditioned with medium containing TNF-α for 12 hours, an intermediate experiment was carried out where HUVEC were conditioned with TNF-α for 6 hours. The results obtained from this experiment were comparable to when no TNF-α was present throughout the conditioning process (3.4- vs 3.6-fold, p=0.927). 
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 Figure 6.8 – Representative confocal micrograph images of ICAM-1 expression on NHDF when incubated with conditioned medium from HUVEC, with and without TNF-α. A similar trend is observed under both conditions, where ICAM-1 expression is up-regulated after 3 hours. Scale bar = 200 µm.

Figure 6.8 – Representative confocal micrograph images of ICAM-1 expression on NHDF when incubated with pre-conditioned medium from HUVEC, with and without TNF-α. A similar trend is observed under both conditions, where ICAM-1 expression is up-regulated after 3 hours. Scale bar = 200 µm.
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Figure 6.9 – ICAM-1 intensity on NHDF after the addition of medium conditioned by HUVEC. Significant up-regulation of ICAM-1 was observed under all conditions (except control). However, after 12 hours HUVEC conditioning with TNF-α, the intensity 12 hours post transfer was comparatively decreased. Mean ± SEM. (n=3)

Figure 6.9 – ICAM-1 intensity on NHDF after the addition of medium pre-conditioned by HUVEC. Significant up-regulation of ICAM-1 was observed under all conditions (except control). However, after 12 hours HUVEC pre-conditioning with TNF-α, the intensity 12 hours post transfer was comparatively decreased. Mean ± SEM. (n=3)


6.3.5	HUASMC CONDITIONED MEDIUM TRANSFERRED TO NHDF 
Complete M199 medium was conditioned on HUASMC for 12 hours prior to transfer to NHDF for up to 12 hours. Confocal images can be observed of the outcome in figure 6.10.  There is evidently an increase in ICAM-1 expression and intensity upon the transfer of the pre-conditioned medium compared to the control, both with and without TNF-α where the relative increase in intensity was 2.5-fold and 1.9-fold, respectively (p<0.001). By comparing the intensity values at 12 hours (figure 6.11), although it appeared that TNF-α inclusion further enhanced the up-regulation of ICAM-1, this increase was not quite significant (3.8 vs 3.1, p=0.066).
When HUASMC were incubated without TNF-α, the conditioned medium significantly increased the ICAM-1 intensity from baseline by 6 hours (p<0.001). Moreover, this increase was mostly owed only to the significant difference between 3 and 6 hours (p<0.001), whilst the differences between 6-9 hours and 9-12 hours were not significant (p=0.333, p=0.633).
A similar trend is observed when TNF-α was included in the conditioned medium; the ICAM-1 intensity was increased from baseline from 6 hours onwards (p<0.001). On the other hand, the differences between both 3-6 hours and 6-9 hours were both highly significant (p<0.001). The difference between the values at 9 and 12 hours were again not significant (p=0.093).
Both conditions at 12 hours were significantly different to monoculture results: the intensity at 12 hours was approximately 60 % to that of monoculture when TNF-α was not present (3.1- vs 5.1-fold, p<0.001) and 75 % when TNF-α was included (3.8- vs 5.1-fold, p<0.01). This was similar when comparing the results to HUVEC co-culture conditions, though the intensity values at 12 hours were significantly greater than in co-culture (p<0.001). Meanwhile, HUASMC co-culture ICAM-1 results were comparable to when the conditioned medium did not include TNF-α (2.7- vs 3.1-fold, p=0.545), but not to when TNF-α was present (2.7- vs 3.8-fold, p<0.001).
The intensity results obtained at 12 hours when the HUASMC conditioned medium did not include TNF-α were also analogous to those in the HUVEC conditioned medium experiments, both with TNF-α (p=0.356) and without TNF-α (p=0.864).  When TNF-α was added to the HUASMC conditioned 
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Figure 6.10 – Confocal micrograph images representative of ICAM-1 expression on NHDF incubated with conditioned medium from HUASMC. ICAM-1 appears increased in both conditions compared to the control, with a higher expression visible at 12 hours when TNF-α was present. Scale = 200 µm.

Figure 6.10 – Confocal micrograph images representative of ICAM-1 expression on NHDF incubated with pre-conditioned medium from HUASMC. ICAM-1 appears increased in both conditions compared to the control, with a higher expression visible at 12 hours when TNF-α was present. Scale = 200 µm.
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Figure 6.11 – ICAM-1 intensity in NHDF after the addition of HUASMC conditioned complete M199 medium for 12 hours, either with or without 25 U/mL TNF-α. Though conditioned medium increased ICAM-1 throughout, there was no significant difference between the two conditioned medium types. Mean ± SEM. (n=3)

Figure 6.11 – ICAM-1 intensity in NHDF after the addition of ‘complete M199’ pre-conditioned on HUASMC for 12 hours, either with or without 25 U/mL TNF-α. Though pre-conditioned medium increased ICAM-1 throughout, there was no significant difference between the two conditioned medium types. Mean ± SEM. (n=3)


medium, the results were significantly different to the comparable experiment with HUVEC conditioning (3.8- vs 2.6-fold, p<0.001).

6.3.6	NHDF CONDITIONED MEDIUM TRANSFERRED TO NHDF 
Medium was conditioned on NHDF with and without 25 U/mL TNF-α prior to transfer to fresh samples of NHDF; these results would serve as control comparisons to be able to determine what influence the HUVEC and HUASMC were having.
The transfer of conditioned medium caused a small but significant increase in ICAM-1 intensity from 6 hours post-transfer with both conditioned medium types (p<0.05) (figures 6.12-6.13). The relative increase in ICAM-1 intensity was 1.1-fold and 0.6-fold with and without TNF-α, respectively. At 12 hours post medium transfer, there was a significant difference between the 2 pre-conditioned medium types (p<0.05) and both were significantly higher than the control (p<0.001). 
Consequently, the intensity values at 12 hours that were 40-50 % of those found in monoculture (2.0/2.5- vs 5.1-fold, p<0.001). NHDF conditioned medium values at 12 hours were also similar to HUASMC conditioned medium without TNF-α (p=0.265), HUASMC co-culture (p=0.992) and HUVEC conditioned medium with TNF-α (p=1.000). The results from NHDF conditioned medium with TNF-α were akin to this producing p-values of 0.838, 0.999 and 0.955, respectively.
Furthermore, the ICAM-1 intensity for both NHDF conditioned medium types were significantly reduced when compared to those obtained in HUVEC co-culture (with TNF-α, p<0.001; without TNF-α, p<0.05), HUVEC pre-conditioned medium without TNF-α (p<0.01) and HUASMC pre-conditioned medium with TNF-α (p<0.001).
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Figure 6.12 – Representative confocal micrograph images of ICAM-1 expression on NHDF incubated with conditioned medium from NHDF. There appears to be a small increase in ICAM-1 intensity in both conditioned medium experiments when compared to the control. Scale = 200 µm. 

Figure 6.12 – Representative confocal micrograph images of ICAM-1 expression on NHDF incubated with pre-conditioned medium from NHDF. There appears to be a small increase in ICAM-1 intensity in both pre-conditioned medium experiments when compared to the control. Scale = 200 µm. 
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Figure 6.13 – ICAM-1 expression on NHDF after the addition of conditioned from NHDF, either with or without TNF-α. A small but significant increase occurred at each interval between 3 and 12 hours post conditioned medium transfer in the presence of TNF-α, whilst without a significant up-regulation only occurred between 3 and 6 hours. Mean ± SEM. (n=3)

Figure 6.13 – ICAM-1 expression on NHDF after the addition of pre-conditioned from NHDF, either with or without TNF-α. A small but significant increase occurred at each interval between 3 and 12 hours post conditioned medium transfer in the presence of TNF-α, whilst without a significant up-regulation only occurred between 3 and 6 hours. Mean ± SEM. (n=3)



6.4 	DISCUSSION 
When combining the results from the conditioned medium experiments, there are many signalling pathways present between HUVEC, HUASMC and NHDF which regulate the expression of ICAM-1. The way these pathways interact could be crucial to the inflammatory response that underpins atherogenesis and consequently may be important in providing evidence to suggest:
i) why fibroblasts should be included in in vitro vascular models 
ii) to discover any potential therapeutic targets. 
The signalling pathways presented through the transfer of conditioned culture medium will also be compared to the signalling methods previously suggested via monoculture (chapter 4) and co-culture experiments (chapter 5). This will confirm or disprove the hypothesised mechanisms underlying the signalling pathways portrayed.

6.4.1	AUTOCRINE CYTOKINE SIGNALLING
In previous chapters, the monoculture and co-culture experiments were not able to provide any information as to whether autocrine signalling was present. Autocrine signalling involves the secretion of a cytokine from a cell, which then binds to its cognate receptor on the surface of the same cell. The only way to conclude whether this type of signalling was present was by stimulating one group of cells with TNF-α, collecting the medium and then transferring it to another group of the same cells to see whether a response was elicited. 
Owing to the small increase in ICAM-1 compared to the control in NHDF when cultured with NHDF conditioned medium without TNF-α (figure 6.13), experimental results indicated that NHDF can self-induce the up-regulation of ICAM-1. Additionally, with a further increase in ICAM-1 intensity in the presence of TNF-α, this suggests the NHDF release pro-inflammatory molecules upon stimulation and/or that there is still TNF-α present in the medium from the conditioning process; even though the human recombinant TNF-α is stable for 1 year when stored at -20 °C [244], no studies have been completed to determine how long the protein is stable for at 37 °C.  Either way, the final concentration of TNF-α must be significantly reduced compared to the 25 U/mL initially added owing to the intensity at 12 hours being approximately 50 % of that in monoculture.
Both IL-6 and TGF-β have been shown to produce autocrine responses in fibroblasts. IL-6 produces a positive-feedback loop that also initiates the expression of additional pro-inflammatory cytokines including IL-8, IL-33, IL-11 IL-1α and IL-1β [245]. Meanwhile, TGF-β is a profibrotic cytokine to which its autocrine production in fibroblasts has been shown to regulate cell growth [246], and induce the expression of ICAM-1 in human gingival fibroblasts [247]. 
Conversely, in HUVEC it was upon TNF-α addition to the HUVEC conditioned medium that the ICAM-1 intensity was increased (figure 6.3). If there is a significant reduction in TNF-α through the conditioning process, HUVEC should only increase ICAM-1 levels to no greater than 50 % of that found in monoculture. However, as the ICAM-1 intensity was greater than in monoculture TNF-α must induce the release of subsequent pro-inflammatory cytokines in the endothelial cell, which have an autocrine effect.  
As discussed in chapter 2.4.1, TNF-α leads to the activation of NF-κB, which subsequently induces the up-regulation of several major pro-inflammatory and pro-thrombotic mediators such as TNF-α and various interleukins including IL-1, IL-6 and IL-8 [85]. One or a combination of these cytokines may act in an autocrine manner to produce the results observed. 
Previous research has shown that TNF-α and IL-1 act in a similar manner, with a positive feedback loop existing with IL-1, which may act to enhance the effects of endothelial cell injury on ICAM-1 expression and ensuing leukocyte recruitment [248]. IL-8 also has an autocrine role by enhancing endothelial cell proliferation, survival and migration [249]. Moreover, Venkatesh et al (2013) demonstrated that TNF-α stimulation of endothelial cells induced a TNFR2-IRF1-IFN-β autocrine loop, which was essential to ICAM-1 expression and subsequent macrophage accumulation [250]. 

6.4.2	ICAM-1 EXPRESSION AFTER TRANSFER OF CONDITIONED MEDIUM WITHOUT PRO-INFLAMMATORY STIMULATION
The co-culture experiments demonstrated that ICAM-1 expression in HUVEC and NHDF could be augmented through the addition of alternative cell types, particularly with HUASMC which enhanced the ICAM-1 intensity in both cell types prior to the addition of TNF-α (figure 5.8 & figure 5.11). Therefore, culture medium was conditioned on HUASMC (without TNF-α) and transferred to both HUVEC and NHDF to determine whether this could have been via paracrine signalling. Interestingly, these experiments produced contrasting results, establishing that whilst HUASMC could enhance ICAM-1 expression in NHDF through the constitutive release of a paracrine signal (figure 6.11), this was not sufficient to induce the same effects in HUVEC (figure 6.5), where it appears that either direct contact or close proximity were required [80, 81]. 
This constitutive release by HUASMC induced a pro-inflammatory response comparable to the values obtained from NHDF in co-culture with HUASMC, suggesting that a maximal response had been obtained. Human airway smooth muscle cells have been shown to constitutively express the VEGF protein [237], which can induce activate the JAK/STAT pathway to induce ICAM-1 expression [241].
The results also provide support towards the Tyr142-phosphorylation of β-catenin in endothelial cells via the direct contact with smooth muscle cells, as suggested in chapter 5.4.3 [230]. 
Remarkably, HUVEC conditioned medium without TNF-α enhanced ICAM-1 expression in NHDF (figure 6.9). This was surprising considering there was no change in baseline ICAM-1 expression in NHDF when in co-culture with HUVEC (figure 5.5). Therefore, a possible explanation could be that whilst HUVEC constitutively secrete pro-inflammatory molecule(s) that have little autocrine effect when the NHDF and HUVEC are in close proximity the HUVEC may either: 
i) reduce or prevent the release of such cytokine(s) 
or 
ii) also express an inhibitory molecule resulting in the inability of the NHDF to respond to the pro-inflammatory stimulus. 
For example, IL-15 is constitutively produced by endothelial cells [251], and has been demonstrated to attenuate TGF-β induced myofibroblast differentiation of foetal lung fibroblasts in a juxtacrine manner [15].


6.4.3	ICAM-1 EXPRESSION AFTER TRANSFER OF CONDITIONED MEDIUM WITH PRO-INFLAMMATORY STIMULATION
As previously described, it was expected that TNF-α stimulation would induce cytokine production and secretion via the activation of NF-κB, and then diffuse to influence nearby cells. Conditioned medium from both HUASMC (figure 6.5) and NHDF (figure 6.7) induced an up-regulation of ICAM-1 expression on HUVEC, analogous to when HUVEC were stimulated with 25 U/mL TNF-α in monoculture. Consequently, both HUASMC and NHDF must release pro-inflammatory molecule(s) after TNF-α stimulation that combine with any residual TNF-α to induce ICAM-1 up-regulation equivalent to monoculture conditions. This molecule(s) must have only a minor effect in NHDF to produce the results obtained. Both fibroblasts [252] and smooth muscle cells express IL-17 [253]; IL-17 promotes p38/MAPK activation in HUVEC, inducing cell adhesion molecule expression [254], whilst minimal ICAM-1 expression was observed in human gingival fibroblasts [255].
When HUVEC conditioned medium (with TNF-α for 12 hours) was transferred to NHDF (figure 6.9), the ICAM-1 intensity at 12 hours was significantly reduced compared to either when no TNF-α was added, or when HUVEC were pre-conditioned for 6 hours with TNF-α. Firstly, this indicates that HUVEC constitutively produce pro-inflammatory molecule(s) that only exert their effects on the NHDF. Secondly, owing to the decrease in ICAM-1 intensity with TNF-α addition, that: 
i) TNF-α reduces the expression of said constitutive pro-inflammatory molecule(s)
or
ii) TNF-α induces the production of an inhibitor from HUVEC. 
When HUASMC were pre-conditioned with TNF-α, ICAM-1 expression in NHDF was not significantly different to when TNF-α was not present. This highlights not only that any release of pro-inflammatory molecule(s) via TNF-α activation did not affect NHDF, but also confirms that the majority of the TNF-α added initially might have been degraded/inhibited.


6.4.4	DIFFERENCES BETWEEN CULTURE CONDITIONS IN CO-CULTURE EXPERIMENTS VERSUS THOSE INVOLVING THE TRANSFER OF CONDITIONED CULTURE MEDIUM 
Although the differences that occur in experiments involving conditioning the cell culture medium are expected to arise from the uptake or release of soluble factors such as cytokines, additional factors also have to take into account such as lack of direct cell-cell contact, changes in the concentration of vital media components and addition of cellular waste products.
Culture medium is traditionally tailored to each specific cell type, and thus contains different concentrations of amino acids and growth factors dependent on the requirements of the cell [256]. Optimum growth of HUVEC, HUASMC and NHDF would typically involve each cell being cultured under slightly different conditions e.g. NHDF would be grown in DMEM; complete M199 medium (see chapter 4.2.1) was the culture medium of choice to carry out all cell culture experiments, owing to HUVEC, HUASMC and NHDF all being able to successfully proliferate within the medium and to maintain consistency throughout. 
Some of the vital components of the complete M199 cell culture medium used that may be altered include (but are not limited to) [256]:
i) Glucose; M199 contains 1g/L which is approximately the same as normal blood glucose levels in vivo and is essential to the production of nucleotide phosphates such as ATP. A waste product of glycolysis is lactic acid.
ii) L-glutamine; an essential amino acid which easily breaks down at physiological pH in liquid medium to form ammonium and pyroglutamate.
iii) FCS; serum contains a variety of hormones, paracrine, endocrine and autocrine growth factors which support cell growth and prevent apoptosis. 
iv) NaHCO3; a buffer commonly used for maintaining the pH of cell culture medium in the presence of 4–10 % carbon dioxide.
v) ECGS/H; ECGS constitutes primarily of FGF and has a mitogenic effect on endothelial cells, whilst heparin potentiates the stimulatory effect of ECGS.
Utilisation of essential components such as glucose and growth factors during the conditioning process reduces the concentration and availability of such molecules to the cells in the fresh culture. Ultimately, this could affect the viability of the cells and induce changes in protein transcription relating to the cells’ inflammatory status and cell survival e.g. apoptosis. In addition, the production of waste products such as lactic acid and ammonia can reduce the pH of the culture medium; although a buffer is contained within the culture medium, the buffer capacity of the medium will reduce with increased time in cell culture.
For primary cell culture, the culture medium is typically exchanged every 2 days to ensure the chemical composition is maintained within optimal conditions. Even though the process of conditioning the culture medium only lasted for 12 hours, followed by 12 hours for the experiment itself, during this time some alterations to the culture medium constituents would be expected. However, there were no significant differences observed in ICAM-1 expression in experiments involving the transfer of conditioned medium from HUVEC, HUASMC and NHDF to HUVEC without TNF-α (figure 6.3, figure 6.5 and figure 6.7) indicating that this cell type was still being cultured under optimal conditions. Moreover, as HUVEC require more specific culture conditions than HUASMC or NHDF e.g. the addition of ECGS/H, it can be anticipated that both HUASMC and NHDF were also cultured satisfactorily. 

6.5 	CONCLUSION
Conditioned medium experiments have emphasised how the signalling network that exists between the endothelial cell, smooth muscle cell and fibroblast is more extensive than initially suggested by co-culture experiments. It is evident that a combination of autocrine, juxtacrine and paracrine signals are present to regulate the inflammatory response.  
When TNF-α was not present in the conditioned medium, pro-inflammatory pathways were present from HUVEC and HUASMC towards NHDF. What is more, a gradient of pro-inflammatory inducibility was present when compared to the respective location within the vessel wall, where HUVEC induced the maximal ICAM-1 up-regulation and the NHDF autocrine pathway inducing the least. This suggests that within the vessel wall, fibroblasts are maintained at a low-level inflammatory state within the adventitia, primed ready to be activated upon injury, where they can rapidly release an abundant array of pro-inflammatory cytokines and proliferate/migrate towards the site of injury. 
The direction of the pathways were reversed when TNF-α was added to the situation, though the gradient still existed. The pro-inflammatory pathways were now directed towards the endothelial cell, where the HUVEC autocrine loop instigated the largest increase in ICAM-1 and NHDF producing the least. Nevertheless, the NHDF conditioned medium still induced a pro-inflammatory response akin to when TNF-α was added solely to the HUVEC monoculture. Consequently, the inflammatory response and expression of adhesion molecules induced in the endothelium to injury is considerably larger than it otherwise would be, improving leukocyte infiltration and the wound healing response.
Combining the results from co-culture and conditioned medium experiments, the significance of juxtracrine signalling between the different cell types has been highlighted. Activated fibroblasts migrate towards the site of injury, where they produce abundant extracellular proteins to provide a platform for vascular remodelling and wound closure. Once the fibroblast has arrived at the injury site, the pro-inflammatory response needs to be downregulated, ensuring that the wound is sufficiently closed but still not allowing an exaggerated healing response and scar formation. The juxtacrine anti-inflammatory response of the HUVEC and HUASMC to the NHDF may be the mechanism by which this is controlled. 












CHAPTER 7 
CHANGES IN ICAM-1 CONCENTRATION VIA CELL LYSATE ANALYSIS
7.1 INTRODUCTION
Previous monoculture (Chapter 4), co-culture (Chapter 5) and conditioned medium (Chapter 6) experiments semi-quantitatively assessed ICAM-1 expression profile changes in HUVEC, HUASMC and NHDF under different culture conditions via confocal imaging.
Traditionally, procedures such as western blots have been used to separate and identify target proteins. The technique enables semi-quantitative analysis of protein expression, where the amount of signal produced can be compared to a control. The process involves 3 distinct stages [257]:
i) separation of proteins – the proteins within a sample are denatured and possess a negative charge, thus will travel through the SDS-PAGE gel towards the positive electrode at different speeds when a voltage is applied.
ii) transfer to a solid support – an electric current is applied perpendicularly to the surface of the gel, transferring the separated proteins onto a membrane (usually nitrocellulose or polyvinylidene difluoride) 
iii) visualisation of target protein(s) – combinations of primary and secondary antibodies are incubated on the membrane. The secondary antibody usually contains an enzyme such as HRP, which can be used to produce a colorimetric or chemiluminescent method of detection. 
In recent years, the development of flow cytometry has enabled fluorescence to be quantitatively assessed through the ability to correlate intensity to the number of proteins present on the cell surface [258]. This method involves cells in suspension, which are individually analysed as they flow within a fluid stream through a focussed laser interrogation point and provides output measurements for each cell rather than for the whole sample population [259].
However, there are advantages and disadvantages to these two methods (table 7.1); thus, the semi-quantitative analysis of protein expression via confocal images was chosen for the bulk of the experiments. This procedure positions itself somewhere between the semi-qualitative and quantitative natures of western blotting and flow cytometry, respectively, whilst also being significantly cheaper and quicker [259, 258, 257].  
Nevertheless, it was still necessary to compare a range of results obtained through confocal image analysis with another commonly used technique to assess accuracy and reliability. Thus, having western blots been regularly used over the past few decades, the aim of the following experiments was to confirm the changes in ICAM-1 expression observed in previous experiments were factual by comparing the confocal image analysis results to those obtained through the western blot technique.
Table 7.1 – Comparison of the advantages/disadvantages of western blot, confocal microscopy and flow cytometry.

Table 7.1 – Comparison of the advantages/disadvantages of western blot, confocal microscopy and flow cytometry.

	Procedure
	Advantages
	Disadvantages

	Western Blot
	· Sensitivity
· Specificity
· Semi-quantitative
	· Prone to false / subjective results
· Expensive
· Technical and Slow
· Require larger sample sizes

	Confocal Microscopy
	· Specificity
· Lower cost
· Relatively quick
· Semi-quantitative
	· Single focal plane
· Increased sensitivity to noise
· Technical

	Flow Cytometry
	· Subpopulation analysis
· Highlights non-uniformity
· Quantitative
	· Expensive
· Slow







7.2 METHODS
7.2.1	SAMPLE PREPARATION
HUVEC and NHDF were cultured in Petri dishes as standard until approximately 80% confluency. 25 U/mL TNF-α (Thermo Scientific; PHC3015) was added to both cell types and incubated to produce samples at 0, 3, 6, 9 and 12 hours. 12-hour incubation samples were also produced post-transfer of conditioned medium (as described in chapter 6).  When the incubation period was complete, the medium was aspirated, and the cells rinsed with PBS. Cold lysis buffer consisting of 0.1 % (v/v) Triton X-100, 0.1 % (m/v) SDS, 50 mM Tris-HCl pH 8 and 150 mM NaCl was immediately added, and a cell scraper used to remove the cells from the tissue culture plastic. The cell lysates were transferred into 1.5 mL Eppendorf tubes, where they were then agitated for 30 minutes, centrifuged at 10,000 rpm for 20 minutes and the supernatant collected. 
A 10 µL sample of each cell lysate was removed to perform a bicinchoninic acid (BCA) protein assay (Thermo Scientific; 23227) enabling the total protein concentration of each cell lysate to be calculated; each sample was diluted 2-fold to ensure the results would be within the assay concentration range. The remaining of the lysate was stored at -20 °C until required.
To perform the BCA assay, 10 µL of the BSA standards, with the concentrations ranging from 0 to 2000 µg/mL, and the unknown samples were loaded into a 96-well plate. 150 µL of the working solution was then added to the plate and the plate agitated to ensure the solutions were well-mixed. The well plate was then incubated at 37°C for 30 minutes, left to cool to RT and absorbance readings at 562 nm taken via a plate reader. The absorbance values were then used to create a standard curve (figure 7.1), to which the samples of unknown concentration could be compared.
 The calculated concentrations of the lysates were then used to determine the volume required for 2 µg of protein for dot blot analysis and for 10 µg of protein for sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). For SDS-PAGE, the required volume of cell lysate was added to an equal volume of 2 x non-reducing Laemmli buffer (table 7.2) and the samples made up to equal volume (approximately 25 µL) by the addition of 1 x Laemmli buffer (the 2x Laemmli buffer was diluted using dH20). The samples were then boiled for 10 minutes, releasing any pressure build up after 3-5 minutes. Once the lysates had cooled to RT, the samples were then loaded into the SDS-PAGE gels for electrophoresis.



Figure 7.1 – BSA standard curve produced via BCA assay to determine protein concentration of unknown samples, ready for western blotting.

Table 7.2 – Constituents of the 2x non-reducing buffer used for western blot sample preparation.

Table 7.2 – Constituents of the 2x non-reducing Laemmli buffer used for western blot sample preparation.


	Ingredient
	Quantity (mL)

	10 % SDS
	4

	Glycerol
	2

	0.5 M Tris-HCl pH 6.8
	2.4

	dH2O
	1.5

	2 % Bromophenol Blue
	0.1




7.2.2 DOT BLOT
Prior to performing western blot analysis, cell lysate containing 2 µg of protein was dotted directly onto the nitrocellulose membrane and allowed to dry completely. Where volumes of cell lysate were greater than 1-2 µL, the volume was added 1 µL at a time and allowed to dry completely before addition of further lysate. 
A blocking solution of 5 % (m/v) BSA in Phosphate-Buffered Saline/Tween (PBST) was added to the membrane, which was placed on a rocker for 1 hour before incubating with mouse anti-human ICAM-1/CD54 primary antibody at a concentration of 1 µg/mL (R&D Systems; MAB720-SP) in blocking buffer overnight at 4 °C. The membrane was then washed for 3 x 5-minutes in PBST before the addition of rabbit anti-mouse HRP-conjugated secondary antibody (Abcam; ab6728) at a concentration of 400 pg/mL in blocking buffer for 1 hour at RT. 
During this incubation period, the 3,3-Diaminobenzidine (DAB)-peroxidase substrate was prepared. This involved making a 1 % (m/v) DAB solution in dH20, whereby a couple of drops of 5 M HCl was added to acidify the solution to enable DAB to dissolve. A 0.3 % (v/v) H2O2 in dH20 was also produced, and 500 µL of each solution was added to 5 mL PBS; this was followed by adjustment of the pH to approximately 7.2 via drop-wise addition of 0.1 M NaOH and further addition of PBS to make a total volume of 10 mL. 
The membrane was once again washed 3 x 5 minutes in PBST before incubation with DAB-peroxidase substrate to visualise the ICAM-1 protein bands. Once the bands were clearly visible the nitrocellulose was rinsed with dH20 to prevent further reaction progression.

7.2.3 SDS-PAGE
Mini 1 mm polyacrylamide gels were prepared, using a 10 % (m/v) separating gel combined with 4 % (m/v) stacking gel (table 7.3). Glass plates were stacked and placed in a holder; water was pipetted into the well to ensure no leakage was present.
The constituents for the 10 % separating gel were combined in a universal tube, ensuring the ammonium persulphate (APS) and tetramethylethylenediamine (TEMED) were added immediately before pouring. The gel solution was poured in between the glass plate, leaving an approximately 3 cm gap at the top (for the stacking gel). A small volume of propan-2-ol was poured on top of the gel solution to remove air bubbles and ensure a perfectly flat surface was created. The solution was then left at RT for approximately 10-15 minutes until crosslinking had occurred (this was checked via the gelation of the leftover solution in the universal tube).
The propan-2-ol was then poured out and the remaining liquid removed using filter paper. A similar process to previous gel casting was then completed for the 4 % stacking gel, where the ingredients were combined in a universal tube, with the addition of APS and TEMED last before pouring. The gel was added almost to the up on the glass plates, leaving a space of approximately 1 mm. A 10-well comb was inserted carefully to ensure no air bubbles were present. Any overspill was immediately wiped. The gel was then left for a further 30-60 minutes to set.
The gelation of the stacking gel was assessed using the remaining solution in the universal tube. Once set, the comb was gently removed, ensuring the wells maintained their shape. The gel/plate set-up was then placed into the electrophoresis equipment, ensuring a buffer dam was also used in cases where only 1 gel was used, and running buffer (table 7.4) was loaded, ensuring the solution in the cassette was above the top of the short glass plate and the 2-gel marker had been reached.
5 µg of each protein sample were loaded into the wells of the gel ensuring any empty wells were loaded with 1 x Laemmli buffer of equal volume. The apparatus was run at 100 V for 110 minutes, or until the dye front was almost at the bottom of the gel.
Figure 7.2 displays the equipment used to produce and run the samples. To confirm adequate separation of the proteins, the gel was placed into a fixing solution (50 % MeOH (v/v), 10 % (v/v) HoAC in H2O) for at least 30 minutes; this was exchanged for a Coomassie Blue solution (0.1 % (m/v) Coomassie Brilliant Blue in 50 % (v/v) MeOH, 10 % (v/v) HoAC in H2O) for 2-4 hours, until the gel was no longer visible. The Coomassie Blue solution was swapped for a de-staining solution (5 % (v/v) MeOH, 7.5 % (v/v) HoAC in H2O); the gel was incubated for between 4 and 24 hours, until the gel had become clear and any remaining protein bands were clearly visible.
	Ingredient
	Quantity (µL)

	
	Separating Gel
	Stacking Gel

	H20
	2375
	893

	1.5 M pH 8.8 Tris-HCl
	1500
	-

	0.5 M pH 6.8 Tris-HCl
	-
	469

	30 % Acrylamide (37.5:1)
	2025
	250

	10 % SDS
	60
	19

	10 % APS
	60
	19

	TEMED
	6
	2.5


Table 7.3 – The recipes of the polyacrylamide gels used.

Table 7.3 – The recipes of the polyacrylamide gels used.









	Ingredient
	Quantity

	
	Running Buffer
	Transfer Buffer

	H20
	1000 mL
	800 mL

	Glycine
	14.4 g
	14.4 g

	Tris
	3 g
	3 g

	SDS
	1 g
	-

	Methanol
	-
	200 mL





Table 7.4 – The recipes of the running and transfer buffers used for SDS-PAGE.

Table 7.4 – The recipes of the running and transfer buffers used for SDS-PAGE.
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Figure 7.2 – SDS-PAGE equipment. (Top Left) The glass plates and holders for gel casting. (Top Right) The cast gel plus glass plates were loaded into the cassette, using a buffer dam if required. The cassette was then loaded into the tank and both buffer and samples were loaded. (Bottom) The electrodes were attached, and 100 V set on the power pack.

Figure 7.2 – SDS-PAGE equipment. (Top Left) The glass plates and holders for gel casting. (Top Right) The cast gel plus glass plates were loaded into the cassette, using a buffer dam if required. The cassette was then loaded into the tank and both buffer and samples were loaded. (Bottom) The electrodes were attached, and 100 V set on the power pack.





7.2.4	WESTERN BLOT
Whilst the SDS-PAGE was running, 0.45 µm nitrocellulose membrane (Bio-Rad; 162-0115) was cut to the approximate size of the separating gel. The membrane and 2 sheets of filter paper (Bio-Rad; 1703932) were soaked in transfer buffer. 
Once electrophoresis was complete, the gel was removed from the electrophoresis set-up and placed into transfer buffer for at least 10 minutes to equilibrate. The running buffer was removed from the set-up and replaced with transfer buffer; the set-up was filled until the blotting line was met. A sandwich was created (filter paper – gel – nitrocellulose – filter paper) in the western blot cassette, ensuring any air bubbles were removed. The cassette was then placed into the same set-up as for the SDS-PAGE. It was vital that the transfer buffer was kept cold through the western blot, so prior to use the buffer was placed at -20 °C to cool and a small ice pack was placed into the set-up immediately before running (figure 7.3). 
[image: ]The apparatus was again set at 100 V and was left to run for 75 minutes. Once the transfer was complete, the apparatus was dismantled, the gel was placed into a fixing solution (50 % MeOH (v/v), 10 % (v/v) HoAC in H2O) overnight and the membrane was placed into a Ponceau S staining solution (Sigma-Aldrich; P7170) for 5-10 minutes.Figure 7.3 – Western Blot equipment. The polyacrylamide gel and nitrocellulose membrane were placed into the black and red cassette before being placed back into the tank. An ice pack was placed in the remaining space to keep the temperature of the buffer as low as possible.

Figure 7.3 – Western Blot equipment. The polyacrylamide gel and nitrocellulose membrane were placed into the black and red cassette before being placed back into the tank. An ice pack was placed in the remaining space to keep the temperature of the buffer as low as possible.

Once the gel was fixed, the fixing solution was exchanged for a Coomassie Blue and de-staining solution, as described in chapter 7.2.3, to enable visualisation of any remaining protein bands.
Meanwhile, once the membrane had incubated with Ponceau S, it was given 3 x 5-minute washes in dH20, enabling observation of the protein bands to ensure:
i) an equal amount of protein was loaded 
ii) there was sufficient protein transfer. 
The membranes were then blocked and immunolabelled, as described in chapter 7.2.2.

7.2.5 ANALYSIS OF ICAM-1 EXPRESSION
Photographs were taken of the nitrocellulose membrane and analysed using ImageJ image analysis software [198]. The minimum and maximum brightness values were adjusted to optimise the dynamic range. The colour image was converted into grayscale and a lane was selected which contained numerous dots/bands of DAB staining. The process of ‘analyse -> gels -> plot lanes’, followed by selecting the sections of the curve which relate to the positive DAB labelling, enabled the area under the curve to be calculated.
The data was input into SPSS and the Games-Howell test used to identify any significant results to be determined to the 5 % level.

7.3 RESULTS
7.3.1	SAMPLE PREPARATION
The BSA standards provided enabled the standard curve relating protein concentration and absorbance to be produced (figure 7.1); consequently, the absorbance values from the cell lysates could then be compared to estimate the total protein concentration for each sample. 
Table 7.5 displays the total protein concentration calculated for each sample, along
	Sample
	25 U/mL TNF-α present?
	Incubation Time (Hrs)
	Volume per 10 µg protein (µL)
	Volume of 1x Laemmli required (µL)

	HUVEC
	-
	0
	7.5
	10.0

	
	+
	3
	9.6
	5.8

	
	+
	6
	7.2
	10.6

	
	+
	9
	8.9
	7.2

	
	+
	12
	8.5
	8.0

	NHDF
	-
	0
	3.9
	17.2

	
	+
	3
	10.0
	5.0

	
	+
	6
	9.4
	6.2

	
	+
	9
	9.0
	7.0

	
	+
	12
	10.4
	4.2

	HUVEC
(NHDF conditioned)
	-
	12
	8.3
	8.4

	
	+
	12
	9.3
	6.4

	NHDF
(HUVEC conditioned)
	-
	12
	10.7
	3.6

	
	+
	12
	10.5
	4.0

	HUVEC
(HUASMC conditioned)
	-
	12
	4.5
	16.0

	NHDF
(HUASMC conditioned)
	-
	12
	3.4
	18.2


Table 7.5 – Protein concentration calculated for each sample, with respective volumes required to carry out SDS-PAGE.


Table 7.5 – Protein concentration calculated for each sample, with respective volumes required to carry out SDS-PAGE.



with the volume of cell lysate required for 10 µg of protein (to load to each well during SDS-PAGE) to which an equal volume of 2 x Laemmli was added followed by the addition of 1 x Laemmli to make all samples up to a total volume of 25 µL.


7.3.2	SDS-PAGE
Coomassie Blue staining of the acrylamide gel after SDS-PAGE enabled visualisation of all the protein bands prior to western blot. This would confirm that there was sufficient separation of the protein bands, as well as indicating that the amount of protein loaded should be sufficient to transfer onto the nitrocellulose for immunolabelling.
Figure 7.4 shows an example of a 10 % acrylamide gel with Coomassie Blue staining after SDS-PAGE on a range of samples. The middle to higher molecular weight protein bands are largely visible, with the lower weight bands still being observable but much less defined. There are also bands apparent at the bottom of the gel, which are likely formed from where the very small weighted proteins have not fully separated.

[image: ]



Figure 7.4 – 10 % polyacrylamide gel with Coomassie Blue staining to highlight the protein migration pattern on a variety of protein samples. The bands are distinct, with no smudging or ‘smile effect’ visible.


Figure 7.4 – 10 % polyacrylamide gel with Coomassie Blue staining to highlight the protein migration pattern on a variety of protein samples. The bands are distinct, with no smudging or ‘smile effect’ visible.




7.3.3 WESTERN BLOT
Once the proteins were transferred to the nitrocellulose membrane, Ponceau S stain was added to the membrane and Coomassie Blue stain added to the gel to ensure complete transfer of proteins. Figure 7.5 demonstrates that the conditions used for the western blot were adequate to transfer most of the proteins from the gel to the nitrocellulose membrane. 
Moreover, as mentioned previously, the Ponceau S stained would provide evidence to determine whether the amount of protein loaded was equal throughout all of the samples tested. Figure 7.6 displays the amount of staining present throughout the samples were roughly the same, along with the presence of a band found at approximately 50 kDa which was present throughout all samples and appeared to be relatively consistent.


                             [image: ]     [image: ]Figure 7.5 – (left) Coomassie Blue staining of polyacrylamide gel after western blot; there is faint staining of bands, but most of the protein has been extracted. (right) Ponceau S staining of the respective nitrocellulose membrane after western blot showing distinct banding and presence of large amounts of protein.


Figure 7.5 – (left) Coomassie Blue staining of polyacrylamide gel after western blot; there is faint staining of bands, but most of the protein has been extracted. (right) Ponceau S staining of the respective nitrocellulose membrane after western blot showing distinct banding and presence of large amounts of protein.
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Figure 7.6 – Ponceau S staining of nitrocellulose membrane with HUVEC and NHDF samples after incubation with 25 U/mL TNF-α for (A) 0, (B) 3, (C) 6, (D) 9 and (E) 12 hours. 


Figure 7.6 – Ponceau S staining of nitrocellulose membrane with HUVEC and NHDF samples after incubation with 25 U/mL TNF-α for 0, 3, 6, 9 and 12 hours (left to right). 



7.3.4 IMMUNOCHEMISTRY TO DETECT ICAM-1
A combination of antibodies and DAB-peroxidase substrate, as described in chapter 7.2.3, enabled visualisation of ICAM-1 from HUVEC and NHDF cell lysates (figure 7.7 and figure 7.10). Initially, it appeared that when TNF-α was added directly to the cell cultures there was an increase in ICAM-1 abundance, which was significantly enhanced in HUVEC in comparison to NHDF. Moreover, in the pre-conditioned medium experiments there was only an increased ICAM-1 abundance when the pre-conditioning occurred on HUASMC, for both HUVEC and NHDF. Nevertheless, in HUVEC the abundance appeared less than that observed 3 hours post TNF-α addition, whilst in NHDF it was comparable to the results observed 6-12 hours after TNF-α addition in the dot blot.
Figure 7.8 demonstrates that through the analysis of the dot blot a significant up-regulation of DAB staining in HUVEC was present between 0 and 3 hours after TNF-α addition (3076 vs 577, p<0.05), which then plateaued to produce no significant change in area between 3 and 12 hours after TNF-α addition (p=0.619). On the contrary, although in NHDF there appeared to be an increase in area in the presence of TNF-α, there was no significant difference at any time point versus the control (0 hrs); the respective p-values for 3, 6, 9 and 12 hours versus the control were 0.581, 0.571, 0.053 and 0.237. 
These expression patterns were different to those observed through confocal image analysis in chapter 4.3.3, where each time-point produced a significant increase in ICAM-1, along with the largest increase presenting between 3 and 6 hours (p<0.001).
[image: ]The DAB staining for the HUVEC dot blots after incubation with NHDF conditioned medium without TNF-α for 12 hours was comparable to standard HUVEC monoculture without TNF-α (p=0.999). This result was also significantly different to HUVEC after incubation with 25 U/mL TNF-α for 3 hours (p=0.012). There were no other significant differences in area between HUVEC monoculture and any of the conditioned medium experiments (figure 7.9). This was similar in NHDF where, owing to the large variance, no significant results were present when comparing the conditioned medium and monoculture experiments. 
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Figure 7.7 – 2 µg dot blots of HUVEC and NHDF cell lysates after incubation with 25 U/mL TNF-α for (A) 0, (B) 3, (C) 6, (D) 9 and (E) 12 hours and (F-H) conditioned medium for 12 hours. (F) NHDF/HUVEC incubated with HUVEC/NHDF conditioned medium without TNF-α, (G) NHDF/HUVEC incubated with HUVEC/NHDF conditioned medium with 25 U/mL TNF-α, (H) NHDF/HUVEC incubated with HUASMC conditioned medium without TNF-α.

Figure 7.7 – 2 µg dot blots of HUVEC and NHDF cell lysates after incubation with 25 U/mL TNF-α for (A) 0, (B) 3, (C) 6, (D) 9 and (E) 12 hours and (F-H) pre-conditioned medium for 12 hours. (F) NHDF/HUVEC incubated with HUVEC/NHDF pre-conditioned medium without TNF-α, (G) NHDF/HUVEC incubated with HUVEC/NHDF pre-conditioned medium with 25 U/mL TNF-α, (H) NHDF/HUVEC incubated with HUASMC pre-conditioned medium without TNF-α.
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Figure 7.8 – Dot blot analysis of HUVEC and NHDF cell lysates after 25 U/mL TNF-α addition for 0-12 hours. The only significant result for HUVEC appeared between 0 and 3 hours after TNF-α addition. In NHDF, although there appears to be an increase between 0 and 3 hours, there were no statistically significant results. Mean ± SEM. (n=3)


Figure 7.8 – Dot blot analysis of HUVEC and NHDF cell lysates after 25 U/mL TNF-α addition for 0-12 hours. The only significant result for HUVEC appeared between 0 and 3 hours after TNF-α addition. In NHDF, although there appears to be an increase between 0 and 3 hours, there were no statistically significant results. Mean ± SEM. (n=3)

Figure 7.9 – Comparison of ICAM-1 abundance in HUVEC and NHDF cell lysates (via dot blot) after the addition of conditioned medium types versus monoculture ± TNF-α for 12 hours. Although there appears to be an increase in area when TNF-α was included, none of the results displayed are statistically significant. Mean ± SEM. (n=3)

Figure 7.9 – Comparison of ICAM-1 abundance in HUVEC and NHDF cell lysates (via dot blot) after the addition of pre-conditioned medium types versus monoculture ± TNF-α for 12 hours. Although there appears to be an increase in area when TNF-α was included, none of the results displayed are statistically significant. Mean ± SEM. (n=3)

DAB staining only highlighted bands present at approximately 100 kDa on the HUVEC western blots. Meanwhile, no bands were observable on the NHDF samples (figure 7.10). There was a distinct increase in ICAM-1 expression at 0-3 hours and 3-6 hours after TNF-α addition. Though the area produced for each sample via western blot (figure 7.11) was considerably larger than the area produced via dot blot (figure 7.8), the trend appeared to be analogous.  
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Figure 7.10 – Immunolabelling for ICAM-1 after western blotting using 10 µg protein samples revealed bands only for the HUVEC samples; there appeared to be an increase between (A) 0, (B) 3 and (C) 6 hours, followed by little change in DAB staining at (D) 9 hours and (E) 12 hours. (n=1)


Figure 7.10 – Immunolabelling for ICAM-1 after western blotting using 10 µg protein samples revealed bands only for the HUVEC samples; there appeared to be an increase between 0, 3 and 6 hours, followed by little change in DAB staining. (n=1)


Figure 7.11 – Quantitation of ICAM-1 protein from western blot, where HUVEC were incubated with TNF-α for 0-12 hours. No value is presented at 0 hrs owing to the lack of visible band. An increase is DAB staining was observed between 3 and 6 hours after TNF-α addition, which was followed by a plateau. (n=1)


Figure 7.11 – Quantitation of ICAM-1 protein from western blot, where HUVEC were incubated with TNF-α for 0-12 hours. No value is presented at 0 hrs owing to the lack of visible band. An increase is DAB staining was observed between 3 and 6 hours after TNF-α addition, which was followed by a plateau. (n=1)


7.4 DISCUSSION 
Dot blots and western blots were carried out on HUVEC and NHDF cell lysate samples after stimulation with TNF-α for 0, 3, 6, 9 and 12 hours to determine whether a similar trend was observed to that obtained through confocal image analysis. Whilst the dot blots revealed ICAM-1 expression in both HUVEC and NHDF, the only expression observable via western blot was in HUVEC samples.
As a result, the data obtained from western blotting could not strengthen nor weaken the conclusions made in previous chapters.  

7.4.1 USEFULNESS OF COOMASSIE BLUE AND PONCEAU S STAINING
Coomassie Blue was used to confirm adequate separation of proteins within the polyacrylamide gels. The lower protein detection limit for this technique is approximately 100 ng [260]. Figure 7.4 demonstrates effective band separation, though little protein was detected for proteins with a lower molecular mass; nevertheless ICAM-1 had been estimated to have a molecular weight in the range of 76 - 114 kDa [138, 139] and should therefore present within the top proportion of the gel, where distinct bands were visible.
A limitation of this protein detection method was the requirement for gel fixation, meaning that the proteins could not be transferred to the nitrocellulose membrane for antibody detection thereafter [261]. Consequently, this meant that two gels containing the same protein samples had to be run at the same time: one to be stained with Coomassie Blue and one for electrophoretic transfer and antibody labelling. Owing to the limited sample volumes, Coomassie Blue was only used to confirm correct conditions for protein separation such as voltage and time required and could not be compared to antibody labelling. 
Subsequently, Ponceau S stain was used to confirm adequate transfer of proteins from the gel onto the nitrocellulose membrane. Although the lower protein detection limit was higher than Coomassie Blue at approximately 250 ng, the stain was able to detect banding through each lane, confirming sufficient protein transfer (figure 7.5), and could easily be removed through the addition of 0.1 M NaOH [262].
Even though the Ponceau S didn’t provide a strong stain in the range where ICAM-1 was anticipated at the highest protein concentration (10 µg) (figure 7.6), the detection limit was expected to be significantly higher than that of antibody labelling meaning that the inability to observe bands through Ponceau S did not mean that there was not enough ICAM-1 protein present to be detected via antibody labelling. 

7.4.2	DOT BLOT VERSUS WESTERN BLOT
[image: ]After lysates of HUVEC and NHDF were created, the approximate protein concentration of the solution was estimated via BCA assay. The results from this assay indicated that the maximal load into a 10-well 1 mm polyacrylamide gel would be 10 µg, owing to the maximal load volume of 25 µL per well for this set-up. Western blots typically require approximately 20 – 30 µg of protein to be loaded, dependent on the relative abundance of the protein of interest. For the HUVEC lysates, ICAM-1 could be clearly detected when only 5 µg of protein was loaded (figure 7.12) but could not be seen in NHDF when the maximal load of 10 µg was used. Consequently, the relative concentration of ICAM-1 protein in the NHDF samples must have been significantly lower than HUVEC, and below the detection limit for chromogenic substrate detection method (500 pg for HRP/DAB) [263].Figure 7.12 – Detection of ICAM-1 via western blotting in HUVEC after incubation with 25 U/mL TNF-α for 12 hours. Each lane was loaded with  0, 2.5, 5, 7.5 and 10 µg of total protein (left to right).

Figure 7.12 – Detection of ICAM-1 via western blotting in HUVEC after incubation with 25 U/mL TNF-α for 12 hours. Each lane was loaded with  0, 2.5, 5, 7.5 and 10 µg of total protein (left to right).

There are 3 different methods of protein detection on a membrane after western blot: colorimetric, chemiluminescent and fluorescent. Chemiluminescent detection is the most frequently method used as it allows [263]:
i) multiple exposures
ii) re-probing via the ability to remove detection reagents
iii) detection and quantitation for a large range of protein concentrations
iv) greatest sensitivity versus alternative detection methods (can detect as low as femtograms of protein)
Although chemiluminescent detection for the western blots would have been ideal, specialised equipment are required for this method of detection; the light signal is captured on an x-ray film or by a charge-coupled device imager. Chemiluminescent detection also requires trial and error for determining the correct exposure time and thus can prove costly [263]. For that reason, colorimetric detection was chosen owing to its simplicity and cost-effectiveness.
The protein present within the cell lysates could be concentrated via precipitation [264], to which it was decided that acetone precipitation would be ideal. However, owing to the limited volume of lysates, in addition to the ability to obtain only an approximate 70 % yield [265], the concentration of the protein solution after the procedure was carried out was not sufficient to load significantly larger quantities of protein into the gels for SDS-PAGE.
Nevertheless, immunolabelling the lysate after direct application to the nitrocellulose membrane via the dot blot method enabled visualisation of ICAM-1 when the protein quantity was as low at 2 µg in both HUVEC and NHDF. The steps of this procedure are comparable to those during western blot after electrophoretic transfer of the proteins from the SDS-PAGE gel to the nitrocellulose membrane.
However, the dot blot method means that the ICAM-1 protein from within the lysate attaches to the membrane in a smaller surface area and the only way protein can be lost is through the washing and immunolabelling steps, as with the western blot procedure. When carrying out the western blot, protein can also be lost if the samples are not fully denatured (thus do not travel through the SDS-PAGE gel) and through the transfer of the proteins from the gel to the nitrocellulose if the correct conditions have not been used [266], meaning that less protein is attached to the membrane than initially loaded.
The dot blot experiments confirmed that the HUVEC samples contained a significantly higher proportion of ICAM-1 than the NHDF samples. Moreover, when comparing the HUVEC data between the dot blot (figure 7.8) and western blot (figure 7.11), it was apparent that a similar trend was observed when assessing the area under the curve produced via ImageJ analysis of DAB expression. 
As previously mentioned in Chapter 2.4.4, ICAM-1 had been estimated to have a molecular weight in the range of 76 - 114 kDa [138, 139].  This was confirmed through the western blot analysis where a single band presented itself at approximately 100 kDa.
Consequently, although the western blotting process had the advantage that it confirmed that ICAM-1 was being specifically labelled, the dot blot process was sufficient to compare the relative abundance of ICAM-1 under the different experimental conditions. 

7.4.2	DOT BLOT VERSUS CONFOCAL IMAGE ANALYSIS
With it being confirmed that the data obtained from dot blot was comparable to the western blot, the ICAM-1 expression profile of HUVEC and NHDF could be compared between dot blot and confocal image analysis. In HUVEC, there was a significant increase in DAB and thus ICAM-1 after 3 hours of TNF-α exposure, which then came to a plateau thereafter. This was similar in NHDF, though the increase in DAB was not quite significant. Additionally, there were no significant differences observed in the expression of ICAM-1 in the conditioned medium experiments for both HUVEC and NHDF via dot blot analysis.
Analysis of the western blot data was limited to the ability of observe the area of DAB precipitation on the nitrocellulose membrane. Thus, the range of ICAM-1 protein loaded onto the membrane could only be detected between a specific range. As previously discussed, the lower limit for DAB detection is approximately 500 pg [263], whilst the upper limit is dependent on the incubation time. If the blot was left to develop for too long, high background levels develop, and the bands presented become saturated. This is where strong signals don’t accurately reflect protein levels; they hide actual variation in protein levels and underestimate the amount of protein present. Similar apparent intensities of saturated bands are misleading as they indicate approximate equal levels of protein [267].
In contrast, laser scanning confocal microscopy allows the microscope settings to be adjusted to the fluorescence intensity, where the voltage, pinhole size, offset and gain are adjusted to produce the largest dynamic range [268]. However, care must be taken to ensure the results obtained have not been affected by quenching and/or photobleaching [269]. 
The trends obtained from western/dot blot analysis were distinctly different to those obtained via confocal image analysis - there was no significant change in ICAM-1 expression in NHDF and a small but significant increase in HUVEC 3 hours after TNF-α addition (figure 4.7); this was followed by a large up-regulation of ICAM-1 at 6 hours and beyond in both cell types. Likewise, with the confocal image analysis producing similar intensity results in HUVEC and NHDF under monoculture conditions, the relative abundance of ICAM-1 on the cell surface is expected to be similar in both cell types. 
The reasons for this discrepancy can be owed to the methods of analysis, whereby confocal image analysis only assessed the amount of ICAM-1 present on the surface of the cell membrane, owing to the lack of detergent used during immunolabelling. Meanwhile, cell lysate production involved the destruction of the whole cell construct using strong detergents. Both Triton X-100 and SDS were used, which are non-ionic and anionic surfactants, respectively. These detergents allow the dispersion of hydrophobic compounds in aqueous media, including the extraction and solubilisation of membrane proteins [270]. 
This meant that antibodies were able to bind to both ICAM-1 that was already expressed on the cell membrane and ICAM-1 that had been synthesised but not yet expressed, such as those stored within intracellular vesicles [141, 271]. Consequently, the approximate 3-hour delay in up-regulation is likely the result of the time it takes from the synthesis and post-translational modification of ICAM-1 to its translocation to the cell membrane to enhance cell surface expression. 
Moreover, with the confocal image analysis method producing statistically significant results for each experiment undertaken, this indicates that this method of analysis can detect: 
i) a larger window of ICAM-1 expression (it can detect a significant result at a lower relative abundance and/or produces a plateau at a higher relative abundance).
ii) smaller changes in membrane expression than either the dot blot or western blot methods. 

7.5 CONCLUSION
The aim of this chapter was to compare the results obtained through both confocal image analysis and western blot, with the purpose of providing confirmatory evidence to the results obtained in previous chapters.
Although only 5 µg of total protein was enough to sufficiently detect ICAM-1 presence in HUVEC cell lysates, the relative abundance of ICAM-1 in NHDF was significantly lower resulting in no detectable bands when 10 µg of total protein was loaded for SDS-PAGE and western blot analysis. 
Comparison of dot blot and western blot analysis confirmed this and indicated that the two methods could be interchanged provided the molecular weight of the protein of interest was either already known, or that the specificity of the antibody had already been tested. The only significant result obtained throughout both the dot blot and western blot experiments was the difference in ICAM-1 expression between the control and the HUVEC sample after a 3-hour exposure to 25 U/mL TNF-α in the dot blot (578 vs 3076, p=0.012). 
Thus, whilst the data confirmed that a significant increase in ICAM-1 expression can be observed at 3 hours in HUVEC, there was a higher variation in the data obtained from other time-points and therefore there is no statistical significance to confirm the changes seen in ICAM-1 expression (as described in chapter 4 – chapter 6) beyond this.
There were several reasons why this could have occurred, from requiring a minimum of 500 pg of ICAM-1 present for DAB to sufficiently detect the protein, to the ability of adjusting the dynamic range when using confocal microscopy (making this method more sensitive to changes in the amount of ICAM-1 present). 
If these studies were repeated, several modifications could have been made:
i) Purified ICAM-1 could be used to produce a standard curve of protein present versus DAB intensity. 
ii) Cell lysates with higher protein concentrations could be produced via protein precipitation enabling larger volumes of total protein to be loaded to the western blot system.  
iii) Chemiluminescent detection methods could be used owing to the significantly lower detection limits.
In conclusion, although the western blots could not substantiate previous results, no refutable evidence was displayed signifying the requirement for further western blot experimentation.


CHAPTER 8 
CONCLUSIONS AND FUTURE WORK	
8.1 OVERALL CONCLUSIONS
The overall aim of this project was to determine whether the adventitial fibroblast could contribute to vascular inflammation and consequently assess the extent to which it may promote to the progression of diseases such as atherosclerosis. As discussed in chapter 1, a series of objectives were established and executed. 
The list of objectives were as follows:
i) To provide evidence of fibroblast presence and abundance within human coronary artery through histological and immunohistochemical analysis.
ii) To establish the culture conditions required to effectively analyse the up-regulation of the inflammatory response in all cell types (medium type, concentration of inflammatory mediator, length of incubation).
iii) To identify and semi-quantitatively analyse confocal images of ICAM-1 up-regulation in endothelial cells, smooth muscle cells and fibroblasts (in both monoculture and co-culture conditions) and carry out statistical analysis to determine any significant differences in ICAM-1 expression.
iv) Design experiments to determine the type of signalling occurring between the different cell types and consequently which cytokines may be responsible for any significant differences in ICAM-1 expression observed in co-culture versus monoculture.
Below summarises the work done to accomplish these objectives: 
i) Paraffin-embedded human coronary artery sections were immunolabelled for α-SMA / THY-1 and compared to comparative sections stained with van Gieson (Chapter 3). Sole labelling of α-SMA and THY-1 highlighted the tunica media and activated endothelium, respectively. Meanwhile, dual labelling was present primarily in the tunica adventitia, likely indicating the presence of myofibroblasts.

ii) The culture conditions were optimised to assess the up-regulation of ICAM-1 in response to the addition of TNF-α, a pro-inflammatory mediator (Chapter 4). Experiments determined that the lowest concentration of TNF-α examined (25 U/mL) was enough to: 
· Induce the up-regulation of ICAM-1 12 hours after its addition to the culture medium. 
· Enable any significant differences in the up-regulation of ICAM-1 to be observed. 
Moreover, with HUVEC requiring ECGS/H supplementation for growth in monoculture, complete M199 medium was used throughout for continuity and to remove any influence of the supplement. 

iii) ICAM-1 expression was assessed on monocultures (chapter 4) and co-cultures of HUVEC, HUASMC and NHDF (chapter 5). Statistical analysis confirmed that HUASMC increased the expression of ICAM-1 in both HUVEC and NHDF prior to TNF-α addition. After TNF-α supplementation, the up-regulation of ICAM-1 was enhanced in HUVEC in co-culture with NHDF, whilst the extent of ICAM-1 up-regulation was significantly decreased or absent in NHDF when in co-culture with HUVEC and HUASMC, respectively.

iv) The type of communication method between the different cell types was evaluated using conditioned medium experiments (chapter 6). These highlighted the presence of additional signalling pathways that were not perceivable in monoculture or co-culture studies, such as autocrine signalling. Results also indicated that juxtacrine signalling HUASMC → HUVEC and HUVEC → NHDF was likely, whilst HUVEC/HUASMC → NHDF and NHDF → HUVEC involved paracrine signalling. The overall hypothesised communication network is described in figure 8.1.

v) Dot blots and western blots were carried out with the aim to provide confirmatory evidence to the data obtained in chapters 4, 5 and 6. Although the data confirmed that 25 U/mL can cause a significant increase in ICAM-1 expression in HUVEC, all other results were not significant and therefore could not provide confirmatory evidence to previous data attained.
Accordingly, if it was considered that fibroblasts, smooth muscle cells and endothelial cells are present within the tunica adventitia, tunica media and tunica intima, respectively, it can be hypothesised that the level of ICAM-1 expression in the fibroblast may be critical to its position within the vessel during the wound healing response where: 
i) Direct contact of smooth muscle cells and endothelial cells results in Tyr142-phosphorylation of β-catenin in endothelial cells and subsequent inflammation [230]. This is normally inhibited by endothelial exposure to high shear stresses [80]. However, after endothelial injury or exposure to low shear stresses this inhibition is prevented, inducing the production of pro-inflammatory molecules such as IL-1α, TNF-α and TGF-β, all of which have been shown to act on fibroblasts [209, 210, 211].

ii) The release of paracrine pro-inflammatory mediators from the endothelium and underlying smooth muscle cells activate the fibroblasts residing in the tunica adventitia. In response, activated fibroblasts synthesise an abundant array of pro-inflammatory cytokines including TGF-β1, IL-1β and IL-33 [203] and adhesion proteins (e.g. ICAM-1) to promote the recruitment of necessary cell types towards the injury site e.g. leukocytes [140]. The fibroblasts also proliferate and begin migration towards the site of injury to produce the required extracellular matrix for wound closure; Acharya et al (2008) confirmed that CD44-dependent TGF-β activation of fibroblasts was essential for fibroblast migration [214].

iii) After transitioning into the tunica media and then the tunica intima, direct contact with smooth muscle cells and endothelial cells begin to inhibit the TNF-α induced pro-inflammatory response in the fibroblast. This could be through the expression of either FGF10 [221, 223], PGE2 [240, 272] or IL-15 [251, 15] in the endothelial or smooth muscle cells, or through the induction of an inhibitory molecule within the fibroblast. 

As a result, it can be concluded that the activation of the fibroblast is tightly regulated and is involved in a complex network with endothelial and smooth muscle cells to control the inflammatory response within the vessel. The fibroblast has the ability to enhance the pro-inflammatory response within at least the endothelial cells through paracrine factors. The inclusion of the fibroblast should therefore be considered in future in vitro studies where the underlying chronic vascular inflammatory response that underpins atherogenesis is to be assessed.FGF10
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Figure 8.1 – The hypothesised signalling network with candidates for the responsible signalling molecules. 1) Paracrine pro-inflammatory signals from the endothelial and smooth muscle cells target the fibroblast. The fibroblast also produces an autocrine loop. 2) TNF-α stimulation activates pro-inflammatory gene expression in at least the endothelial and fibroblast cells. The endothelial cell also produces an inhibitory molecule that specifically targets the fibroblast to slightly reduce the pro-inflammatory response observed prior to TNF-α addition. 3) The smooth muscle cells become activated and releases pro-inflammatory molecules that primarily target the endothelial cells. 4) Fibroblast migration to the tunica media leads to partial contact inhibition of TNF-α activation. 5) SMC migration into intima leads to direct contact with endothelial cells and further enhances inflammatory response (provided no high shear stress is present). 6) Migration of fibroblasts into the tunica intima leads to contact with endothelial cells and complete inhibition of inflammatory response.

Figure 8.1 – The hypothesised signalling network with candidates for the responsible signalling molecules. 1) Paracrine pro-inflammatory signals from the endothelial and smooth muscle cells target the fibroblast. The fibroblast also produces an autocrine loop. 2) TNF-α stimulation activates pro-inflammatory gene expression in at least the endothelial and fibroblast cells. The endothelial cell also produces an inhibitory molecule that specifically targets the fibroblast to slightly reduce the pro-inflammatory response observed prior to TNF-α addition. 3) The smooth muscle cells become activated and releases pro-inflammatory molecules that primarily target the endothelial cells. 4) Fibroblast migration to the tunica media leads to partial contact inhibition of TNF-α activation. 5) SMC migration into intima leads to direct contact with endothelial cells and further enhances inflammatory response (provided no high shear stress is present). 6) Migration of fibroblasts into the tunica intima leads to contact with endothelial cells and complete inhibition of inflammatory response.

8.2 FUTURE WORK
The primary limiting factor for scientific experimental work is the time it takes to carry out even a single experiment. Most procedures that have been run throughout my doctoral studies have been very time-consuming; an experimental period of 12 hours was used to assess ICAM-1 up-regulation, which does not consider cell culture, equipment set-up, sample fixation, immunolabelling or imaging. 
Consequently, there are numerous directions in which the work presented can be taken forward:
i) The communication mechanisms that underpin the changes in ICAM-1 expression observed in chapter 5 and 6 can be explored further. This would enable the exact protein or chemical species responsible to be pinpointed and could therefore highlight a possible novel mechanism by which the inflammatory response could be controlled.

ii) The western blot experiments could be repeated and refined to definitively confirm or contest the results obtained in chapters 4, 5 and 6.

iii) The cell types chosen for the experiments in this thesis could be changed for alternative cell types, such as exchanging HUVEC for HCAEC or NHDF for human aortic adventitial fibroblasts (HAoAF). Fibroblasts exhibit functional specialisation according to their site of origin [273], thus aortic fibroblasts may provide different results to those from the dermis.

iv) The culture arrangement for this thesis consisted of culturing cells on a 2D surface but could be transformed into a 3D set-up like those described in chapter 2.6. 3D structures provide a more biomimetic environment and enable both spacio-temporal distributions to be examined and the ability to stimulate only one cell type whilst maintaining a co-culture design.

v) Endothelial cells are typically exposed to high shear stress in vivo, with low shear stress being linked to a pro-atherogenic condition. Therefore, the introduction of high shear stress would likely yield different ICAM-1 expression patterns to those observed in static culture.    

The ideal model to study the inflammatory response in an in vitro vascular model would be one that simulates the in vivo environment, thus including both a 3D structure and shear stress induction on only the endothelial cells. Owing to the complexity of this environment, challenges remain related to the mechanical environment, distribution of nutrients and imaging. Nevertheless, simplified in vitro models can still provide useful evidence to provide backing or to discount possible therapeutic actions. With continued improvements in technology, the challenges currently faced will be overcome enabling the study of how different factors interweave to produce adverse outcomes, such as those seen in atherogenesis.
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NHDF	0.23793647408601112	0.28516420284555488	0.67137254346432762	0.80612904313641731	0.85215897758394954	0.23793647408601112	0.28516420284555488	0.67137254346432762	0.80612904313641731	0.85215897758394954	0	3	6	9	12	1.1185833333333333	1.2342916666666668	2.8152592592592587	4.0061111111111112	5.0596666666666659	HUVEC	4.075945698035386E-2	0.1307424076590826	0.21483228600727386	0.25234388891274084	0.31541090679216616	4.075945698035386E-2	0.1307424076590826	0.21483228600727386	0.25234388891274084	0.31541090679216616	0	3	6	9	12	1.2908260869565218	1.9168333333333336	3.8462083333333337	4.3564074074074073	5.2478148148148156	HUASMC	0.23248208480028423	0.17207677550055067	0.14553185769768098	0.1473044319734215	0.15752655077011993	0.23248208480028423	0.17207677550055067	0.14553185769768098	0.1473044319734215	0.15752655077011993	0	3	6	9	12	3.7188888888888889	3.5457777777777775	3.3892222222222226	3.3403333333333336	3.7176666666666662	Time (Hours)


ICAM-1 Intensity 




0.47899999999999998	0.76400000000000001	0.745	0.53300000000000003	0.84	0.82699999999999996	0.74299999999999999	0.93899999999999995	0.89300000000000002	0.75900000000000001	0.79200000000000004	0.82399999999999995	0.57899999999999996	0.79500000000000004	0.79600000000000004	0.89600000000000002	0.70599999999999996	0.48499999999999999	0.60699999999999998	0.67400000000000004	0.75	0.69799999999999995	0.754	0.86499999999999999	0.79400000000000004	0.40200000000000002	0.40400000000000003	0.56299999999999994	0.51800000000000002	0.92	0.64800000000000002	0.35199999999999998	0.39600000000000002	0.84699999999999998	0.73799999999999999	0.72699999999999998	0.497	0.59199999999999997	0.77600000000000002	0.47399999999999998	0.82699999999999996	0.77500000000000002	0.85599999999999998	0.878	0.92500000000000004	0.47299999999999998	0.72599999999999998	0.435	0.73899999999999999	0.69099999999999995	0.68	0.59199999999999997	0.42	0.86499999999999999	0.44800000000000001	0.73599999999999999	0.89500000000000002	0.89700000000000002	0.69699999999999995	0.45200000000000001	0.76900000000000002	0.92600000000000005	0.57899999999999996	0.86599999999999999	0.64	0.41399999999999998	0.42399999999999999	0.63800000000000001	0.49299999999999999	0.625	0.83599999999999997	0.92100000000000004	0.624	0.68899999999999995	0.77400000000000002	0.64900000000000002	0.89900000000000002	0.89400000000000002	0.88700000000000001	0.73	0.90300000000000002	0.74099999999999999	0.79400000000000004	0.55500000000000005	0.8	0.66400000000000003	0.58599999999999997	0.83	0.76300000000000001	0.497	0.42699999999999999	0.71599999999999997	0.84799999999999998	0.89800000000000002	0.748	0.51200000000000001	0.47599999999999998	0.78900000000000003	0.70099999999999996	0.442	0.85599999999999998	0.51300000000000001	0.78100000000000003	0.76200000000000001	0.69899999999999995	0.73499999999999999	0.80700000000000005	0.64700000000000002	0.41799999999999998	0.55600000000000005	0.64	0.55800000000000005	0.92400000000000004	0.51600000000000001	0.91500000000000004	0.64500000000000002	0.35299999999999998	0.52700000000000002	0.90100000000000002	0.94899999999999995	0.79600000000000004	0.55000000000000004	0.78800000000000003	0.69299999999999995	0.74	0.68200000000000005	0.85499999999999998	0.84299999999999997	0.85599999999999998	0.80200000000000005	0.80400000000000005	0.498	0.84699999999999998	0.49399999999999999	0.77600000000000002	0.42	0.91200000000000003	0.84499999999999997	0.89	0.51500000000000001	0.66600000000000004	0.89800000000000002	0.41799999999999998	0.88400000000000001	0.76600000000000001	0.49	0.72499999999999998	0.54100000000000004	0.91300000000000003	0.93899999999999995	0.53600000000000003	0.627	0.53100000000000003	0.74	0.60499999999999998	0.48699999999999999	0.78	0.72499999999999998	0.76700000000000002	0.69099999999999995	0.49299999999999999	0.74299999999999999	0.90900000000000003	0.92	0.79500000000000004	0.70099999999999996	0.76700000000000002	0.68300000000000005	0.48199999999999998	0.57899999999999996	0.51600000000000001	193.21	182.14	132.18	120.88	164.56	93.87	323.68	54.89	82.7	254.83	88.85	85.45	53.53	53.29	342.59	49.87	78.739999999999995	113.55	82.09	110.96	129.33000000000001	74.33	74.739999999999995	101.36	188.45	111.03	77.150000000000006	81.89	93.85	56.36	64.89	79.069999999999993	93.49	39.58	99.44	79.44	75.400000000000006	111.88	69	98.02	124.58	94.179999999999993	60.92	148.26	44.79	75.400000000000006	110.75	104.11	65.790000000000006	186.36	112.45	133.30000000000001	79.819999999999993	144.06	36.1	207.72	94.14	29.97	87.31	86.46	225.8	62.93	96.73	94.82	66.5	94.03	108.36	217.39	94.49	110.88	172.66	61.92	138.36000000000001	82.3	179.57	187.65	77.66	42.78	48.48	77.16	30.36	131.69999999999999	358.86	53.61	113.15	354.5	135.32	215.4	132.65	61.18	68.540000000000006	149.04	212.7	33.93	77.569999999999993	89.77	77.56	150.11000000000001	92.87	118.56	87.92	76.62	86.46	79.13	336.63	261.14999999999998	122.02	107.05	41.67	81.69	66.31	97.85	34.53	50.34	62.78	121.3	89.61	77.489999999999995	98.75	56.96	110.48	110.65	65.55	89.76	56.73	161.43	136.72	35.56	72.89	139.54	320.39999999999992	69.98	165.67	58.24	97.82	115.75	65.19	214.98	52.8	72.459999999999994	79.23	26.39	59.8	41.62	154.65	56.31	48.27	62.63	71.31	47.54	210.64	281.02999999999992	54	87.08	131.16999999999999	85.24	134.53	151.38	140.53	461.09	67.64	384.18	60.1	77.97	57.3	362.62	99.94	45.28	157.91999999999999	68.91	41.17	HDI 

Cardiovascular Disease Rate 
(per 100,000)


48 hrs	-0.7	0	0.7	-0.220811243285473	0.31876395292961601	-0.59115212248175797	Starting Cell Ratio


Change In Cell Ratio



HUVEC

24 hrs	-0.7	0	0.7	81.75	55.75	17.75	48 hrs	112.25	90.75	154	Starting Cell Ratio


Cell Count 




NHDF

24 hrs	-0.7	0	0.7	77	103	126.25	48 hrs	0.25	98.5	65.25	Starting Cell Ratio


Cell Count




Under 75 years	Chronic rheumatic heart diseases 	Hypertensive diseases	Coronary heart disease	Other heart diseases	Stroke	Diseases of arteries,  arterioles and capillaries	Diseases of veins, lymphatic vessels and lymph nodes	268	1592	22636	5960	7566	2337	1583	Over 75 years	Chronic rheumatic heart diseases 	Hypertensive diseases	Coronary heart disease	Other heart diseases	Stroke	Diseases of arteries,  arterioles and capillaries	Diseases of veins, lymphatic vessels and lymph nodes	653	5523	46909	21421	32533	7111	1591	
Deaths (Absolute No.)




Coronary heart disease 	Stroke	Other cardiovascular disease	480584	244796	1042172	
Inpatient Episodes (Absolute No.)



HUVEC	0.35733024093598548	0.22481809544713693	0.55341185683531113	0.92125521956518797	0.93878092194294549	0.35733024093598548	0.22481809544713693	0.55341185683531113	0.92125521956518797	0.93878092194294549	0	3	6	9	12	1.9955488095238094	2.9382689043209873	5.5917743165784835	7.498129705215419	8.300473091458807	NHDF	0.26273173200234029	0.18700440090033449	0.23448327858589971	0.33376253864156458	0.39996802565215916	0.26273173200234029	0.18700440090033449	0.23448327858589971	0.33376253864156458	0.39996802565215916	0	3	6	9	12	1.0561662698412697	0.95331179453262793	1.1194206459435625	1.5331728143109096	1.7487347883597881	-16	0	1	1	-16	0	1	2	Time (Hours)


ICAM-1 Intensity 




HUVEC

exp1	
-0.39499380824086899	-0.82376736297700903	-1.1753049094563639	-0.92198875298879301	-0.52324814376454798	-0.81093021621632899	-1.0815178553088101	-0.16813692180199799	-1.132745295037568	-0.88173835036749604	0.25886163391628902	-0.75768570169751703	-1.1224797700747531	-0.75470507355937899	-1.1386176232818099	-1.437296915572263	-1.2178757094949271	0.10638040355857201	-0.23841102344499801	-2.7398974188114399E-2	0.29479954022064497	-0.19237189264745599	4.7628048989254601E-2	-0.154150679827258	8.4686000000000021	9.2258000000000013	8.3172000000000015	7.8472000000000008	9.4433333333333334	7.3413333333333339	8.9078333333333344	12.210800000000001	5.9115000000000002	7.6406000000000009	10.505800000000001	8.6616	6.5633333333333326	7.823999999999999	6.307666666666667	6.7260000000000009	6.273714285714286	7.7469999999999999	8.0905000000000005	8.0667500000000025	7.8960000000000008	9.4192500000000035	8.8815000000000026	8.3185000000000002	Cell Ratio


ICAM-1 Intensity



NHDF

exp1	-0.39499380824086899	-0.82376736297700903	-1.1753049094563639	-0.92198875298879301	-0.52324814376454798	-0.81093021621632899	-1.0815178553088101	-0.16813692180199799	-1.132745295037568	-0.88173835036749604	0.25886163391628902	-0.75768570169751703	-1.1224797700747531	-0.75470507355937899	-1.1386176232818099	-1.437296915572263	-1.2178757094949271	0.10638040355857201	-0.23841102344499801	-2.7398974188114399E-2	0.29479954022064497	-0.19237189264745599	4.7628048989254601E-2	-0.154150679827258	1.281166666666667	1.15025	1.254	1.54575	1.5362	1.403	1.6066	1.4855	1.085	2.4166249999999989	1.3872500000000001	1.6872499999999999	1.1655714285714289	1.1279999999999999	0.98485714285714299	1.1163333333333341	0.69125000000000003	1.3154999999999999	1.9217500000000001	2.3940000000000001	2.5674000000000001	2.4867499999999989	4.3419999999999996	2.7432500000000002	HUVEC to NHDF Cell Ratio


ICAM-1 Intensity



HUVEC	0.98305870256959227	0.9384396518567395	1.077362816435278	1.0862754508425325	1.1769198794545157	0.98305870256959227	0.9384396518567395	1.077362816435278	1.0862754508425325	1.1769198794545157	0	3	6	9	12	5.6594092592592595	5.8527779100529091	8.8339637731481488	8.7133295138888887	9.5677209490740722	HUASMC	0.75719476780064898	0.92361008709463255	1.0538143210958046	1.1841969298642683	0.72531910706891689	0.75719476780064898	0.92361008709463255	1.0538143210958046	1.1841969298642683	0.72531910706891689	0	3	6	9	12	3.7706851851851848	3.9322194444444456	3.8270635416666665	3.8229642361111109	3.3358041666666667	-15	0	1.5	5.6	-15	0	3.5	3.7	Time (Hours)


ICAM-1 Intensity




2.1041341542702079	-0.916290731874155	0.93155820400494305	2.319114394945256	1.987874348154345	1.4069136483226261	0.85566611005771998	3.3843902633457752	1.8216124323777361	2.19722457733622	2.367123614131617	2.19722457733622	2.5839975524322321	2.302585092994045	3.4011973816621559	2.9338568698359042	10.8802	11.3735	11.497	11.6442	10.62875	11.64433333333333	10.3355	10.81066666666667	10.09733333333333	6.9740000000000002	7.5043333333333324	7.6807500000000006	9.0733333333333324	9.0917500000000011	9.7832499999999971	7.2237999999999998	HUVEC/HUASMC Cell Ratio


ICAM-1 Intensity



NHDF	0.43590812951417029	0.32253643708834601	0.37378570050336879	0.68204838472771567	0.29367632256081622	0.43590812951417029	0.32253643708834601	0.37378570050336879	0.68204838472771567	0.29367632256081622	0	3	6	9	12	2.8302685185185186	2.502898148148148	2.6267500000000004	2.6160515873015875	2.725701388888889	HUASMC	0.42743622525348907	0.57125457853028139	0.50982119638334489	0.61812783084801548	0.63610012915671132	0.42743622525348907	0.57125457853028139	0.50982119638334489	0.61812783084801548	0.63610012915671132	0	3	6	9	12	3.4741296296296293	2.7861782407407407	2.7932916666666667	2.8473194444444445	3.4374861111111112	-15	0	1	2.8	-15	0	3.5	3.5	Time (Hours)


ICAM-1 Intensity




HUVEC	0.17532951506223099	0.32520325079630702	0.40368018830508301	0.53681831678262704	1	Mono	 HUVEC/NHDF	 HUVEC/HUASMC	 HUASMC/NHDF	 Tri	5.2478139999999991	8.300473091458807	9.5677209490740704	11.380203333333331	HUASMC	0.13952777501272001	0.24878240127829401	0.24042325009781801	0.15252160502696099	1	Mono	 HUVEC/NHDF	 HUVEC/HUASMC	 HUASMC/NHDF	 Tri	3.7176666666666658	3.3358041666666671	3.4374861111111108	2.6770333333333332	NHDF	0.28405299252798299	0.13855298836651	0.110999	0.102532953627562	1	Mono	 HUVEC/NHDF	 HUVEC/HUASMC	 HUASMC/NHDF	 Tri	5.0596666666666659	1.7487347883597879	2.725701388888889	2.8216171428571442	Culture Type


ICAM-1 Intensity




No TNF-α	0.31642677015616172	0.26226429193378498	0.324963807508584	0.43815316011770639	0.50454405742447517	0.31642677015616172	0.26226429193378498	0.324963807508584	0.43815316011770639	0.50454405742447517	0	3	6	9	12	2.117055555555555	2.0068333333333332	2.177	2.0871111111111111	2.1703333333333337	25 U/mL TNF-α	0.19699490540017386	0.28013800515525739	0.62657413695253461	0.75945604183993032	0.43252942634389441	0.19699490540017386	0.28013800515525739	0.62657413695253461	0.75945604183993032	0.43252942634389441	0	3	6	9	12	1.8147499999999999	2.7485833333333338	5.5007037037037039	6.4629615384615402	6.9550370370370374	control	0.29679403632822521	0.39525000527092596	0.39981263468922906	0.40574310427494359	0.52770964238553164	0.29679403632822521	0.39525000527092596	0.39981263468922906	0.40574310427494359	0.52770964238553164	0	3	6	9	12	1.3385	1.4638333333333333	1.3511428571428572	1.5233333333333332	1.9033333333333333	Time (Hours)


ICAM-1 Intensity




No TNF-α	0.26459987468235358	0.20764709454508565	0.29071607894388213	0.38843505875731038	0.49703356015869499	0.26459987468235358	0.20764709454508565	0.29071607894388213	0.38843505875731038	0.49703356015869499	0	3	6	9	12	1.219111111111111	1.3003809523809524	1.6218518518518519	2.1253333333333333	2.2948148148148149	25 U/mL TNF-α	0.19942470831297235	0.32732105042039256	0.61517816750741416	0.67390792808554723	0.85226478292190477	0.19942470831297235	0.32732105042039256	0.61517816750741416	0.67390792808554723	0.85226478292190477	0	3	6	9	12	1.3685	2.5379166666666668	4.3253333333333321	5.3659259259259278	6.0696296296296302	Control	0.29679403632822521	0.39525000527092596	0.39981263468922906	0.40574310427494359	0.52770964238553164	0.29679403632822521	0.39525000527092596	0.39981263468922906	0.40574310427494359	0.52770964238553164	0	3	6	9	12	1.3385	1.4638333333333333	1.3511428571428572	1.5233333333333332	1.9033333333333333	Time (Hours)


ICAM-1 Intensity




No TNF-α	0.34478908897036703	0.3408973883909418	0.36140332420316551	0.35941542346300859	0.27070316725503019	0.34478908897036703	0.3408973883909418	0.36140332420316551	0.35941542346300859	0.27070316725503019	0	3	6	9	12	1.5616190476190479	1.5361666666666667	1.6151666666666664	1.5971111111111109	1.5152857142857141	25 U/mL TNF-α	0.20437897124921839	0.33700516333143155	0.47349532104089387	0.52811516801530245	0.52561170424798376	0.20437897124921839	0.33700516333143155	0.47349532104089387	0.52811516801530245	0.52561170424798376	0	3	6	9	12	1.1666666666666667	1.9549714285714288	3.6214999999999997	4.4287222222222224	5.1700937500000013	Control	0.29679403632822521	0.39525000527092596	0.39981263468922906	0.40574310427494359	0.52770964238553164	0.29679403632822521	0.39525000527092596	0.39981263468922906	0.40574310427494359	0.52770964238553164	0	3	6	9	12	1.3385	1.4638333333333333	1.3511428571428572	1.5233333333333332	1.9033333333333333	Time (Hours)


ICAM-1 Intensity




No TNF-α	0.30609272119449948	0.30888692078318519	0.27546418391359617	0.3911137395502195	0.34211937626555833	0.30609272119449948	0.30888692078318519	0.27546418391359617	0.3911137395502195	0.34211937626555833	0	3	6	9	12	1.0845238095238099	1.1422083333333335	2.0936296296296297	2.9885555555555556	3.4471851851851851	25 U/mL TNF-α 6 Hrs	0.10496484672317254	0.1317173815372667	0.48035543286231502	0.37280538575847072	0.46106769599469422	0.10496484672317254	0.1317173815372667	0.48035543286231502	0.37280538575847072	0.46106769599469422	0	3	6	9	12	0.79257142857142848	0.83166666666666655	2.4265555555555558	2.8224814814814811	3.5694999999999997	25 U/mL TNF-α 12 Hrs	0.43607278004813677	0.34574705666568217	0.34881045265882848	0.48073983593527297	0.45536717701974488	0.43607278004813677	0.34574705666568217	0.34881045265882848	0.48073983593527297	0.45536717701974488	0	3	6	9	12	1.2869444444444447	1.1626500000000002	1.7862500000000006	2.31575	2.6074814814814822	Control	0.12269321497132595	5.1726202257656617E-2	0.15177928303156574	0.13248045332357739	0.22913731492471703	0.12269321497132595	5.1726202257656617E-2	0.15177928303156574	0.13248045332357739	0.22913731492471703	0	3	6	9	12	1.120333333333333	1.1179999999999999	1.1370833333333334	1.0888461538461538	1.1122000000000001	Time (Hours)


ICAM-1 Intensity




No TNF-α	0.31231297433727223	0.27793597427663325	0.54023870511055072	0.55784867172989561	0.6076085109378413	0.31231297433727223	0.27793597427663325	0.54023870511055072	0.55784867172989561	0.6076085109378413	0	3	6	9	12	1.3519523809523808	1.5640416666666663	2.3878518518518517	2.8103333333333329	3.1412222222222219	25 U/mL TNF-α	0.27103944024374232	0.26219328316871754	0.28644215683410756	0.31830355632360829	0.32690324280852995	0.27103944024374232	0.26219328316871754	0.28644215683410756	0.31830355632360829	0.32690324280852995	0	3	6	9	12	1.2736315789473687	1.4187894736842108	2.3425925925925926	3.3681904761904753	3.8139047619047606	Control	0.12269321497132595	5.1726202257656617E-2	0.15177928303156574	0.13248045332357739	0.22913731492471703	0.12269321497132595	5.1726202257656617E-2	0.15177928303156574	0.13248045332357739	0.22913731492471703	0	3	6	9	12	1.120333333333333	1.1179999999999999	1.1370833333333334	1.0888461538461538	1.1122000000000001	Time (Hours)


ICAM-1 Intensity




No TNF-α	0.16425607697595049	0.18018377056902432	0.26750560741786161	0.43100142547115861	0.46922547257970409	0.16425607697595049	0.18018377056902432	0.26750560741786161	0.43100142547115861	0.46922547257970409	0	3	6	9	12	1.3936666666666666	1.4861666666666666	1.7605000000000004	2.0058888888888884	2.0248333333333335	25 U/mL TNF-α	0.2137952073842703	0.16027475654182277	0.19095904554386497	0.17108962291537597	0.21798025865292064	0.2137952073842703	0.16027475654182277	0.19095904554386497	0.17108962291537597	0.21798025865292064	0	3	6	9	12	1.3122916666666666	1.447416666666667	1.745074074074074	2.0488518518518521	2.4957777777777772	control	5.4476753451969472E-2	5.3433499687825882E-2	0.10143766558828196	9.0609663453250708E-2	8.7240090172657866E-2	5.4476753451969472E-2	5.3433499687825882E-2	0.10143766558828196	9.0609663453250708E-2	8.7240090172657866E-2	0	3	6	9	12	1.120333333333333	1.1179999999999999	1.1370833333333334	1.0888461538461538	1.1122000000000001	Time (Hrs)


ICAM-1 Intensity




standards	0	25	125	250	500	750	1000	1500	2000	0.19650000000000001	0.21750000000000003	0.33050000000000002	0.38350000000000001	0.51100000000000001	0.63949999999999996	0.72249999999999992	1.069	1.1385000000000001	BSA Concentration (µg/mL)


Absorbance (562 nm)



HUVEC	189.96223838115247	1086.5334337898264	194.13527995046249	438.36395348043834	582.04383143053224	189.96223838115247	1086.5334337898264	194.13527995046249	438.36395348043834	582.04383143053224	Monoculture No TNF-α	Monoculture 25 U/mL TNF-α 	HUVEC/NHDF Pre-conditioned No TNF-α 	HUVEC/NHDF Pre-conditioned 25 U/mL TNF-α	HUASMC Pre-conditioned No TNF-α	577.62166666666667	5219.3023333333331	451.84666666666664	1160.3999999999999	1660.3829999999998	NHDF	91.820717945352627	830.28804110507986	506.84656291963199	925.764826927684	2992.0506230851302	91.820717945352627	830.28804110507986	506.84656291963199	925.764826927684	2992.0506230851302	Monoculture No TNF-α	Monoculture 25 U/mL TNF-α 	HUVEC/NHDF Pre-conditioned No TNF-α 	HUVEC/NHDF Pre-conditioned 25 U/mL TNF-α	HUASMC Pre-conditioned No TNF-α	325.67200000000003	3575.7013333333339	902.33833333333325	2307.6186666666667	4423.6553333333331	Culture Condition


Area




HUVEC	189.96223838115247	75.21961391005523	620.73659853462152	681.42820505693021	1086.5334337898264	194.13527995046249	438.36395348043834	582.04383143053224	189.96223838115247	75.21961391005523	620.73659853462152	681.42820505693021	1086.5334337898264	194.13527995046249	438.36395348043834	582.04383143053224	0	3	6	9	12	577.62166666666667	3076.0263333333332	4725.75	4746.7263333333331	5219.3023333333331	NHDF	91.820717945352627	913.82954484490426	901.29531140581821	224.56618218566365	830.28804110507986	506.84656291963199	925.764826927684	2992.0506230851302	91.820717945352627	913.82954484490426	901.29531140581821	224.56618218566365	830.28804110507986	506.84656291963199	925.764826927684	2992.0506230851302	0	3	6	9	12	325.67200000000003	2240.8646666666668	2242.8073333333336	1963.0803333333333	3575.7013333333339	Time (Hrs)


Area




3	6	9	12	11139.296	24771.075000000001	25036.781999999999	26555.316999999999	Time (Hrs)


Area



RCA	42.5	30.000000000000004	36.458333333333336	55.357142857142854	53.75	46.666666666666664	0.49421788736633027	1.2527629684953678	0.67585568344988434	7.4967817434556952E-2	0.17453941635189965	0.26236426446749106	LAD	
53.076923076923073	59.574468085106389	33.75	31.460674157303369	51.515151515151516	30.136986301369863	44.155844155844157	0.12260232209233247	-1.8200340215425988E-2	0.44183275227903923	0.42938312732130934	0.1185670419685922	0.47581059974542145	9.383850919286861E-2	LAD Outlier	29.577464788732396	0.72386111750311233	No AC Change RCA	56	50	45	40	35	30	25	0	0.11332868530700327	0.21868920096482949	0.33647223662121289	0.47000362924573563	0.62415430907299385	0.80647586586694853	No AC Change LAD	59	50	45	40	35	30	25	0	0.16551443847757333	0.27087495413539969	0.38865798979178323	0.52218938241630575	0.67634006224356402	0.8586616190375187	No. of EC per mm


Cell Ratio




6 hours	0	25	50	75	100	1.8845000000000001	2.6646111111111122	3.099888888888886	3.1594444444444441	3.1531666666666669	24 hours	0	25	50	75	100	1.394266666666667	3.3945555555555562	3.6071666666666662	4.0627777777777734	5.0241999999999942	TNF-α Concentration (U/mL)

ICAM-1 Intensity



6 hours	0	25	50	75	100	0.47125	2.0133333333333341	2.4779411764705879	2.6153333333333331	3.2456666666666671	24 hours	0	25	50	75	100	0.48783333333333301	4.1064444444444446	4.5008888888888876	4.8833888888888897	5.2275555555555497	

ICAM-1 Intensity


'atherosclerosis'	
Endothelial	Endothelial AND Smooth muscle 	Smooth Muscle	Smooth Muscle AND Fibroblast 	Fibroblast	Endothelial AND Fibroblast	Endothelial AND Smooth Muscle AND Fibroblast	35523	10836	14931	952	1757	776	920	
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