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[bookmark: _GoBack]Thesis Summary

Atherosclerosis is an inflammatory disease of arteries that develops at focal regions of the vasculature. At these sites, disturbed flow results in elevated adhesion molecule expression that facilitates inflammatory cell transmigration into the vessel wall. Although neutrophil depletion is associated with reduced lesion progression, neutrophils are seldom found within developing plaques and the mechanism by which they contribute to the atherogenic process remains unclarified. Upon activation, neutrophils release microvesicles (MVs) that are able to interact with and activate the endothelium. Here we tested the hypothesis that a pro-atherogenic diet can alter the number and function of neutrophil microvesicles, which preferentially interact with and are internalised by endothelial cells at sites of disturbed flow, contributing to the focal nature of atherogenesis.
In the current study, a number of in vitro techniques were used to investigate microvesicle interactions with endothelial cells. Neutrophils were isolated from human peripheral blood, stimulated to produce microvesicles with fMLP. Commercially available human coronary artery endothelial cells (HCAECs) were used in order to model interactions with adult arterial endothelium. These cells were subject to physiologically relevant patterns and magnitudes of shear stress using a parallel plate flow chamber system throughout. 
Key findings - 
1. Neutrophil microvesicles are produced in vivo in response to the pro-atherogenic stimulus of high fat over-feeding. 

2. Neutrophil microvesicles produced following high fat over-feeding have a greater propensity to drive inflammation in HCAECs.

3. Neutrophil microvesicles preferentially interact with endothelial cells exposed to disturbed flow in an ICAM-1 dependant manner. 

4. Neutrophil microvesicles are internalised by HCAECs via a clathrin-independent, dynamin dependant endocytic pathway, which closely resembles previously described ICAM-1 mediated endocytosis.  

5. Neutrophil microvesicles exacerbate endothelial cell activation, ultimately increasing monocyte adhesion to HCAECs cultured under disturbed flow patterns. 

The current study highlights the significant roles of known risk factors, high fat overfeeding and shear stress in exacerbating atherogenic processes via neutrophil-derived microvesicles. Our improved understanding of how microvesicles harness endothelial cell adhesion molecule expression at disturbed flow sites, as well endocytic pathways, to deliver their content is important for our understanding of the aetiology of atherosclerosis. Furthermore, these findings have the potential to improve future attempts to deliver therapies utilising these pathways. In conclusion, neutrophil microvesicles are produced in vivo in response to high fat feeding and are able to augment inflammation in endothelial cells in a shear stress dependant manner. These finding implicate neutrophil microvesicles in the focal nature of atherosclerosis.
Awards and Prizes: 
· International Society for Extracellular Vesicles (ISEV) Conference, 2016. Rotterdam, The Netherlands. Best Poster Prize ‘Neutrophil Microvesicles Preferentially Adhere to Endothelium Exposed to Low Oscillatory Wall Shear Stress.’ 

· UK Extracellular Vesicle Forum, 2016. Oxford, UK Poster Prize ‘Neutrophil Microvesicle Internalisation by Coronary Artery Endothelial Cells is via a Clathrin-Independent, Dynamin-Dependent Endocytic Pathway.’ 

· European Atherosclerosis Society Young Investigator Fellowship 2017 – ‘Neutrophil Microvesicles are Increased by High-Fat Over-Feeding and Enhance Monocyte Recruitment to Endothelial Cells Under Disturbed Flow.’
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[bookmark: _Toc497729223][bookmark: _Toc497730929][bookmark: _Toc499103253]1.1 - Cardiovascular disease 
Cardiovascular disease (CVD), in particular coronary heart disease, remains the single largest cause of death in both the UK (British Heart Foundation., 2012) and across Europe, accounting for 1 in 5 of all European deaths (Nichols et al., 2014). Large epidemiological studies have enabled the clarification of a number of the key risk factors in CVD development; primary factors such as age (Jousilahti et al., 1999), sex (Lloyd-Jones et al., 1999, Mikhail, 2005), ethnicity (Yusuf et al., 2001) and hypertension (Oyama et al., 2008) are all heavily implicated in susceptibility to CVD. Important to the continuing rise in CVD disease mortality is a global rise in life expectancy. Indeed, lowered rates of infant mortality and wider access to advancements in healthcare have resulted in a greater proportion of the world population living to ages associated with elevated risk of CVD-associated mortality. Additionally, the role of significant environmental and lifestyle factors is also well documented. Smoking status (Poredos et al., 1999), physical inactivity (Paffenbarger et al., 2001) and nutrient-rich Western diets (Fung et al., 2001) are all directly associated with increased risk. The increasing exposure of emerging nations to Westernised diets, lifestyles and health care is furthering the rise in global prevalence and burden of CVD. Data from the World Health Organisation predicts a two-fold increase in CVD associated mortality between 1990 and 2030. Despite our ever-increasing understanding of the major risk factors of CVD progression, greater understanding of the cellular and molecular mechanisms in the disease’s progression is essential. Advances in our understanding of the disease will assist in identification of novel therapeutic targets for primary prevention in an effort to thwart the current global projections.  

[bookmark: _Toc497730930][bookmark: _Toc499103254]1.2 - Atherosclerosis and inflammation
Atherosclerosis, the infiltration of lipids, leukocytes and fibrous elements into the tunica intima, is a key pathophysiological component in the aetiology of both coronary and peripheral vascular disease. Atherosclerosis is characterised by the gradual narrowing of the vascular lumen of the major arteries, which can ultimately result in tissue infarction due to the physical obstruction of flow or plaque rupture. Traditional models of atherosclerosis have focused on the roles of dyslipidaemia and lipid handling by both the liver and immune cells, with these processes directly implicated in the progression of atherosclerosis (reviewed by; Garg et al., 2015). This has led to the wide spread use of statins and other LDL lowering drugs as important preventative therapies in populations at risk of CVD (O’keeffe et al., 2016). An interesting outcome of the widespread use of statins has been the effect of these therapies on systemic inflammation. In these important studies, not only did statins reduce circulating low-density lipoproteins (LDL) in patients, but also reduced circulating levels of C-reactive protein (CRP), a high-sensitivity marker of systemic inflammation, ultimately reducing the relative risk of CVD mortality (Ridker et al., 1999). Correlations between CRP and risk of CVD disease mortality have previously been well described (Harb et al., 2002), and as such the casual role of inflammation in atherosclerosis had been only inferred. The breakthrough study in the field of inflammation biology in atherosclerosis was however completed in 2017 (Ridker et al., 2017). The Canakinnumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS) causally implicated inflammation in the disease’s progression, through identification of reduced risk of CVD mortality in patients treated with an interleukin-1β (IL-β) antagonist, Canakinnumab. The key development of this study was that the drug was found to reduce markers of inflammation and ultimately, mortality, while having no effect on the blood lipid profiles of individuals in the trial. These findings highlight the significance of inflammatory and immune cell driven process in the onset and progression of atherosclerosis. 

[bookmark: _Toc497730931][bookmark: _Toc499103255]1.3 - Pathophysiology of atherosclerosis 
Despite typical clinical manifestations occurring during late adulthood, asymptomatic development of atherosclerosis often occurs from infancy (Matturri et al., 2005, Milei et al., 2008). In an important study to our understanding of the time course of atherosclerosis, it was observed that 70% of soldiers fighting in the Vietnamese army during the Vietnam War had evidence of atherosclerosis in their coronary vessels, despite an average age of just 22 years (Judson et al., 1971). The initiation of atherosclerosis during childhood occurs when factors including hyperlipidaemia (Reviewed by; Nelson, 2013), ROS (Reviewed by; He and Zuo, 2015) and alterations in the pattern of blood flow due to the complex nature of the vessel geometry (see section 1.2) contribute to dysfunctional or activated endothelium at specific regions of the vasculature susceptible to disease. These sites, typically branches, bends and bifurcations of the blood vessel, are characterised by a reduction in the bioavailability of nitric oxide (NO). Additionally, increased permeability to macromolecules such as low-density lipoproteins (LDLs) and increased expression of adhesion and chemotactic molecules, facilitate a greater proportion of endothelial cell and leukocyte interactions (reviewed by; Chien., 2008). Monocytes in the circulation are attracted to the vessel wall by chemokines expressed on the endothelial cells, and encouraged to adhere to and consequently transmigrate across the luminal endothelium. Once within the sub-intimal space, modified LDLs, tumour necrosis factor-α (TNF-α) and interferon-γ produced by inflammatory cells in the vessel wall trigger the phenotypic differentiation of monocytes to macrophages (Ley et al., 2007). Macrophages from a number of different subsets have been identified within diseased aortas of LDL-/- knockout mice. Importantly, the traditionally ‘pro-inflammatory’ M1 subsets accounted for largest proportion (Gleissner et al., 2010). As potent producers of inflammatory and cytokines, the differentiation of monocytes to macrophages in the vessel wall is a key feature of atherosclerosis aetiology (see Figure 1.1.2). 
Hypercholesterolemia has been heavily implicated in early atherogenesis, as changes in endothelial permeability at atheroprone sites results in the intimal accumulation of LDL (Holvoet et al., 1998). Movement of LDL into the intima is gradient dependant, and is directly proportional to the serum concentrations of LDL (Wiklund et al., 1985). As such westernised/cholesterol rich diets during development are significantly associated with future disease risk.  Once inside the vessel wall, LDL is more rapidly oxidised than when in the circulation. Oxidation of LDL via lipid peroxidation is an important factor that drives disease progression.  In their oxidised form, LDLs act as chemotactic agents, recruiting a greater number of monocytes and T-lymphocytes to the endothelium (Kreuzer et al., 1996). Additionally, sub-endothelial macrophages express increased levels of scavenger receptors in response to colony-stimulating factor present in the vessel wall (Devilliers et al., 1994). Scavenger receptors enable the uptake of oxidised LDL by macrophages, and the accumulation of which, results in the formation of lipid-laden foam cells.  Foam cells are active producers of pro-inflammatory cytokines, superoxide anions (Rajagopalan et al., 1996) and matrix metalloproteinases (MMPs; Galis et al., 1995), driving a positive feedback mechanism that ultimately results in further endothelial cell activation, exacerbated immune cell migration and vascular cell remodelling (reviewed by; Galis and Khatri, 2002), see Figure 1.1.3. 
The pathophysiology of foam cell formation produces the first visual sign of atherosclerosis; these are referred to as ‘fatty streaks’. Within the fatty streak, cytokines including interleukin-1β (IL-β) and interferon-γ, upregulate the expression of integrins on smooth muscle cells, facilitating their migration into the vascular intima (Itoh et al., 1997). Smooth muscle cells then begin to deposit abundant amounts of the extracellular matrix protein collagen, forming a hard, fibrous cap over the fatty streak (see Figure 1.1.4). Over time, collagen-rich caps can result in the formation of significant stenosis of the vessel, narrowing the vessel lumen and reducing oxygenation of downstream tissues. Vessel stenosis by stable plaques is a clinical feature in many cases of myocardial infarction (Jondeau et al., 1994) and stroke (den Hartog et al., 2013) . Alternatively, atherosclerotic vessels may become susceptible to rupture. Under inflammatory conditions, cytokines and growth factors result in the over expression of MMPs by macrophages, lymphocytes and connective tissue, that result in matrix remodelling through the degradation of abundant extracellular matrix (Reviewed by; Newby, 2005). Of particular significance to atherosclerosis are MMP-2 and MMP-9. Studies have identified a direct correlation between their expression levels and plaque stability (Heo et al., 2011), and their increased activity was associated with macrophage and lymphocyte content of developing plaque (Gough et al., 2006). When MMP expression in the plaque is high, the fibrous cap that once covered the plaque becomes weakened, producing voids in the plaque that allow blood flow to enter the plaque and drive its rupture. The transition of stable into vulnerable/rupture prone plaques is considered the most significant cause of acute myocardial infarction and sudden cardiac death.
Atherosclerosis has a complex, multifaceted aetiology, in which a series of inflammatory processes drives the exacerbated dysfunction and permeability of the endothelium at sites of the vasculature exposed to disturbed flow. Despite extensive knowledge of the roles of inflammatory cells and lipid metabolism in the progression of atherosclerosis, our understanding of how haemodynamic properties of blood flow directly contributes to the initiation of these processes remains incompletely understood. 
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[bookmark: _Toc499103624]Figure 1.1 - Aetiology of Atherosclerosis: atherosclerosis is an inflammatory driven disease characterised by the infiltration of lipids and leukocytes in response to vascular injury. The disease is exacerbated by production of inflammatory cytokines and chemokines that form a positive feedback pathway to exaggerate the leukocyte infiltration further. Inside the vessel wall the accumulation of LDL encourages macrophages to uptake these particles forming foam cells, this eventually forms a lipid rich core and stenosis of the vessel. A weak, fibrous cap forms over the developed plaque, however these caps are susceptible to rupture. When rupture occurs the vessel can become partially or wholly occluded, ultimately resulting in morbidity as a result of myocardial infarction or stroke.
[bookmark: _Toc497730932][bookmark: _Toc499103256]1.4 - Shear stress and atherosclerosis 
Arteries are complex cylindrical tubes, comprised of three distinct layers, each with their own role in the control of pressure and flow through the vascular system (see figureFigure 1.2). Arteries are highly adapted to respond to changes in biomechanical and biochemical stimuli, propagating the pulsatile pressures produced by the ejection of blood, a viscous fluid, from the heart during the cardiac cycle. Blood flow exerts both circumferential and longitudinal forces on the arterial wall (Bergel, 1961). Wall shear stress is the frictional or drag force (measured in dyn/cm2 or N/m2 – 1 N/m2 = 10 dynes/cm2) produced by blood flowing in proximity to the endothelium. Shear stress is dependent on the blood flow rate and blood viscosity, as well as the radius (volume) of the vessel cubed;

As such, the level of wall shear stress is greatly affected by small changes in the vessel diameter  (Pirofsky, 1953). Shear stress is a vital factor in the control of vascular homeostasis (Chen et al., 2010). Exposure of the vascular endothelium to elevated levels of wall shear stress is associated with the up-regulation of endothelial-derived NO and vasodilatory prostaclyins (Laughlin et al., 2008). Importantly, under physiological conditions this allows the vessel to rapidly regulate luminal pressure, preventing thrombosis, endothelial cell activation and immune cell migration. 
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[bookmark: _Toc499103625]Figure 1.2 - Composition and structure of conduit arteries: Large arteries are comprised of three distinct layers. The inner most and thinnest layer of the vessel, the tunica intima, is comprised of a single-cell thick layer of endothelial cells and structural supported by polysaccharide rich extracellular matrix. The intima is separated from the tunica media by a thin layer of connective tissue called the internal elastic laminar. The tunica media is largely comprised of vascular smooth muscle, muscle distinct from skeletal muscle because of its autonomic control and non-striated fibres. Again, the media is distinct from the final layer of the vessel by the external elastic laminar. The tunica adventitia is crucial for the structural support of the vessel with collagen fibres anchoring the vessel to the adjacent tissue. In large arteries the adventitia contains vaso-vasorum, small vessels that deliver nutrients to the vessel. The collagen-rich extracellular matrix of the adventitia is rich in myofibroblast and progenitor cells primed to respond to vascular injury.


[bookmark: _Toc497730933][bookmark: _Toc499103257]1.5 - Focal nature of atherosclerosis 
Despite its crucial role in the maintenance of luminal pressure and tissue perfusion, shear stress is directly implicated in the spatial distribution of atherosclerotic plaque. Early autopsy studies were the first to identify that wall shear stress at sites of bifurcations were lower than that in straight regions of the vasculature, a factor found to directly correlate with regions prone to atherosclerotic development  (Caro et al., 1971). It is now well established that atherosclerosis is a focal disease that develops almost exclusively at sites of the vasculature with complex geometry. At these sites, which include branches, bifurcations and arches of arteries (Malek et al., 1999), the magnitude and directionality of flow becomes disturbed, resulting in low, oscillating and turbulent shear patterns that result in the activation of the adjacent endothelium (Libby, 2002, Warboys et al., 2011, Chien, 2008). 
Modelling of murine aortas has helped emphasise the correlation between localised endothelial dysfunction and the profile of wall shear stress in the same area of the vessel (Doriot et al., 2000). Despite overall shear stress values in murine models being approximately one order of magnitude higher than in human aortas, the focal pattern and distribution of sclerotic development is similar (Zhang et al., 2001) suggesting that the relative change and pattern of wall shear stress are the significant factors in disease susceptibility, rather than the overall magnitude of shear. Despite a growing body of evidence to suggest correlations between low and disturbed flow regions and atherosclerosis, causality had yet to be determined. A crucial study by Cheng et al., (2005), developed the shear stress modifying cast model for the murine carotid artery. In this study, placement of a cast on the carotid artery tapered the lumen, producing a ‘cone-shaped’ lumen. This produced an area of high wall shear stress region within the carotid cast, while also producing a low flow region up-stream and low/disturbed shear stress region down-stream of the invention. eNOS-GFP fusion protein transgenic mice were used in the study and a 3-fold decrease in eNOS gene expression was observed at sites of disturbed flow, while no change occurred at high shear sites compared to the control vessel. 6-weeks of cast insertion resulted in vascular inflammation, as well as the development of sclerotic plaque in the low shear stress regions. Both the high shear stress region and contralateral carotid control were absent of disease. The findings of this breakthrough study directly implicate haemodynamic profiles in the development of atherosclerotic plaque.

[bookmark: _Toc497730934][bookmark: _Toc499103258]1.6 - Mechanisms of flow-induced atherogenesis 
Early theories of how blood flow influenced the spatial distribution of atherogenesis focused largely on ‘mass transportation theory’ as a mechanism for the accumulation of material in the vessel wall. Pioneering work by Caro et al., (1966) suggested that at regions of low wall shear stress there was increased facilitation of macronutrients across the endothelium. Briefly, an increase in the transit time across the proximal endothelium for pro-atherogenic molecules and inflammatory cells meant greater potential for activation of the endothelium at low and disturbed flow sites. In pioneering studies designed to investigate these affects, Evans-blue dye labelled albumin, fibrinogen and cholesterol were found to readily accumulate at atherosclerosis prone areas of blood vessels in pigs (Bell et al., 1975).  Although it is established that mass-transport theory is a contributing factor to the focal nature of atherosclerosis, the discovery that endothelial cell phenotype was directly regulated by their ability to sense and then transduce force into a biochemical signal, has been a key finding for our understanding of the diseases mechanism. This is referred to as ‘the shear stress theory’ of atherosclerosis. 
Advances in our understanding of endothelial cell biology have identified the ability of endothelial cells to sense changes in both the magnitude and directionality of shear stress and consequently alter their morphology and function (Ando and Yamamoto, 2010). Mechanosensitive protein complexes found on the luminal surface of the endothelial cell sense mechanical signals exerted on them by flow. A number of different ‘mechano sensors’ have been identified, these include the glycocalyx (Pahakis et al., 2007), cation channels such as Piezo1 (Ranade et al., 2014), caveolae (Rizzo et al., 1998) and adhesion molecules such as platelet endothelial cell adhesion molecule-1 (PECAM-1; Tzima et al., 2005). Importantly, despite our incomplete understanding of how endothelial cells sense changes in the pattern or magnitude of flow, many of the signalling pathways and their effects on cellular phenotype have been well defined. As such, contributing to our understanding shear stress contributes to the focal nature of atherosclerosis (Davies., 1995; Liu et al., 2002; Zhou et al., 2013; see Figure 1.3).
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[bookmark: _Toc499103626]Figure 1.3 - Endothelial cell mechanotransduction of shear stress: Local shear stress is detected by luminal mechanosensory molecules. Mechanosensors simultaneously activate a number of signalling pathways within the cell, which leads to the phosphorylation of a number of transcription factors. Transcription factors bind positive or negative shear response elements at the appropriate cis element in the promotor region of the mechanosensitive genes, including or suppressing the expression of proteins, therefore modulating cell morphology and function.
[bookmark: _Toc497730935][bookmark: _Toc499103259]
1.7 - Endothelial cell activation in response to shear stress
Activated endothelium undergoes a number of physiological changes that prime that region of the vasculature to become disposed to atherogenesis. Key functional changes of activated endothelial cells include increased permeability, changes in cell morphology,  increased cell proliferation and a reduction in cell migration (Chien, 2008).  Importantly, the activated endothelium disproportionally expresses a number of cellular adhesion molecules and chemokines, which ultimately assist in the capture and transmigration of monocytes from the circulation.  Adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1; (Poston and Hussain, 1993, Dansky et al., 2001, Walpola et al., 1995), intracellular adhesion molecule-1 (ICAM-1) and P-selectin (Cybulsky and Gimbrone, 1991) are highly expressed adjacent to developing lesions, whereas as regions of the vasculature that is typical unaffected by atherosclerosis express these molecules in significantly lower concentrations. Importantly, the findings of adhesion molecule expression around atherosclerotic loci can be directly related to the local mechanical stimuli of shear stress. Suo et al., (2007) identified using micro-computational tomography and immunocytochemistry that the special distribution of ICAM-1 in the murine aorta was shear dependant.  These findings are supported by studies of cultured endothelial cells, which have identified the down regulation of VCAM-1 and E-selectin when exposed to unidirectional wall shear stress (Nagel et al., 1994) while oscillatory wall stress promoted inflammatory gene expression and ultimately the monocyte adhesion to endothelial cells (Chappell et al., 1998).  
Several laboratories, including our own, have investigated the underlying mechanisms by which shear stress regulates endothelial cell phenotype under different flow environments.  It has been identified that there are a number of signalling pathways that differentially regulated by the local blood patterns at specific regions of a vessel (Zakkar et al., 2008, Cuhlmann et al., 2011, Zakkar et al., 2009). Passerini et al., (2004) identified that members of the nuclear factor-kappa-B (NF-κB) pathway, a pro-inflammatory transcription factor that directly regulates a number of inflammatory genes on endothelial cells, were up regulated at areas of the porcine aorta exposed to disturbed flow. Additionally, mitogen activated protein kinase (MAP kinase) signalling has been implicated in the activation of endothelial cells at atheroprone sites. The activation of MAP kinase signalling by shear stress was found to up-regulate the expression of RelA and subsequently the expression of VCAM-1 (Cuhlmann et al., 2011). Interestingly, Zakkar et al., (2008) found that atheroprotected regions of the mouse aorta expressed significantly higher levels of the MAPK inhibitor, MAP kinase phosphatase (MKP-1). Genetic deletion models of MKP-1 resulted in greater activation of the MAPK signalling, resulting in the up-regulation of inflammatory gene targets. While krupples-like factor-2 (KLF2) expression at high shear stress regions protected against inflammation by preventing NF-κB binding to its transcriptional co-activator (SenBanerjoo et al., 2004). As such, the ability of endothelial cells to sense both the magnitude and directionality of shear stress has direct implications on the gene transcription and ultimately in the inflammatory phenotype of cells in a given region of the vessel. The implications of differentially regulated pathways have direct consequences how endothelial cells at these sites interact with leukocytes in the circulation. 
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[bookmark: _Toc499103627]Figure 1.4 - Endothelial responses to different patterns of shear stress: Endothelial cells poses the ability to sense differences in the pattern and magnitude of shear stress. At sites of disturbed flow, such as the inner curvature of the mouse aorta, shear stress is low and multidirectional. At these sites, cells take a cobble-stone morphology and increase the expression of a range of inflammatory molecules including VCAM-1 and MCP-1 that facilitate interactions with leukocytes. Conversely at sites of high and unidirectional shear stress, such as the outer curvature of the mouse aorta, cells begin to align with the directionality of flow. At these sites, increased eNOS expression allows for the vessel to rapidly regulate vessel diameter for the maintenance of luminal pressure and interactions with leukocytes are typical absent. 


[bookmark: _Toc497730936][bookmark: _Toc499103260]1.8 - Adhesion molecules in Atherosclerosis: The leukocyte adhesion cascade 
Leukocyte-endothelial cell interactions are crucial in the physiological response to tissue injury or infectious challenge. The movement of inflammatory cells into the vascular intima is controlled by the highly regulated process known as the leukocyte adhesion cascade (see Figure 1.5), in which a series of interactions between adhesion molecules expressed on both leukocytes and the endothelium facilitate the capture, rolling and subsequent transmigration of immune cells. Without these mechanisms, as in the case of the disease leukocyte adhesion deficiency-1, our ability to fight infections is dramatically impaired and life expectancy reduced (Kishimoto et al., 1987). However when the process of leukocyte migration becomes dysregulated, as in atherosclerosis, the infiltration of inflammatory cells into the tunica intima results in a pro-atherogenic and pro-thrombotic blood vessel that ultimately exacerbates disease progression.
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[bookmark: _Toc499103628]Figure 1.5 - The leukocyte adhesion cascade: Circulating leukocytes are captured by the vascular endothelium via selectin-mediated binding. During the capture stage leukocytes remain moving at a high velocity, and must be slowed for transmigration to occur. Leukocyte rolling slows the captured leukocyte via integrin-mediated binding with ligands ICAM-1 and VCAM-1 expressed on the endothelium. Once cessation of rolling occurs the leukocyte is then adhered, PECAM-1 and JAM molecules are responsible for the diapedesis of the cell into the subendothelial space. The process is controlled via the up-regulation of chemotaxis molecules at the inflammatory site, which facilitate the movement, capture and transmigration of the leukocyte.


[bookmark: _Toc497730937][bookmark: _Toc499103261]1.9 - The selectins 
The initial stage of leukocyte-endothelial interactions requires the expression of chemokines on the inflamed endothelium. Chemokines are small (6-14 kDa) secreted proteins, with tissue-bed specific combinations of these molecules initiating the recruitment of different leukocyte populations (Comerford and McColl, 2011). Typically, heparin-binding sites on the chemokine bind proteoglycans on the endothelial cell (Tanaka et al., 1993), producing a chemotactic gradient that promote the immune cells to migrate towards the inflamed tissue. 
The capture of leukocytes from the circulation requires selectin-mediated interactions with the endothelium. The selectins are a distinct family of three glycoproteins, capable of binding sulfated, sialylated and fucosylated carbohydrate ligands in a calcium-dependant manner. The selectins are differentially expressed on leukocytes, platelets and endothelial cells.  Upon activation endothelial cells up-regulate E-selectin expression. P-selectin is stored in Weibel-Palade bodies, and when the endothelium is activated the transport from these bodies to the cell membrane results in the rapid increase in cell surface expression (Kiskin et al., 2010). P-selectin binds P-selectin glycoprotein ligand 1 (PSGL-1) that is expressed ubiquitously on leukocytes, and is the primary interaction required for the capture and initiation of rolling. Studies using antibody blockade of PSGL-1 found a significant reduction in monocyte rolling and adhesion to murine carotid endothelium (Ramos et al., 1999). In the absence of P-selectin, L-selectin mediated rolling is crucial in the capture of flowing leukocytes. Evidence suggests that the efficacy of P- and L-selectin in capturing flowing neutrophils is velocity dependant, with a reliance of L-selectin mediated capture at velocities greater than 50 µm/s (Jung et al., 1996). Typical velocity of rolling in wild type mice is between 20 and 70 µm/s and as such these two vital selectins play a synergistic role under physiological conditions. 
E-selectin plays a major role in transition from slow rolling to firm adhesion leukocytes to the endothelium. In the absence of E-selectin efficiency of leukocyte firm adhesion to the endothelial is diminished (Ley et al., 1998). Interstingly, the engagement of E-selectin is associated with the redistribution of PSGL-1 and L-selectin to the trailing edge of the neutrophil, a factor that provides a platform for the firm adhesion of the neutrophil (Schaff et al., 2008). The expression of selectins is closely regulated by inflammatory and flow iduceable pathways. E-selectin is typically absent from unactivated endothelium, undergoing rapid de novo synthesis in response to NF-κB signalling (Schindler and Baichwal, 1994), stimulation with TNF-α (Wyble et al., 1997) and IL-1β (Smolen et al., 2000). The significance of the selectin family members in disease progression has been investigated in a number of murine models. E-selectin, P-selectin and APOE-/- triple knockout, is associated an 80% reduction in total plaque area during the onset of atherogenesis (Dong et al., 1998). 
[bookmark: _Toc497730938][bookmark: _Toc499103262]1.10- The Integrins 
Once rolling has slowed, firm adhesion and arrest require the activation of integrins expressed on the rolling cell. Integrins are a large family of heterodimeric proteins, consisting of non-covalently linked α and β subunit. Integrins are not constitutively active and as such require activation by chemokines presented on the endothelial cells. Specifically, lipids, complement fragments and chemokines form a chemotactic gradient that recruits leukocytes to the inflamed or infected tissue. The glycocalyx, a glycoprotein-polysaccharide network protruding from the endothelium that acts a physical barrier to leukocyte adhesion under physiological conditions, is remodelled (Mulivor and Lipowsky, 2002), exposing adhesion molecules on the endothelium to stimulated leukocytes in the circulation. Inside-out signalling regulates a conformational switch in the extracellular domain of the integrin and clustering of integrins on the leukocyte membrane rapidly results in increased affinity for their endothelial ligands, ICAM-1 and VCAM-1 (Luo et al., 2007). Takagi et al., (2002) showed that integrin activation occurs via a ‘switch-blade’ like opening to an extended structure of the hybrid domain that encourages ligand binding. 
Subunits β2 (CD18) and α4 (CD49d)-integrins are crucial in leukocyte trafficking. CD18 is critical in neutrophil firm adhesion via the binding ICAM-1 on the endothelium.  CD18 knockout mice exhibit a 10-fold increase in the number of circulating neutrophils. The study identified that without CD18, neutrophils were unable to effectively migrate from the circulation into the damaged tissue highlighting a key role of CD18 in the emigration of immune cells to inflammation (Walzog et al., 1999). Concurrent antibody blockade with CD18 antibodies results in complete ablation of neutrophil transmigration (Furie et al., 1991). The role of CD18 in atherosclerosis has been investigated in a number of studies.  Functional mutations of CD18 resulted in a 60% reduction in the fatty streak area compared to C57Bl/6 controls (Nageh et al., 1997). Additionally, Merched et al., (2010) identified that in addition to CD18-/- mice displaying reduced fatty streak formation, mice that had been pre-fed for 10 weeks in order to develop mature lesions before bone marrow transplantation with CD18-/- bone marrow also displayed a significant reduction in further plaque developing. These findings emphasis that CD18 plays an important role in disease progression across all stages of atherosclerosis development.

[bookmark: _Toc497730939][bookmark: _Toc499103263]1.11 - The Immunoglobulin superfamily 
The immunoglobulin superfamily is a large group of cell surface and soluble proteins, associated with adhesion, binding and recognition processes in cells. Of these family members, ICAM-1, ICAM-2 and PECAM-1 are constitutively expressed on endothelial cells and as such are important in the recruitment of monocytes and neutrophils to inflamed tissues. High fat feeding, and the subsequent intimal accumulation of cholesterol is associated with the induction VCAM-1 and ICAM-1 on endothelial cells in vivo (Cybulsky and Gimbrone, 1991). 
The significance of VCAM-1 and ICAM-1 in atherosclerosis is supported by consistent findings of elevated expression on and around sclerotic loci in ApoE-/- mice (DeGraba et al., 1998). Nakashima et al., (1998) found that ICAM-1 was highly regulated at atheroprone sites of the vasculature, however was expression was observed to be abundant in these regions in both ApoE-/‑ and wild type mice. These findings suggest that disturbed flow conditions at atheroprone sites are capable of driving the regional distribution of ICAM-1, without the requirement of additional inflammatory stimuli. Due to the embryonic lethality of a VCAM-1 knockout, Cybulsky et al (2001) developed a transgenic line with disruptions in the fourth VCAM-1 domain, which was then crossed with  an LDL-/- mouse. These mice demonstrated a large reduction in the total plaque area as well as in the macrophage content of the developing plaque. These data support findings by Obrien et al (1996) who reported that the expression of VCAM-1 in atherosclerosis was directly related to the regulation of the macrophage density of the early lesion. 

[bookmark: _Toc497730940][bookmark: _Toc499103264]1.12- Shear stress regulation of leukocyte-endothelial cell interactions 
Wall shear stress regulates a number of processes that are directly involved in the transmigration of leukocytes. Critical to this, is regulation of adhesion molecule density on the vascular endothelium. It is well established that leukocyte interactions with endothelial cells correlates with adhesion molecule expression at a given site. In a rabbit angioplasty model, the expression of E-selectin, P-selectin and VCAM-1 were associated with the enhanced leukocyte adhesion following injury to the vessel wall (Kennedy et al., 2000). While Levin et al., (2004), identified that E-selectin density on endothelial cells stimulated with IL-1β, was the critical factor in the adhesive probability of the cell. In vitro models of high shear stress consistently demonstrate a suppression of adhesion molecules, including VCAM-1, on endothelial cells exposed to prolonged high shear (Zakkar et al., 2008, Zakkar et al., 2009). Importantly, these findings are associated with a reduction in leukocyte adhesion following exposure to high unidirectional shear (Nagel et al., 1994, Sampath et al., 1995). Furthermore, preconditioning endothelial cells under high shear stress suppresses monocyte adhesion to endothelial cells when stimulated with TNF-α (Sheikh et al., 2003) and IL-1β compared to statically cultured endothelial cells (Sheikh et al., 2005). A mechanism for these findings was provided by Partridge et al. (2007) who identified that exposure to laminar shear stress reduced the expression of pro-inflammatory transcripts (including VCAM-1 and E-selectin) in cells treated with TNF-α, by suppressing and modulating the function of NF-κB signalling pathways. These findings support that high stress suppresses inflammation in endothelial cells, protecting high shear regions of the vessel from dysregulated leukocyte transmigration observed in atherosclerosis. Conversely, extended exposure to low and oscillating wall shear stress in in vitro models induces the expression of adhesion molecules E-selectin and ICAM-1 on endothelial cells (Cuhlmann et al., 2011). Through this induction, the density of these molecules on the cells surface increases, functionally increasing the adhesion of THP-1 cells to pre-conditioned endothelial cells (Chappell et al., 1998). 
It is well established that interactions between leukocytes and endothelial cells are dependent upon adhesion molecule density and clustering of molecules on the cell surface, factors highly regulated by flow. However interactions between adhesion molecules and their ligands are also regulated by these forces. It has been shown that optimal selectin-dependent rolling of leukocytes require shear stress to be acting upon the cell  (Paschall and Lawrence, 2008). Finger et al (1996) used a parallel plate flow system coated with selectin Fc chimeras to determine the effect of shear stress on neutrophil tethering and rolling. The study identified that the selectins (specifically L- and P-selectin) require shear forces to reach a threshold in order to support optimal strength of tethering, with maximal strength of bonds occurring at been 0.8-1.2 dyn/cm2. The shear-dependant nature of neutrophil rolling is highlighted by the significant reduction in selectin mediated rolling both above and below this shear rate threshold. In these studies, neutrophil tethering and rolling on P-selectin occurred up until a shear stress of 5 dyn/cm2. A number of mechanisms have been proposed to explain the paradoxical finding that increased shear increases strength of ligand interactions. Firstly, shear stress increases the rolling velocity of the cell, resulting in a greater number of ligand interactions being able to occur for a given period of time; via outside-in signalling, this results in recruitment of more selectins to the cell surface and increasing adhesive strength (Finger et al., 1996). Secondly, force on the cell may alter its cell surface area, increasing the number of possible ligand interactions at any one time (Lawrence et al., 1997). A final hypothesis, proposed in a recent study found that the bonds formed between L- and P-selectin with PSGL-1 are ‘catch bonds’. This specific type of bonds act in a manner that means up until an optimal force, the bond is strengthened by any additional force, as the molecules are pulled closer together by the increased force, ultimately strengthening the adhesion. The second type of bond, ‘slip bonds’ are observed in E-selectin binding. These bonds decrease in strength when an increase in force is observed across all shear stress. It is therefore the transition of L- and P-selectin from ‘catch bonds’ to ‘slip bonds’ as the shear stress increases that ultimately decreases their ability to maintain interactions with the cell as the shear stress increases (Marshall et al., 2003). Importantly, the existence of a shear stress threshold of selectin binding is supported in vivo. In an interesting study, Lawrence et al (1997) used a range of venule diameters, as such corresponding to varying shear stress, and examined leukocyte rolling by intravital microscopy. The study identified that, as in the flow chamber model, leukocyte rolling was inhibited both above and below an optimal flow rate, supporting the hypothesis that leukocyte adhesion via selectins is physically regulated by level of shear stress in the vessel.  As such neutrophil, and other leukocyte, interactions with endothelial cells are highly regulated by shear stress. Atherosclerosis is characterised by the dysregulated migration of immune cells across the vessel wall, therefore better understanding how these interactions may be regulated at sites of disturbed is critical to our understanding of disease aetiology.
[bookmark: _Toc497730941][bookmark: _Toc499103265]1.13 - Neutrophils  
Neutrophils are the most abundant leukocyte in the circulation (approximately 60-75%), and as such form the main cellular component of the innate immune system with both inflammatory and anti-infectious capabilities (Mantovani et al., 2011). Produced in the bone marrow and derived from myeloid stem cells, neutrophils are characterised by their multilobulated nucleus and high granular content. Neutrophils in the circulation are readily activated and attracted to sites of infection or inflammation via a chemotactic gradient. Chemokine and chemoattractant receptors on the cell surface membrane trigger G-protein coupled pathways within the cell, up-regulating β2-integrins, and encouraging neutrophil diapedesis (Raghuwanshi et al., 2012). Once within the tissue neutrophils destroy pathogens by exposing engulfed phagosomes to antimicrobial enzymes. In addition to roles within the innate response, neutrophils also transport antigens to antigen-presenting dendritic cells, making them an important factor in T-cell acquired immunity (Megiovanni et al., 2006). As such neutrophils are a highly active and vital component of host defence. However, when homeostatic function is disturbed, they can also form a major component in inflammatory disease. 

[bookmark: _Toc497730942][bookmark: _Toc499103266]1.14 - Neutrophils in atherosclerosis 
Generally, neutrophils have been associated with plaque instability and rupture rather than in the initiation and progression of plaque growth. Kostis et al., (1984) demonstrated an association between plaque progression and circulating leukocyte count; however as the cohort of patients had existing CAD, this meant suggesting casual links between the factors remained tenuous. The role of neutrophils in the end-stage of atherosclerosis is however recognised. Narauko et al., (2002) found neutrophil infiltration was a key feature of postmortem specimens of ruptured plaques but absent in cases of non-CVD death. These findings were supported by Ionita et al., (2010) who found a positive association between intraplaque neutrophil content and key features of rupture prone plaque including lipid-rich core and high macrophage content. Elevated IL-8 concentrations at sites of rupture-prone plaque have also been observed. IL-8 is a known neutrophil chemoattractant secreted by activated macrophages, T-cells and endothelial cells (Hammond et al., 1995), and therefore may provide a mechanism for the rapid infiltration of neutrophils. Regular observations of neutrophil granular content, including MMP-9 (Ionita et al., 2010) and neutrophil elastases (Larionov et al., 2007) in the late stages of sclerotic development further support the role of neutrophils in divergence to symptomatic, rupture-prone plaque plaque. 
Hyperlipidaemia, specifically hypercholesterolemia, is a well-accepted independent risk factor for atherosclerotic development (Thomas et al., 1966). Drechsler et al., (2010) identified that hyperlipidaemia in ApoE-/- mice induced myeloid cell production in the bone marrow and release of neutrophils into the circulation. The study investigated the prevalence of neutrophils in the mice aortae at intervals following the initiation of a high fat diet.  The neutrophil content was significantly increased at week 4, before reducing until the week 16 time point. This was shown to correlate with the lesion area, concluding that the role of neutrophils in atherosclerosis might be facilitated and exacerbated in the presence of a primary risk factor of the disease. Importantly however, the neutrophil number, despite elevation, was significantly lower than that of monocytes in the developing lesion. Additional to the consequence on neutrophil egress from the bone marrow, hyperlipidaemia may be an important factor in the activation and priming of neutrophils. Araujo et al., (1995) showed that neutrophil expression of CD11b and neutrophil-derived reactive oxygen species release is increased in patients with hypercholesterolemia. Interestingly the level of expression correlated closely with the severity of the condition. As such, it appears that hyperlipidaemia may be a crucial factor in the increasing in number, priming of and phenotypic changes of neutrophils during early atherogenesis, and as such exacerbating their potential to facilitate the movement of inflammatory cells into the developing lesion. 
A breakthrough study in the role of neutrophils in atherosclerosis demonstrated that diet-induced atherogenesis could be ameliorated through neutrophil depletion (Zernecke et al., 2008). The model used ApoE deficient mice fed on a high fat diet for 4 weeks to induce atherogenesis within the mice. Over the 4 week period, mice were injected with anti-neutrophil-antibody, removing neutrophils from the circulation with no effect on the mean number of circulating monocytes. In the ApoE-/- mice, neutrophil depletion was associated with significantly reduced fatty streak formation at 4 weeks. A key finding of the study was that macrophage content in the developing plaque was also significantly reduced, substantiating the notion that a primary role of neutrophils in atherosclerosis is the facilitation of inflammatory cell migration. Interestingly, if neutrophils are selectively depleted at various time points following the initiation of high fat feeding, only depletion in the early stage (0-4 weeks) is associated with a reduction in lesion area (Drechsler et al., 2010). This was supported by a significant reduction in inflammatory monocytes and macrophages within the developing plaque only at this time point. 
Despite evidence to suggest that neutrophils are influential in both the onset and late-stages of atherosclerosis, neutrophils remain seldom detected in developing plaque. As mentioned previously, when activated neutrophils secrete granular proteins as a mechanism of their crude anti-microbial defence. Myeloperoxidase (MPO), azurocidin (Chertov et al., 1997), neutrophil gelatinase-associated lipocalin (NGAL) (Hemdahl et al., 2006) have all been identified to colocalise with macrophages and endothelial cells around human atherosclerotic lesions. Neutrophil-derived granular proteins are implicated in the up-regulation of adhesion molecules, increases in endothelial permeability and reducing the bioavailability of NO (Soehnlein, 2012). MPO contributes to ox-LDL formation and plasma concentrations closely correlate with heart disease risk (Zhang et al., 2001).  In addition to granular content, markers of neutrophil cell-membranes, including CD66b have been identified in developing plaques (Soehnlein, 2012). The seldom observations of neutrophils within the plaque may be a result of rapid removal by macrophages, phenotypic plasticity that allows neutrophils to express antigen presenting cell markers and lack of specificity in methods of identification (particularly in murine models). However, an ever-growing body of evidence supports the notion that the transfer of neutrophil-derived material into the vessel wall is an important factor in early disease progression. The discovery that upon activation, neutrophils release microvesicles (MVs), small membrane-bound vesicles containing the phospholipid and cytoplasmic contents of their parent cell, may provide a novel insight into to neutrophil-endothelial interactions during the progression of atherosclerosis.

[bookmark: _Toc497730943][bookmark: _Toc499103267]1.15 - Microvesicles 
Originally believed to be particles of cellular debris, it is becoming evidently clearer that MVs play crucial roles in cell-to-cell interactions of both physiological and pathophysiological function (Morel et al., 2011). MVs are defined as small (0.1 -1 μm in diameter), cell-derived vesicles, comprised of a negatively charged phospholipid bilayer, surface proteins and cytoplasmic content reflective of the cell from which it is derived. Typically differentiated by size, MVs are biologically distinct population of extracellular vesicles (EVs). Whereas MVs are formed as a result of direct blebbing of the cell membrane, exosomes (typically 50-120 nm in diameter) are packaged in multivesicular endosomes that later fuse with plasma membrane for release.  In addition to the MV and exosome populations of EVs, larger membrane bound vesicles known as apoptotic bodies (typically 0.8-2 µm in diameter; see Figure 1.6), are produced during programmed cell death.
The physiological roles of MVs from a number of different sources have been described in studies of healthy individuals. MVs have been shown to be involved in processes such as tube cell formation in endothelial cells and driving cell proliferation during tissue repair (Berckmans et al., 2001). Interestingly, interactions between P-selectin and PSGL-1 on platelets in the circulation have been shown to produce tissue-factor expressing MVs that are capable of reducing the time taken for blood clotting and therefore reduce the risk of excessive bleeding (del Conde et al., 2005). Beyond this, immune cell MVs have been identified in breast milk where they are involved in developing the innate immune system of the new-born (Kosaka et al., 2010). Despite the physiological benefits of the cross-talk system, a growing body of evidence supports the significance of MVs in the pathogenesis of a number of disease states. In cancer, tumour-derived MVs have been observed to trigger epithelial-to-mesenchymal transition, and as such drive the cancers malignancy (Aga et al., 2014). Evidence from a number of disease models, including acute vasculitis (Nieuwland et al., 2000) and sepsis (Daniel et al., 2006), have identified dramatically increased MV contents in the inflammatory exudate in these patients. These factors have to an ever growing body of research highlighting MVs as an important biomarker for many disease (reviewed by; (Colombo et al., 2012, Muralidharan-Chari et al., 2010, Porro et al., 2015). The intercellular exchange of MVs therefore has emerged as a biological relevant phenomenon, particularly during pathological conditions. Despite this, studies continue to report large heterogeneity in the ability of MVs to interact with, and ultimately exert biological influence on, recipient cells. As such, there is an increasing need to study the effect of specific MV populations on pathologically relevant recipient cells, which will aid in our understanding of how these complex communication mechanisms are contributing to disease.
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[bookmark: _Toc499103629]Figure 1.6 - Classifications of extracellular vesicles: Extracellular vesicle is the umbrella term used to describe the range of membrane bound vesicles produced by cells. Exosomes, refer to sub <100 nm vesicles that have been produced within multivesicular bodies in the cells cytoplasm. Microvesicles, are larger vesicles (between 100 nm and 1 µm) that are blebbed directly from the cell membrane, generally a phosphatidylserine switch in the cell membrane means they are negatively charged and express adhesion molecules that allow them to interact with other cells. Finally apoptotic bodies are produced upon cell death. These vesicles are often larger >1 µm. They also have blebbed from the membrane however express many markers of apoptosis and necrosis to aid in being engulfed by phagocytic cells.


[bookmark: _Toc497730944][bookmark: _Toc499103268]1.16 - Neutrophil-derived microvesicles biogenesis 
The neutrophil cell membrane is an asymmetrical bilayer structure comprised of phospholipids and protein. Typically, under resting conditions, the cell membrane is positively charged with molecules including as phosphatidylcholine and sphingomyelin forming the outer leaflet of the membrane. Under inflammatory or infectious challenge, the negatively charged phosphatidylethanolamine and phosphatidylserine molecules of the neutrophil inner leaflet are rearranged into the outer leaflet of the membrane. This produces a negatively charged neutrophil expressing cell surface antigens on its outer leaflet (VanWijk et al., 2002). Dependent on on the mechanism of neutrophil stimulation, the number and expression profile of the MV can vary greatly, this was identified by Dalli et al., (2013) demonstrating that the protein composition of neutrophil MVs varied depending on the neutrophils activation state. As mentioned previously, the production of MVs from the cell membrane can occur via both activated neutrophils and as consequence of a apoptotic cell death. The current project will focus solely on MV production via the activation pathway.

Formation of MVs requires the breakdown of the neutrophil cytoskeleton (see Figure 1.7), comprised of intracellular proteins actin and talin. Actin polymerisation is critical in MV shedding. Headland et al  (2014) found that inhibition of actin polymerisation by cytochalasin D resulted in increased membrane fluidity and greater subsequent MV production. Conversely, promoting polymerisation was associated with MV blebbing inhibition.  In addition to the involvement of cytoskeletal disruption, MV formation is calcium dependant. Calpain, a calcium-dependent protease, involved in the degradation of talin (Miyoshi et al., 1996), becomes activated when calcium influxes the neutrophil upon stimulation by  specific agonists. Miyoshi et al., (1996) blocked calcium channel function with chelator EGTA, preventing cytosolic increases in calcium and preventing calpain dependant membrane blebbing. A number of different stimuli for the release of neutrophil-derived MVs have been investigated, these include acLDL (Nolan et al., 2008), TNF-α (Johnson et al., 2013),  L-Nam e (Nolan et al., 2008) and PMA (Timar et al., 2013). The current project will focus on the stimulation of neutrophils using formyl-methionyl-leucyl-phenylalanine (fMLP). fMLP is a highly chemotactic short peptide sequence released from bacteria during infection of the host. Stimulation of neutrophils with fMLP promotes calcium influx via G-coupled receptors (Gierschik and Jakobs, 1987) and is therefore is a potent agonist for MV production. 
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[bookmark: _Toc499103630]Figure 1.7 - Microvesicle formation and composition: Agonist activation causes an influx of Ca2+ to enter the neutrophil; the Ca2+ dependant enzyme Calpain degrades the cytoskeletal protein talin, weakening the cytoskeleton encouraging vesicle formation. Little is known about the biogenesis of MVs, however many suspect that there is some form of active packaging of the vesicle that occurs dependent upon the activation status of the neutrophil. 


[bookmark: _Toc497730945][bookmark: _Toc499103269]1.17 - Neutrophil microvesicle cargo 
The production of MVs from activated neutrophils signifies a potential cellular cross-talk pathway between neutrophils and the endothelium. Delivery of bioactive molecules in the form of phospholipid-bound vesicles has a number of benefits as mechanism of communication. The signal or message can be targeted to a specific cell type or tissue and the intended message do not get lost due to dilution in the circulation, highlighting that this mechanism of cell-to-cell interactions is capable of communication over long distances (Dalli et al., 2013). Evidence suggests that MVs express a range of cytoplasmic content, including cytokines, mRNA and microRNA, while also expressing adhesion molecules and receptors that allow direct interactions with target cells. Recent studies have identified that activation by different stimulus effects both the proteomic content and the functional capacity of the MV, however how this occurs remains unclear. Evidence from MVs produced by tumour cells suggests that a number of proteins may be preferentially targeted to MVs by specialist endosomal recycling (Donaldson, 2003). Using an immortal cancer cell line model, it was identified that certain cellular proteins, including major histocompatibility complex class I and β1-integrins, were selectively packaged into tumour MVs via ARF-6-dependent endosomal recycling (Muralidharan-Chari et al., 2009). Interestingly the study concluded that this packaging was selective, when it was observed that transferrin receptor, a molecule also trafficked by ARF-6 dependant mechanisms and found abundantly on and around the cell surface, was not incorporated into MVs (Steffen et al., 2008). Currently there is little or no evidence for the selective packing of proteins into neutrophil MVs, and it remains universally undefined across all cell types how soluble cystolic proteins and nucleic acids are being targeted to the cell surface for incorporation in to MVs. 

Despite a need for greater understanding of the molecular mechanisms that result in MV packaging, key studies have identified the proteomic consequences of activating neutrophils under varying conditions. Dalli et al, (2013) performed an important proteomic analysis of MVs from neutrophils stimulated both in a fluid suspension and while adhered to a HUVEC monolayer. Stimulation in these conditions resulted in two heterogeneous pools of MVs, each with 30% of their proteins unique to the method of stimulation. The proteomic analysis of the MV subpopulations revealed distinct immune-modulatory characteristics of sets of MVs, differentially expressing proteins involved in integrin signalling, cytokine-mediated inflammation and ROS production (Dalli et al., 2013). Interestingly the authors identified that the content of MVs when adherent to endothelial cells was associated with an increased propensity to induce inflammatory pathways in endothelial cells. Importantly however, αM-Integrins and β2-integrins were identified on the MV surface in both populations (Dalli et al., 2013). This supports findings from Pluskota et al., (2008) who found activated neutrophils expressed a functionally active CD18 on their vesicle surface. Upon neutrophil activation, active forms of the integrin are translocated to lipid raft regions of the membrane,  and these lipid rich areas of membrane are subsequently blebbed to form MVs (del Conde et al., 2005). As a result of this mechanism, only very low levels of active CD18 are expressed on MVs released from resting neutrophils. The expression of integrins on the surface of neutrophils MVs infers an important ability to be able to interact with endothelial cells. Evidence that MVs are abundant with neutrophil content, including MPOs, cytokines and microRNAs (Hulsmans and Holvoet, 2013) highlights that the delivery of vesicular content may be an important factor in the modulation of inflammation during atherogenesis.

[bookmark: _Toc497730946][bookmark: _Toc499103270]1.18 - Delivery of neutrophil-microvesicle content 
It is generally accepted that EVs exert their biological effects through the delivery of their donor cells material encapsulated within the vesicle. MVs from a number of donor cells have been shown to be internalised by their recipient cell (Faille et al., 2012, Franzen et al., 2014, Kawamoto et al., 2012) MV internalisation has been visualised using lipid-membrane intercalating dyes and cytosolic dyes (Mulachy et al., 2014), however direct evidence that the delivery of content is crucial for their function requires the development of bioluminescent reporter assays. Lai et al., (2015) tracked in real-time the uptake of tumour derived exosomes. They identified that within just 1-hour post exposure to the EVs, exosomal mRNA resulted in translation regulation in the recipient cell, as determined by the activation of bioluminescent GlucB reporter. Interestingly the authors did not address how the content of exosome had entered the cytosol. Many of the studies that have investigated the delivery of EV content have focused primarily on exosome delivery. Montecalvo et al., (2012) identified that delivery of exosome content to dendritic cells occurred primarily through fusion of the exosome with the cell membrane, incorporating its content into the recipient cell. Interestingly, not all exosomes released their content in this manner and the authors observed a large proportion of exosomes were internalised via an endocytic/phagocytic mechanism. It remains unclarified how vesicles that have entered the cell along these pathways deliver their content to the cytosol. Many of the studies investigating the effect of MV delivery have taken place in an in vitro setting, and validation that cargo delivery content occurs in vivo requires further investigation. Importantly, Zomer et al., (2016) developed validation that this process is important in a murine model. The authors utilised a cre-loxP reporter system, to identify that cre+ mammary cancer cell MVs were internalised by lung epithelial cells and resulted in transcriptional changes in these cells in vivo (identifiable by the switching on of transcription of fluorescently-tagged proteins in these cells). Together these findings suggest that delivery of MV content to recipient cells is the driving factor that modulates MVs biology effects. However, as with packaging of MV content, little direct evidence is available regarding the pathways and mechanisms involved in the delivery of neutrophil content by MVs. 

The delivery of neutrophil-derived MV content can be observed indirectly through the consequences of MV incubation with endothelial cells. Mesri and Altieri (1998) showed that MVs were capable of activating endothelial cells to produce pro-inflammatory cytokines in vitro.  The study observed a pronounced up-regulation of IL-6 and IL-8 in HUVECs incubated for 10 hours with MVs. Further investigation determined that activation of endothelial cells occurred through the targeting of JNK signalling pathways (Mesri and Altieri, 1998). Pitanga (2014) showed that MPO delivered to endothelial cells in neutrophil-derived MVs, resulted in endothelial cell injury within 30 minutes of incubation. Evidence from our own lab found that just 2 hour incubation of neutrophil-derived MVs with HCAECs is associated with up-regulation of NF-κB and the modulation of down stream targets ICAM-1 and VCAM-1. Activation of this pathway was associated with increased monocyte chemoattractant CCL2 and neutrophil chemoattractant CXCL8 release from HCAEC cultured under static conditions. These data indiciate that neutrophil content delivered to the endothelium results in regulation of a number of inflammatory processes. Further investigation is required to better understand how the transfer of the MV content occurs in endothelial cells. In particular, we must investigate whether these interactions, that ultimately result in the transfer vesicular content occur under physiologically releveant flow conditions. These important studies will improve our undertanding of how neutrophil microvesicles may contribute to the focal nature of atherogenesis. 

[bookmark: _Toc497730947][bookmark: _Toc499103271]1.19 - Summary 
There is now convincing evidence for the casual contribution of neutrophils in the pathogenesis of atherosclerosis. Despite this, the presence of neutrophils in early and developing stages of plaque formation remains seldom detected. The discovery that upon activation neutrophils release small, biologically active vesicles, capable of delivering cellular constituents to endothelium, may provide an explanation for this anomaly.  
Here we will investigate the production of MVs in vivo in response to a known atherogenic risk factor (high-fat overfeeding), and investigate the role of these neutrophil MVs in the focal interactions with endothelial cells that are exposed to atherogenic flow conditions. Ultimately with the objective of determining whether interactions between MVs and endothelial cells may be an important stimulus in the exacerbated inflammation at sites of disturbed flow. 



[bookmark: _Toc499103272][bookmark: _Toc497732171][bookmark: _Toc497732415][bookmark: _Toc497833567]Chapter 2 - Materials and methods 

[bookmark: _Toc499103274]2.1 Material and suppliers 
[bookmark: _Toc497730948]
[bookmark: _Toc497833570][bookmark: _Toc498254281][image: ]Table 2.1 List of material and suppliers 
[bookmark: _Toc497833571][bookmark: _Toc497923258][bookmark: _Toc498192010][bookmark: _Toc498253868][bookmark: _Toc499103275][image: ]


[bookmark: _Toc498254282]Table 2.2 List of antibodies and clones 
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[bookmark: _Toc499103276]2.2 - Participant information and research ethics 
Healthy volunteers aged 18-65 were recruited to participate in the project. The volunteers were absent of any known chronic or acute medical conditions and not currently taking any medication that may alter platelet or leukocyte function. Volunteers were informed of the rationale, risks and procedures of the project, before providing written informed consent. The project was approved by the University of Sheffield Ethics Committee (reference number: SMBRER310). 

[bookmark: _Toc497730949][bookmark: _Toc499103277]2.3 - Neutrophil-derived microvesicle isolation and quantification 
[bookmark: _Toc497730406][bookmark: _Toc497730950]Neutrophil isolation –  
9 ml venous blood samples were collected from the median cubital or cephalic vein and transferred immediately to tubes containing 1 ml of sodium citrate (38mg/ml; Martindale Pharmaceuticals, Essex, UK). The samples were centrifuged at 260g for 20 minutes (acceleration 5 and brake 0) at room temperature. The platelet-rich plasma was discarded.  1.5 ml of a sterile dextran solution (6 % w/v, Sigma-Aldrich, Denmark) was added to the remaining cellular component. The solution was diluted to a final volume of 10 ml using sterile saline (Baxter, Switzerland) before being gently inverted to ensure adequate mixture of the solutions. All bubbles were removed using a Pasteur pipette and new lids placed on the tube prevent contamination with components of whole blood. The dextran-blood cell solution was left to sediment for 30 minutes. The leukocyte-rich upper layer was transferred into a new falcon tube, and diluted to a volume of 6 ml using sterile saline. The leukocyte-rich solution was gently layered over 4ml of Histopaque 1077 (Poole, England). Both the sample and Histopaque 1077 were at room temperature and mixing of the liquids at the solution interface was prevented to ensure optimal neutrophil isolation. The sample was centrifuged at 400 g for 25 min (acceleration 3 and brake 0) at room temperature (see monocyte isolation). The remaining granulocyte pellet (mostly neutrophils) suspended in 5 ml of hypotonic, 0.2% NaCl, solution for 30 seconds in order to lysis the residual red blood cells. Physiological osmolarity was restored by the addition of a 1.6% NaCl solution.  The sample was centrifuged at 250 g for 7 minutes (acceleration 5 and brake 3) at room temperature. The supernatant was then removed and the neutrophil pellet was re-suspended in 10 ml RPMI (Lonza Biowhittaker, Basel, Switzerland). 10 µl of the RPMI-cell suspension was removed for counting using a manual haemocytometer.



[bookmark: _Toc497730407][bookmark: _Toc497730951][image: ]
[bookmark: _Toc499103631]Figure 2.1 – Neutrophil and microvesicle isolation protocol: Whole was blood was centrifuged and the platelet rich plasma removed. The remaining layer was incubated with dextran in order to sediment red blood cells, leaving a leukocyte-rich layer. This then gently layered on histopaque before further centrifugation. Following centrifugation, the peripheral blood mononuclear cells were removed (see section 2.5). The pelleted neutrophil layer, which often contained a small number of red blood cells, was re-suspended in a hypotonic solution to lyse remaining red blood cells. Osmolality was restored and the cells counted. Neutrophils were finally incubated in PBS containing calcium and magnesium, and fMLP to produce MVs. 


Purity of isolated neutrophil preparations – 
To analyse the purity of each neutrophil sample, approximately 1 x 105 neutrophils were suspended in 100 µl of PBS containing 0.1% w/v BSA. The cytospin apparatus was assembled and the 100 µl sample added to the inlet.  The sample was centrifuged at 90-g for 6 minutes at room temperature. The slides were allowed to air-dry before staining using a Kwik-Diff Romanowsky stain. Slides were then imaged using a 40 x objective on a light microscope, and the different leukocyte subsets determined. Neutrophils were identified by the appearance of a densely stained, multilobular nucleus. Purity was determined to be between 96-99%. 
[bookmark: _Toc497730408][bookmark: _Toc497730952]Preparation of MVs from isolated neutrophil samples – 
MV samples were prepared on the day of each experiment. 1 x 107 neutrophils were incubated with 1 ml Dulbecco Phosphate Buffered Saline with calcium and magnesium (GIBCO, New York, USA) and fMLP (5 x 10-3 M; Poole, England) for 1 hour at 37oC and 5% CO2.  The cells were gently inverted at 10 minute intervals throughout the incubation to ensure that the neutrophils remained in suspension. Following the incubation the cells were centrifuged at 500g for 5 minutes at 4oC, the supernatant transferred to a new eppendorf and the neutrophil pellet stored at -20oC. This stage was repeated to ensure there was not neutrophil contamination. The MV-rich supernatant was next centrifuged at 20,000-g for 30 minutes. The supernatant was removed and placed in a new eppendorf and stored at -80oC. The MV pellet was re-suspended in 1 ml of sterile phosphate buffered solution (PBS; Ca/Mg+ free) 20 µl was then removed and added to 270 µl PBS for flow cytometric analysis.  
[bookmark: _Toc497730409][bookmark: _Toc497730953]Fluorescent labelling of MVs (PKH26 and PKH67) – 
MVs were pelleted, as above, and resuspended in 200 µl of Diluent C. In a new Eppendorf, 2 µl of PKH26/67 dye was combined with 200 µ l of Diluent C. The diluent C-dye solution was immediately transferred into the tube containing the MV solution.  The solution was continually re-suspended for the first minute of the incubation. After 3 minutes, the reaction was stopped by adding 1 ml of PBS containing 1% w/v bovine serum albumin. The MVs were pelleted before washing once in PBS. 
[bookmark: _Toc497730410][bookmark: _Toc497730954]Quantification of microvesicles – 
Samples were analysed using an LSRII flow cytometer (BD Biosciences, Oxford, UK).  Flow cytometer settings were calibrated using MegaMix fluorescent beads (BioCytex, Marseille, France; see Figure 2.1). Briefly, the MegaMix reagent containing fluorescent beads of 0.5 µm, 0.9 µm and 3 µm in diameter, allowed accurate gating of microvesicles samples around the 0.9 µm bead population.  Events lower than 0.9 μm in diameter on the forward scatter area (FSC-A) and forward scatter width (FSC-W) parameters were plotted on logarithmic scales allowing discrimination of doublet particles, as well as removal of cellular debris and apoptotic bodies from the quantification.  
To each MV sample (270 µl PBS + 20 µl MV sample, as described above) 10 µl of Sphero AccuCount blank particles (~10,000 2.04 µm beads; Saxon Europe, England) were added. The bead population was gated out of the quantification of total MV number due to bead diameter. PKH26/67 positive MVs were identified on a logarithmic scale, with a negative sample absent of dye allowing for accurate gating of positive events. 
Quantification of MV number per sample was calculated using the equation; 

X 


[bookmark: _Toc498588580][bookmark: _Toc499103632][image: ]
[bookmark: _Toc499103633]Figure 2.2 - Flow cytometry set-up and analysis - Commercially available Megamix beads sizes (3µm, 1µm and 0.5µm) were used to calibrate the LSRII flow cytometer. This determined  appropriate laser intensities for MVs in this sizes range. FSC-A vs. FSC-W was used to determine the singlet, doublet and debris populations; only singlet populations were used for the identification of MVs. Counting bead and microvesicle populations were determined using a SSC-H and FSC-H gate. Finally, PKH67 positive and negative MVs were identified using the blue laser and 530/30 detector. 


[bookmark: _Toc497730955][bookmark: _Toc499103278]2.4 - Characterisation of neutrophil-derived microvesicles 
Tuneable pulse sensing (qNano) –
 Particle size was measured by tuneable pulse sensing using a qNano instrument (iZON Science Ltd). An NP400 nanopore was stretched at 45 mm, with an applied voltage of 0.34 V and pressure of 5 mbar. Samples were calibrated against SKP400E particles of known size (mode diameter 340 nm) and concentration (7.5 x1011 particles per ml). Data was calibrated and histograms produced using iZON Control Suite software (version 3.2.2.251). Using this method, it was determined whether the diameter of MVs varied dependent upon the mechanism of activation. Neutrophils were stimulated to produce MVs in, MVs only, fMLP and acLDL. 
Nanoparticle tracking (Zetaview) – 
Particle size was measured using the Zetaview PMX110 Nanoparticle Tracker Analyzer (Particle Metrix, Germany). The device tracks Brownian motion of laser-beam illuminated MVs in order to determine particle size. MV samples were suspended in sterile-filtered water to a known concentration (2 x 106/ml). Videos were recorded from 11 fixed positions and repeated over 3 cycles, before the median diameter and range determined. The Temperature was automatically maintained at 21oC.  Using this method it was determined whether labelling of MVs with PKH67 dye, resulted in the production of dye aggregates that may influence functional assays, or changed the diameter of MVs that may influence their function. 
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[bookmark: _Toc499103634]Figure 2.3 - Tuneable resistive pulse sensing (qNANO): Turnable resistive pulse sensing measurements were performed on an Izon qNANO device. MV samples were analysed using a NP400 nanopore at a pressure of 10 mbar, calibrated against 340nm polystyrene beads. For each MV test, 500 MVs were recorded. (A) Representative histogram of MV diameter from fMLP stimulated neutrophils. (B) Quantification of MV diameter from neutrophils stimulated to produce MVs by different stimulus. Data are presented as mode ± SEM (n=3) and analysed for statistical significance by one-way ANOVA with Tukeys test for multiple comparisons. 
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[bookmark: _Toc499103635]Figure 2.4 - Nanoparticle tracking (Zetaview): Nanoparticle tracking measurements were performed on an ParticleMetrix Zetaview device. MV diameter and concentration was normalised to uniform polystyrene particles of 100, 200 and 400 nm. All measurements were performed in Milli-Q water.  The mode diameter and concentration was determined as an average of 9 individual frames per sample. (A) Representative image of MVs from fMLP stimulated neutrophils. (B) Representative histogram of MV diameter and concentration from fMLP stimulated neutrophils. (C, D) MVs (1 x 107) were labelled with or without PKH67 dye. The concentration of MVs (C) and the mode diameter of the MVs (D) was determined with and without labelling. Data are presented as mode ± SEM (n=3) and analysed for statistical significance by paired t-test, *p<0.05. 


[bookmark: _Toc497730956][bookmark: _Toc499103279]2.5 - Monocyte isolation and labelling 
[bookmark: _Toc497730413][bookmark: _Toc497730957]PBMC isolation – 
In parallel with the neutrophil isolation from whole blood, primary human monocyte isolations were performed. The protocols were performed in parallel however diverged following the 400g spin (25 minutes) with leukocyte rich solution layered on histopaque (see neutrophil isolation).  Peripheral blood mononuclear cells (PBMC) were isolated from the histopaque gradient using a sterile Pasteur pipette. Cells were transferred to a fresh falcon tube containing 10 ml of PBS containing EDTA (PBSE; 2mM) and the falcon tube topped up to 50 ml. PBMCs were centrifuged at 400 g for 5 minutes (Acceleration 5, brake 3). The cell pellet was resuspended in 10 ml of red blood cell lysis buffer (155mM NH4Cl, 10mM KHCO3, and 0.1mM EDTA in 100 ml H2O) for 5 minutes. The cell suspension was topped up to 50 ml and centrifuged at 400g for 5 minutes. The supernatant was removed, resuspended in PBSSE and 10 μl removed for counting by a manual haemocytometer. 
[bookmark: _Toc497730414][bookmark: _Toc497730958]Monocyte isolation – 
Monocyte isolation was performed by negative selection according to the manufacturer’s instructions (Monocyte isolation Kit II, Miltenyl Biotec, United Kingdom). Pelleted PBMCs were resuspended in 300 μl (per 100 million PBMCs) of magnetic cell sorting (MACS) buffer (PBS, 2% w/v low endotoxin BSA, 2mM EDTA). The cell suspension was incubated for 1 minute at 4oC with 100 μl FcγR blocking reagent, followed by 15 minutes incubation at 4oC with 100 μl of non-monocyte depleting antibody cocktail. Following the incubation, 300 μl of MACS buffer was added to the solution, and 200 μl of anti-biotin microbeads. The solution was mixed and incubated for 15 minutes at 4oC. PMBCs were washed in 2 ml of MACS buffer and cells centrifuged at 400 for 5 minutes. Cells were resuspended in 500 ml of cold MACS buffer for magnetic separation. An LS column (Miltently Biotech) was placed in the magnetic field of a MACS separator, rinsed with cold MACS buffer and the PBMC sampled added. The column was washed 3 times with MACS buffer and the monocyte rich population collected. Monocyte were counted and the purity was determined by the assessment of CD4 positivity by flow cytometry. 
[bookmark: _Toc497730415][bookmark: _Toc497730959]Monocyte labelling (PKH26) – 
1 x 107 monocytes were pelleted, as above, and resuspended in 1 ml of diluent C. In a new 15 ml falcon tube, 1 ml of diluent C was combined with 4 μl of PKH26 dye. The diluent C-dye solution was immediately transferred into a the tube containing the monocyte solution. The solution was continually re-suspended for the first minute of the incubation. After 3 minutes, the reaction was stopped by adding 1 ml of PBS containing 1% w/v BSA. Monocytes were pelleted and washed twice in PBS. 

[bookmark: _Toc497730960][bookmark: _Toc499103280]2.6 - Microvesicles in the murine aorta 
[bookmark: _Toc497730417][bookmark: _Toc497730961]Adhesion of PKH67 labelled MVs – 
To assess MV adhesion, MVs were isolated from PKH26-labeled neutrophils and 4 x 106 injected i.v. into 15 week old ApoE-/- mice fed on chow. After 2 h vessels were prepared for immunostaining; endothelial cells were stained with Alexa 488 conjugated anti-CD31 (Biolegend, UK) and nuclei identified using a DNA-binding probe with TO-PRO-3 Iodide (Life Technologies, CA). Vessels were then opened en face, mounted using Prolong gold anti-fade mountant (Life Technologies, CA) and imaged using laser scanning confocal microscopy (Zeiss LSM510 NLO inverted microscope).
Accumulation of microvesicles in murine aortic plaques – 
	To assess whether MVs from a number of different cell types accumulate in the developing plaques, plaques were isolated from the aorta of APOE-/- mice feed on a wester diet for 6 and 20 weeks. These experiments were performed based on those previously described by Rautou et al., (2011). Briefly, the vessels were rinsed in cold DMEM media. The lesion was then separated from the healthy tissue. Each piece of tissue was then cut thoroughly using a fine pair of scissors. Once homogenised the samples were centrifuged at 400 g for 5 minutes, to pellet whole cells. Once completed, the supernatant removed and centrifuged at 5000 g for 5 minutes to remove cellular debris. Finally the remaining supernatant was centrifuged at 20,000 g for 30 minutes, to isolate the MV population. Following isolation of the MV population from the plaque, the samples were stored at -20oC before analysis by flow cytometry (see section 2.10). 

[bookmark: _Toc497730962][bookmark: _Toc499103281]2.7 - Endothelial cell culture and in vitro flow chamber system 
Human coronary artery endothelial cells (HCAECs) were purchased from Promocell (Heidelberg, Germany). The primary cell lines, isolated from a single donor, were harvest from both the left, right and circumflex branches of the coronary arteries. Cryopreserved cells were delivered on dry ice, and immediately transferred to liquid nitrogen (-170oC) stores upon arrival. Cells there then defrosted following the suppliers instructions. Briefly, cells were removed from liquid nitrogen and transported to the laboratory using a Cryo-Pod Carrier (FluidX, United Kingdom). Samples were immediately submerged in a water bath at 37oC and gently agitated. Once loose, the vial was transferred to a laminar flow hood, and emptied into a pre-warmed T-75 flask containing 15 ml of MV2 complete growth media.  The cells were placed in an incubator (37oC, 5% CO2), the media changed after 24 hours and allowed to reach 90% confluence before sub cultivation. 


[bookmark: _Toc498254283]Table 2.4 – MV2 HCAEC media constituents 
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[bookmark: _Toc497730419][bookmark: _Toc497730963]Sub-cultivation of HCAECs – 
Cell sub-cultivation was performed under aseptic conditions under a laminar flow hood. In order to detach cells, a Detach Kit (Promocell, Germany) containing trypsin/EDTA solution was warmed to room temperature. The cell media was aspirated and the cells washed twice using 7.5 ml of Hepes BSS solution (Promocell, Germany). 1ml of trypsin/EDTA solution was added to the cell monolayer and placed in an incubator at 37oC, 5% CO2 for 3-5 minutes. Once the cells had detached, as determined by light microscopy, a trypsin neutralising solution was added. The cells were transferred to a 50 ml falcon, and centrifuged at 220 g for 5 minutes at room temperature. The cell pellet was then resupended in 3 ml of MV2 media, and transferred into 3 T75 flasks containing 10ml of pre-warmed MV2 media. HCAECs were used for experimentation between passages 4-7. 

[bookmark: _Toc497730964][bookmark: _Toc499103282]2.8 - Ibidi flow chamber system – microvesicle adhesion 
Flow experiments were performed using a parallel plate system, commercially available from Ibidi (Ibidi GmbH, Munich, Germany). Prior to each experiment the silicone tubing of each perfusion set was replaced with new biocompatible silicone tubing (VWR, England), autoclaved and left to dry in a dry in a heating cabinet. HCAECs were harvested from a T75 flask were seeded onto pre-gelatinised (0.1 % w/v gelatine; 1.7 x 105 HCAECs in 150 µl of MV2 media) 0.4 µm deep flow chambers (Ibidi µ-slide 10.4‑ Luer) on the day prior to each experiment. At least 4 hours prior to each experiment, ibidi flow units were placed into an incubator at 37oC, 5% CO2 to equilibrate. HCAECs were then connected to the ibidi flow units containing 12 ml of MV2 media. 
[bookmark: _Toc497730965]Shear stress conditions –
HCAECs were cultured under physiologically relevant shear patterns and magnitudes of shear stress. High unidirectional shear stress (13 dyn/cm2) was considered representative of atheroprotected regions and, low oscillating shear stress (0 ± 4 dyn/cm2, 1 Hz) representative of atheroprone regions of the vasculature (Serbanovic-Canic et al. 2016). During all pre-conditioning experiments, cells were cultured under the above flow conditions for 72 hours.
[bookmark: _Toc497730966]Endothelial cell pre-conditioning and microvesicle adhesion – 
To determine the role of pre-conditioning ion MV interactions with HCAECS, cells were cultured under shear stress conditions (as above) for 72 hours. Following the cessation of flow, pre-conditioned HCAECs were incubated with fluorescently labelled MVs (2 x 106/ml) under static conditions for 2 hours. The cells were gently washed in PBS and fixed in paraformaldehyde (4%). 

[bookmark: _Toc497730967]Delivery of MVs under flow conditions – 
To determine the role of delivering MVs under flow conditions, HCAECs were either cultured under shear stress conditions (as above) for 72 hours, or under static conditions. Fluorescently labelled MVs were added to 12 ml of MV2 media (2 x 106/ml) and placed in to the ibidi flow units. The perfusion of MVs to HCAECs pre-conditioned under flow were performed under the same flow parameters as their conditioning, while that over statically cultured cells was performed for the both the atheroprotective and atheroprone flow patterns outlined above (for summary see Figure 5.4). In addition, adhesion to statically cultured cells were tested at a range of physiologically relevant shear stress (2-18 dyn/cm2). Following incubation with MVs under flow conditions for 2 hours, the cells were gently washed in PBS and fixed in paraformaldehyde (4%). 
[bookmark: _Toc497730968]Antibody inhibition of adhesion molecules – 
The role of specific adhesion molecules in MV-HCAEC interactions was assessed by antibody blockade of adhesion molecules expressed on HCAECs. Cells were cultured under static conditions before treatment with functional blocking antibodies/proteins against ICAM-1 (10 ug/ml), P-selectin (1 ug/ml) and Annexin V (20 mg/ml; see antibody section for suppliers) for 40 minutes at 37oC, 5% CO2. The cells were washed to remove residual antibody, before incubation with fluorescently labelled MVs under static conditions for 2 hours. The cells were washed in PBS and fixed in PFA (4%). These experiments were repeated with the antibody blockade of ICAM-1 following pre-conditioning of HCAECs under flow. 
[bookmark: _Toc497730969]Fluorescent immunocytochemistry - 
HCAECs were fixed by adding 150 µl of PFA (4 % w/v) and incubated at room temperature for 15 minutes. The cells were washed three times with PBS. 150 µl of triton-x100 (0.1%) was added for 15 minutes in order to permeabilise the cell membranes.  The cell nucleus was stained by adding 150 µl of To-pro-3 Iodide (Life Technologies, Paisley, UK) at 1 µg/ml; the cells were incubated for 10 minutes at room temperature. Non-specific binding was blocked by adding 20% goat serum for 30 minutes at room temperature. The goat serum was removed and the cells were washed. Mouse anti-human VE Cadherin antibody (CD144; Life Technologies, Paisley, UK) was suspended in 5% goat serum to further reduce non-specific binding. 150 µl of the primary antibody was added to the endothelial monolayer at 1 µg/ml and incubated for a minimum of 12 hours at 4oC. The cells were then washed in PBS to remove unbound primary antibody and the cells incubated on a rocker with the secondary anti-bodies goat anti-mouse AlexaflourTM 568  (Life technologies, Paisley UK) or goat anti-mouse AlexaflourTM 488 (Life Technologies, Paisley, UK) at 4 µg/ml for 2 hours at room temperature.  The cells were then washed with PBS three times at 5 minute intervals. The slides were stored at 4oC until analysis. 
[bookmark: _Toc497730970]Monocyte adhesion under flow –
HCAECs were pre-conditioned under low oscillating shear stress, as above, for 72 hours. During the final 0, 2 or 4 hours of the preconditioning period MVs (2 x 106/ml) were added to each ibidi unit. At 72 hours, the media was removed (and stored at -20OC) and changed for media containing PKH26 labelled monocytes (1 x 106). Monocytes were incubated with HCAECs for 2 hours under low oscillating wall shear stress conditions. Following incubation, the flow was stopped, slides washed gently to remove non-adherent monocytes and fixed in PFA (4% w/v). The slides were stored at 4oC until analysis. 
[bookmark: _Toc497730971]Determination of adhesion – 
Phase-contrast and fluorescent images were taken using the 10x (monocyte experiments) 20x (MV experiments) objective of a wide-field microscope (Leica, DM14000B). Images were taken at uniform intervals along the homogenous shear stress region of the ibidi µ-slide.  An average of 6 images (MV experiments) or 15 images (monocyte experiments) were analysed and used to calculate the number of adhered MVs/monocytes field of view. 

[bookmark: _Toc497730972][bookmark: _Toc499103283]2.9 - Analysis of HCAECs by flow cytometry
[bookmark: _Toc497730973]Analysis of Adhesion molecule expression on HCAECs – 
Flow cytometry was performed in several experiments in order to determine the cell surface expression of adhesion molecules expressed on HCAECs. Preparation of samples for analysis follows the below basic protocol unless where stated. 
At the end of each experiment, cells were washed in PBS and detached from their respective slide/well. The trypsin solution was diluted 1:5 to avoid damage to epitopes of the adhesion molecules of interest. Cells were placed on ice, before being centrifugation at 260 g for 5 minutes at 4oC and washed in cold PBS. The cells were then counted and separated into Eppendorfs containing 150,000 cells per condition. The cells were centrifuged, again at 260 g for 5 minutes at 4oC. The cells of each experimental condition were re-suspended in 500 µl of cold PBS and the respective test concentration of fluorescently conjugated antibody added (see table 2.2). The cells were placed on ice and gently shaken on a rocker for 40 minutes. The cells were washed twice in PBS and taken for analysis. 

[bookmark: _Toc497730974][bookmark: _Toc499103284]2.10 - Analysis of cell surface protein expression on MVs 
[bookmark: _Toc497730975]Ex vivo produced neutrophil microvesicles- 
 Microvesicles were isolated from human neutrophil as previously described. MVs were quantified and 5 x 106 were suspended in 100 µl of cold PBS. Fluorescently conjugated antibodies against neutrophil specific markers and adhesion molecules (see table 2.2), or their respective isotype controls, were added at their respective test concentration. The cells were placed on ice and gently shaken on a rocker for 40 minutes. The cells were washed once in PBS and taken for analysis.
[bookmark: _Toc497730976]Human plasma samples (High-fat feeding) – 
50 µl of human plasma samples (pre and post diet, see section xx) were added to 200 µl of cold sterile PBS and kept on ice. Fluorescently conjugated antibodies against neutrophil, platelet, endothelial and monocyte specific makers were added to each sample.  Flows minus one (FMO) and single antibody stain corrections were used for compensation of the multiple fluorophores in the experimental samples. Briefly, the FMO controls, containing each of the fluorophores in the panel minus a single fluorophore; were normalised to a sample containing only the single stain of interest in order to control for spectral overlap.  Once the antibodies were added, the cells were gently shaken on a rocker for 45 minutes. The cells were centrifuged at 20,000 g for 30 minutes to pellet the entire population of circulating MVs, and re-suspended in 490 µl of FACS buffer with 10 µl of Sphero AccuCount blank particles (Saxon Europe, England). 

[bookmark: _Toc497730977][bookmark: _Toc499103285]2.11 - Analysis of MV internalisation by HCAECs 
Flow cytometry was performed to determine to determine the internalisation of MVs by HCAECs in multiple experiments, outlined below is the basic outline of this protocol. 
HCAECs were incubated with fluorescently labelled microvesicles (2 x 106, see specific experiments for more details). The cells were washed in PBS to remove excess MVs and lifted from their respective slide/well using a trypsin/EDTA solution. The cells were placed on ice and centrifuged at 260 g for 5 minutes at 4oC. The cells were washed once in PBS and suspended in 300 µl of FACS buffer for analysis. Immediately prior to analysis, trypan blue (1 mg/ml) was added to each sample in order quench fluorescence of residual surface bound MVs (see Nuutila and Lilius, 2005), ensuring fluorescent signal detecting was from internalised MVs only. 
[bookmark: _Toc497730978]Acquisition of flow cytometry data – 
Data were acquired using an LSRII flow cytometer (BD Biosciences, Oxford, UK), equipped with FACSDiva acquisition software (BD Biosciences, Oxford, UK. The system was equipped for excitation by 4 lasers (blue 480nm, red 633nm, violet 355nm, UV 325 nm) and detection of emissions by 13 detectors. Linear amplification of particle size (forward scatter; FSC) and granularity (Side scatter; SSC) were continually recorded to determine populations of interest. Cells were recorded until a minimum of 3000 gated endothelial cell events.
[bookmark: _Toc497730979]Analysis of flow cytometry data - 
Analysis was performed off line using FlowJo (version 10.2). For each event, detected density plots were constructed to gate for size and granularity. Gates were placed around regions of interest in order to exclude cellular debris. Histograms were employed in order to gate cells/MVs that exhibited a fluorescent profile. The percentage positive and/or mean fluorescence intensities were then determined for each population based on gating in the specific fluorescent-light filter for each fluorophore/dye. 
[bookmark: _Toc497730980]Pharmaceutical inhibition of internalisation -
To delineate the pathway of MV internalisation by HCAECs, pharmacological inhibitors of endocytosis were used to inhibit specific cellular processes and pathways. HCAECs were cultured under static conditions and were pre-treated for 1 hour at 37oC, 5% CO2 in the presence of one of the following agents; Monodansylcadaverine (50 µM), Genistein (50 µM), 5-(N-Ethyl-N-isopropyl)amiloride (20 µM), Dynasore (100 µM), Wortmannin (1 µM), Y-27632 (10 µM), Cytochalsin D (500 µM; see table 6.1 for details of each inhibitor), or 0.1 % DMSO control. Trypan blue exclusion experiments were performed in order to determine cell viability across for a range of concentrations for each agent. In order to determine the efficacy of inhibition, fluorescein isothiocyanate-dextran (70,000 Kd; Sigma-Aldrich, Denmark), fluorescein-conjugated transferrin (Lorne laboratories, United Kingdom) and fluorescein-conjugated cholera-toxin B subunit (Sigma –Aldrich, Denmark) were used as positive controls of specific pathways. Internalisation experiments were performed as above. 

[bookmark: _Toc497730981][bookmark: _Toc499103286]2.12 - ICAM-1 in MV internalisation 
[bookmark: _Toc497730982]Penetratin-ICAM-1 and internalisation -
Penetratin peptides consisted of 16 residues of the penetratin sequence (RQIKIWFQNRRMKWKK). The 13 C-terminal amino acids of human or rat ICAM-1 were synthesised and linked to the penetratin peptides. Peptides were HPLC purified before use. Sequences used were hICAM-1 (icp1 - QRKIKKYRLQQAQ), rICAM-1 (icp2 -QRKIRIYKLQKAQ), and an irrelevant sequence from the soluble part of rat rod opsin (CKPMSNFRFGENH). HCAECs were cultured under static conditions and were pre-treated with penetratin-linked peptides for 1 hour at 37oC, 5% CO2. Internalisation experiments were performed as above. Penetratin linked peptides were kindly provided by Dr. Patric Turowski, and have previously been published by Greenwood et al., (2003)
[bookmark: _Toc497730983]Chinese Hamster Ovarian cell transfection of wild type and mutant ICAM-1 - 
Chinese Hamster Ovarian cells (CHO) were cultured in 24 well plates until a monolayer was formed. Cells were then transfected with plasmids containing human wild type and human truncated ICAM-1 using the commercial available Dharmafect reagents (Dharmacon, Colorado, USA). Plasmids were provided by Dr Patric Turowski, and have been previously published as above. 5 µM plasmid solutions (control plasmid, and both ICAM-1 containing plasmids) were prepared and up to 10 µl in serum-free media. In a second tube, Dharmafect reagent was incubated again with serum-free media. These tubes were combined, creating a 20 µl volume, these were then allowed to incubate at room temperature for 20 minutes. Finally anti-biotic free complete media was added to create a volume of 100 µl and added to the cells to incubate for 24 hours. This produced a final plasmid concentration of 25 nM.  The cell surface expression of ICAM-1 was determined by flow cytometry.

[bookmark: _Toc497730984][bookmark: _Toc499103287]2.13 - Live-cell imaging of MV internalisation  
HCAEC cells were seeded on glass bottomed µ-slides (ibidi) and cultured for 24h. SiR-Actin (Spirochrome, Switzerland) and Hoechst (ThermoFisher Scientific, MA) staining was performed to detect F-actin and nuclei in living cells respectively. Cells were then incubated with PKH67-labeled MVs and confocal live cell imaging performed on a Leica TCS SP8 imaging platform (Leica, Germany) equipped with an incubator, allowing live cell imaging at 37°C and at 5% CO2. Samples were observed using a 100X oil immersion objective (HCX PL APO 100X/1,40 oil) and exited using sequential scanning, first at 405 nm and 652 nm for Hoechst and SiR-actin, respectively and at 490 nm for PKH67. HyD hybrid detectors were used to detect three spectral regions : 415-496 nm (Hoechst), 662-749 nm (SiR-actin), and 500-550 nm (PKH67). Z-stacks were performed with a z-step size of 0.20 µm. Images were analysed using ImageJ (1.49V, NIH) and Amira 6 software (ThermoFisher Scientific, MA).

[bookmark: _Toc497730985][bookmark: _Toc499103288]2.14 - Quantification and analysis of gene expression by qPCR 
Total RNA extraction and purification was performed following ISOLATE II RNA mini kit (Bioline, USA) following manufacturer’s instructions. Briefly, cells on cultured on ibidi slides were washed twice in cold PBS (stored at 4oC). 150 μl of Lysis Buffer RLY, containing 1.5 µl of β-mercaptoehtanol, was added to each slide. The cell lysate was homogenised by passing the cell suspension through a 21 gauge needle and 1 ml syringe.  An ISOLATE II extraction filter was placed inside a 2 ml collection tube, the lysate loaded and centrifuged at 11,000 g for 1 min. The ISOLATE II filter was discarded and 350 μl of ethanol (70%) was added to each tube and mixed by pipetting up and down 5-times in order to precipitate the nucleic acid. Each sample is then centrifuged at 11,000 g for 1 minute in a spin column containing a silica membrane to which RNA binds. DNase1 was added to each sample to remove genomic DNA from the membrane. The membrane was washed and the RNA eluted into RNase-free water. Extracted RNA was stored on ice. 1 μl of sample was added to a Nano-Drop ND-1000 (Life technologies, Carlsbad, USA) to determine the concentration and purity of the RNA in each sample, analysis was performed using ND-100 v 3.7.0 software. 

[bookmark: _Toc497730986]Quantification of gene expression using qRT-PCR –
Complementary deoxyribonucleic acid (cDNA) synthesis was performed using the iScriptTM cDNA synthesis kit and 200 ng of isolated RNA sample. The constituent components of the kit were combined; 5 μl of 5xiScript reaction mix, 1 µl of iScriptTM reverse transcriptase, RNA template mix (x μl for a final concentration of 200 ng), and the required volume of nuclease-free water to provide a final total volume of 25 μl. The sample was transferred to a thermal cycler (see table 2.5) for cDNA synthesis.  
The cDNA mix was diluted 1:100. A qRT-PCR master mix was produced using a KAPA SYBR® green detection kit following the manufacturer’s instructions. The constituent components of the kit were combined; 5 µl KAPA SYBR FAST qPCR master mix ABI primers (1x), 0.3 µl of forward and reverse primers per gene of interest (200 nM), 4.4 μl of cDNA template (2 ng), added to each well of a 384 well plate. Each gene of interest was loaded in triplicate. The plate was sealed and centrifuged at 1200 rpm for 1 minute to ensure even mixing of the well constituents. The sample was transferred to a CFX384TM real-time PCR machine (see table 2.6). Primer sequences are listed in table 2.7.









[bookmark: _Toc498254284]Table 2.5 - Thermal cycling profile: cDNA synthesis 
[image: ]
[bookmark: _Toc498254285]Table 2.6 - Thermal cycling profile: qRT-PCR
[image: ]


Table 2.7 - Human primer sequences
[image: ]


Analysis of qRT-PCR data –
qRT-PCR data was analysed using BIO-RAD CFX manager 3.0 software. For each gene of interest the threshold cycle (CT) was determined. The CT value was compared against a ‘housekeeping’ gene, generating the ΔCT value. The ΔΔCT for each gene of interest was then calculated by subtracting the average ΔCT of the 2 and 4 hour MV samples from the ΔCT of the oscillatory alone sample, and then subtracting the average ΔCT from the oscillatory alone sample from itself. 2-ΔΔCT calculations were performed to produce the relative mRNA relative fold change. Genes of interest were determined to be up regulated by MVs if the relative change was greater 1.  

[bookmark: _Toc497730987][bookmark: _Toc499103289]2.15 - Quantification and analysis of HCAEC secretion by Enzyme Linked Immunosorbent Assay (ELISA)
Human CXCL8/IL-8, CCL2/MCP-1 and IL-6 Duoset ELISA kits (R&D systems) were used to determine the protein secretion from HCAECs cultured with MVs. ELISAs were performed according to the manufactures instructions. All washing steps were performed using a Geneflow ELx50 plate washer (Biotek Instruments, USA).
A 96-well microplate plate was coated with the target capture antibody a minimum of 15 hours prior to the ELISA. On the morning of experiment, unbound sites on plate were blocked by 2 hour incubation with a blocking buffer (PBS containing 1 % w/v BSA). An 8-point standard curve was produced by serial dilution of the standard stock solutions in reagent diluent. 100 µl of media was added in duplicate and incubated at room temperature for 2 hours. The wells were washed and detection antibody added before incubation for a further 2 hours. Once washed, 100 µl of Streptavidin conjugated to horseradish peroxide (HRP) was added to each well and incubated in subdued light for 20 minutes. The wells were then washed and 100 µl of substrate solution added for a further 20 minutes. 50 µl of stop solution was added to each well. The optical density was measured using a microplate reader at 450 nm, a second reading at 540 nm was performed to correct for optical imperfections on the plate. The concentration of the target protein was based on the duplicate of each sample, in relation to standard curve that had been normalised to the optical density of the blank standard. 




[bookmark: _Toc497730988][bookmark: _Toc499103290]2.16 - Human high fat feeding and neutrophil microvesicles 
[bookmark: _Toc497730989]Participant inclusion/exclusion criteria -
15 healthy individual volunteers were recruited from the student population at the University of Loughborough. Exclusion criteria required the participants to regularly participate in physical activity (exercising at least 2 times per week), non-smokers, free of cardiovascular/metabolic diseases, weight stable for at least 6 months, and with a normal body mass index (BMI; 18.5-24.9 kg/m2‑). Due to the nature of the intervention, vegetarians and vegans were excluded from the study. 
[bookmark: _Toc497730990]Diet records, analysis and compliance during overfeeding -
Subjects were asked to complete a food log over a 3-day period during the pre-experimental period. During this period, using standardised forms and digital scales provided, food intake was weighed and recorded. Training and guidance was provided to the participants in order to ensure food intake was recorded adequately. These records were then used in the assessment of their habitual energy intake so that individualised diets could be planned and prepared for the 7-day overfeeding period. All assessment of dietary requirements was performed using WISP V4.0 (Tinuvel Software, Anglesey, UK). Participants were required to complete 7 days of increased energy intake (50% overfeeding based on habitual food intake), consisting predominantly of foods containing high fat contents (65% of energy consumed – see table 3.2 for typical day).  All food was purchased and prepared by research staff at the Loughborough University. Subjects were instructed to all food that was provided, to avoid consumption of food items outside of the feeding protocol, however to return any uneaten food for weighing. If this occurred then diets were adjusted accordingly. 
[bookmark: _Toc497730991]Blood collection -
For the collection of both pre and post high fat feeding samples participants were required to arrive at the laboratory between 7-9 am. Participants were asked to have fasted for at least 10 hours prior to attending the laboratory. Blood was drawn from the antecubital vein (as above). 20 ml of whole blood samples was transferred into a fresh flacon tube containing 2.2 ml of sodium citrate. The samples were then then either used for the isolation of human neutrophils and stimulated for MV production (as in section 2.2), or centrifuged at 2,300 g for 20 minutes in order to produce platelet poor plasma. Following completion of the MV isolation or plasma collection, samples were stored at -20oC until analysis.



[bookmark: _Toc497730992]Acute plasma triglyceride and glucose responses to high-fat food consumption -
5 healthy volunteers attended the lab following a 10 hour fast. Participants were asked to consume breakfast, lunch and snack typical of high fat overfeeding diet. Resting/fasted blood samples were obtained 30 minutes prior to ‘breakfast’. Once breakfast was completed the postprandial timer started and blood drawn at 30 minute intervals. ‘Lunch’ was prescribed immediately after the 240 minute blood draw, and a ‘snack’ prescribed immediately following the 300 minute blood draw. Blood samples were drawn until 480 min following the completion of breakfast. Blood samples were analysed for the concentration of glucose and triglyceride using commercially available spectrometer kits.  

[bookmark: _Toc497730993][bookmark: _Toc499103291]2.17 - Statistical analysis 
Data is provided in text, tables and figures presented as mean values and standard error of the means (± SEM). Statistical analyses were performed using GraphPad Instat version 7.01 (Graphpad Software, San Diego, USA).  Where applicable, comparisons of mean values were performed using the appropriate parametric test. All significant F ratios were subsequently assessed using the appropriate post-hoc test applied to control family wise error of the P-value. p<0.05 were considered to be statistically significant. Where data was not deemed statistically significant, post-hoc effect size calculations were performed using the Cohen’s d method (Becker, 2000). This provides a quantification for the difference between two means in standard deviation units, and as such does not incur bias due to sample size. Small effect sizes were considered to be 0.2-0.4, medium effect sizes 0.4-0.7 and large effect sizes >0.7.


Chapter 3 - High-fat overfeeding and the production of microvesicles

[bookmark: _Toc497729302][bookmark: _Toc497730994][bookmark: _Toc499103292]3.1.1 - Introduction 
Western diets, associated with high calorific intake and unbalanced macronutrient contents, are well established as one of the leading modifiable causes of atherosclerosis (Fung et al., 2001). Hypertriglyceridemia is defined as having plasma triglycerides levels over 1.5 mmol/L, and is well recognised as an independent risk factor of disease susceptibility (Reviewed by; Talyaro and Sacks, 2011). In cross-sectional studies of the United States, population prevalence of hypertriglyceridemia was observed to have risen from levels of 31% in 1999 (NCEP, 2002) to 33% of the population in 2009 (Ford et al., 2009). Given the modifiable nature of diet-induced processes in atherosclerosis, greater understanding is needed as to how high-fat overfeeding can influence disease initiation and progression. 
Triglycerides, consumed as part of a balanced diet, are cleared from the circulation by the liver, where they are metabolised for use in a number of physiological processes. Following the consumption of high-fat meals or prolonged periods of over-feeding, the ability of the liver to clear plasma triglycerides is impeded and levels in the circulation rise. A growing body of evidence implicates this rise in triglyceride levels with the systemic inflammation and endothelial cell activation, that are both critical in the aetiology of atherosclerosis (Ladeia et al., 2006, Wegge et al., 2004, Rubin et al., 2008). A number of mechanisms through which triglycerides may be implicated in disease processes have been identified. Importantly, a number of studies have observed a link between triglycerides and endothelial cell activation, identifying increased production of inflammatory factors such as ICAM-1 and VCAM-1 by endothelial cells in response to hypertriglyceridemia (Norata et al., 2006, Norata and Catapano, 2007). 
Additionally, triglycerides may also contribute to disease progression through alterations in the number and phenotype of circulating leukocytes. The relationship between circulating leukocyte counts and CVD is recognised as a valuable predictor of cardiac associated mortality (Madjid et al., 2004) and circulating leukocyte counts and ratios are commonly measured in a clinical setting (Madjid and Fatemi, 2013). Importantly, a number of studies in both human and murine models have identified high-fat diet induced leucocytosis. (Alipour et al., 2008, Dreschler et al., 2010). Interestingly, in human studies of these effects, increased levels of triglycerides were found to impede peripheral vascular function (Van Oostrom et al., 2003), highlighting the ability of high-fat feeding to induce physiological changes in the blood vessel that are directly implicated in atherosclerotic development.  
Diet-induced hypertriglyceridemia is an independent risk factor of atherosclerotic development, which induces systemic inflammation through the activation of endothelial cells and leukocytes.  As such, Western diets that are associated with high calorie and high fat intake increase the pro-inflammatory and pro-adhesive properties of both endothelial cells and the leukocytes, facilitating greater interactions between these cell types that are critical in aetiology of atherogenesis.  Despite evidence of pro-inflammatory changes in both these cell types, only a hand-full of studies have determined how the stimulus of high-fat, overfeeding influences the production and function of MVs. Given the significance of the donor cell activation in their production, as well as the importance of adhesion molecule expression in regulating their interactions with their recipient cells, important gaps in our understanding remain regarding how diet influences MV biogenesis. 

[bookmark: _Toc497730995][bookmark: _Toc499103293]3.1.2 - Hypothesis and Aims
High fat diet leads to elevated numbers of circulating activated neutrophils, resulting in an increase in the production and pro-inflammatory capacity of neutrophil-derived MVs. 
Aim 1 – To determine whether high-fat feeding in humans increases the number of circulating MVs produced from neutrophils and other circulating cell types. 
Aim 2 – To determine whether human plasma following high-fat feeding is a stimulus for neutrophil MV production ex-vivo.
Aim 3 – To determine whether MVs produced from neutrophils following high-fat feeding have different functional consequences on the activation of human coronary artery endothelial cells. 


[bookmark: _Toc497730996][bookmark: _Toc499103294]3.2 - Methods 
In order to determine the effects of high-fat overfeeding on the production and function of MVs, 15 healthy human participants (demographics summarised in table 3.1) were provided a diet consisting of a 50% increase in their typical isocalorific intake, with 65% of the calories in the diet provided from fats. The diets components changed each day to reduce the risk of non-compliance, a ‘typical’ days food in summarised in table 3.2. 
The human plasma collected from participants’ pre and post HFD were analysed for the number of MVs from different cell types by flow cytometry (Figure 3.4). Additionally, this plasma was incubated with human neutrophils from healthy volunteers and the number of MVs produced in response to this stimulus determined by flow cytometry (Figure 3.5). These procedures are summarised in Figure 3.2a. 
To assess the effects of MVs produced from neutrophils on HCAECs. Whole blood collected from patient’s pre and post high fat diet was collected and MVs produced from either stimulated or unstimulated neutrophils (as described above). The MVs pre and post diet, with and without stimulation, were incubated with HCAECs for 4 hours. The HCAECs from all conditions were then collected and either analysed by qPCR to determine changes in mRNA expression, the supernatants collected for analysis by ELISA or, whole cells collected for analysis of adhesion molecule expression on their cell surface. These procedures are summarised in Figure 3.2b. 


[bookmark: _Toc498254286][image: ]Table 3.1 - Participant demographics from high-fat overfeeding experiments


[bookmark: _Toc498254287][image: ]Table 3.2 Representative example of daily food intake for human high-fat overfeeding studies


[bookmark: _Toc499103636][image: ]Figure 3.1 - Experimental summary of HFD study: All human feeding was performed at Loughborough University. Participants were fed a high fat diet for 7 days. Plasma was collected following a 12 hour fast on day one and day 8 of the study. Additionally, on some occasions whole blood was collected to perform neutrophil and MV isolations. The plasma was used to determine the number of circulating MVs and the isolated MVs to determine the functional effects of the MVs following the intervention.  
[bookmark: _Toc497730997][bookmark: _Toc499103295]
3.2 - Results 
[bookmark: _Toc497730998][bookmark: _Toc499103296]3.2.1 Post prandial triglyceride and glucose responses to high-fat feeding 
Postprandial hypertriglyceridemia is associated with an increase in the mobilisation and activation of neutrophils. I therefore aimed to determine whether the protocol of high-fat overfeeding, as designed by Hulston et al., (2015), resulted in significant alterations in the participants’ plasma triglyceride profiles in the 8 hours following the initiation of the diet. 
Measurement of plasma glucose levels demonstrated that levels were significantly reduced between 90 and 180 minutes following the consumption of the high-fat breakfast (Figure 3.2 A). Plasma glucose levels were not significantly elevated at any time point throughout the follow up. Plasma triglyceride increased immediately following the high fat breakfast, participants remained in a state of postprandial hypertriglyceridemia between 30 and 210 minutes (Figure 3.2 B). As such participants were unable to clear plasma triglyceride from their circulation between initial high-fat challenge and lunch. At no point during the 8 hour follow up did the circulating level of plasma triglyceride return to that at baseline. 
These data indicate that diet designed by Hulston et al., (2015) results in elevated plasma triglycerides and postprandial lipeamia that is associated with increased CVD disease risk.  


[image: ]
[bookmark: _Toc499103637]Figure 3.2 – Acute plasma glucose and triglyceride responses to high fat over-feeding: Healthy human participants were fed breakfast, lunch and snacks as provided in the 7-day high fat feeding protocol. Metabolic responses, including plasma glucose (A) and plasma triglyceride were measured for a total of 8 hours. Data are presented as mean ± SEM (n=5) and statistical significance analysed by one-way ANOVA with Dunnetts test for multiple comparisons comparing all time points to 0, *p<0.05, **p<0.01 (Data kindly collected by Dr. Hulston at Loughborough University). 


[bookmark: _Toc497730999][bookmark: _Toc499103297]3.2.2 Plasma microvesicle levels in-vivo following 7-day high fat overfeeding 
MV production has been observed from a number of different cell types in response to different stimulus, and therefore we wanted to determine the effect of high-fat overfeeding on the production of MVs from neutrophils, but also monocyte, platelets, and endothelial cells in-vivo. 
Figure 3.3 summarises the MV numbers and changes in response to 7-day high-fat overfeeding. Healthy human volunteers were fed on a high-fat (65%), overfeeding (+50%) diet for 7 days (n=15). The energy intake and diet composition is summarised in table 3.1. Plasma samples were collected pre and post feeding and MV numbers analysed using a 4-colour panel by flow cytometry. These findings revealed that the total number of circulating MVs increased by 39.9% in the post-HFD samples compared to pre-HFD samples. MVs produced specifically from neutrophils, also demonstrated a significant increase of 26.8% in the post-HFD samples. Additionally, the number of circulating MVs from both platelets and monocytes increased by 73.0% and 21.2%, respectively. The production of MVs from the endothelial cell population was observed to rise by 27.1%, however these findings were not deemed statistically significant. Platelet derived MVs accounted for the largest proportion of the circulating MVs and were also the population that increased the most in response to high-fat overfeeding. Data are presented as the percentage change and absolute MV numbers.  
These data indicate that MVs from different cell types are produced in vivo in response to high-fat overfeeding. 


[image: ]
[bookmark: _Toc499103638]Figure 3.3 – Plasma microvesicle concentrations in response to high fat over-feeding: Healthy human participants were fed on a high-fat diet for 7 days. Plasma samples were collected pre and post feeding and MVs analysed by flow cytometry. MVs were incubated with fluorescent antibodies to identify MVs from specific cell types.  (A) Percentage change in the number of total, neutrophil, endothelial cell, platelet and monocyte MVs between pre and post HFD. (B) Table containing the MV numbers pre and post HFD. Data are presented as mean ± SEM (n=15) and statistical significance analysed by paired t-test, *p<0.05, **p<0.01.


[bookmark: _Toc497731000][bookmark: _Toc499103298]3.2.3 Ex vivo production of microvesicles in response to high-fat feeding plasma 
A number of studies have utilised several stimuli for producing MVs ex vivo. These have been associated with differences in the number of MVs per and also alterations in their biological functions. We aimed to determine whether plasma from post-HFD samples would stimulate increased MV production from neutrophils ex vivo compared to plasma taken before the diet began.
Figure 3.4 shows the production of MVs by neutrophils in response to incubation with human plasma collected pre and post HFD. Isolated human neutrophils were stimulated to produce MVs in PBS only, or in exosome and microvesicle depleted plasma from participants pre and post intervention. Both the pre-HFD plasma and post-HFD plasma increased MV production above that in PBS only, however post-HFD plasma accounted for a 2-fold increase in the number of MVs per neutrophil when compared to the pre-HFD plasma.  
These data indicate that human plasma following exposure to 7-days of high-fat overfeeding possess a greater propensity to induce the production of MVs from neutrophils.


[image: https://scontent-lht6-1.xx.fbcdn.net/v/t34.0-12/21691109_10159495616365314_1969975674_n.png?oh=79994e950e6d40441c56375333a1dcd5&oe=59B8946E]
[bookmark: _Toc499103639]Figure 3.4 – Production of microvesicles from neutrophils stimulated with human plasma following high-fat overfeeding: Neutrophils (5 x 106) were incubated with with MV/exosome depleted plasma collected from human participants’ pre and post 7-day high-fat overfeeding. Neutrophils were incubated with each stimulus for 1 hour at 37oc. MVs per neutrophil were determined by flow cytometry. Data are presented as mean ± SEM (n=4) and statistical significance analysed by one-way ANOVA with Tukey’s T-test for multiple comparisons, *p<0.05. 


[bookmark: _Toc497731001][bookmark: _Toc499103299]3.2.4 Analysis of coronary artery endothelial cell activation by microvesicles from resting neutrophils post high-fat feeding 
In these studies we aimed to determine whether 7-days of HFD could enhance the ability of NMVs to induce inflammatory activation of arterial endothelial cells. Pre and post-HFD MVs were incubated with HCAECs for 4 hours and the relative gene expression of a number of key inflammatory targets was analysed by qPCR.
Figure 3.5 summaries the gene expression of HCAECs following incubation with MVs produced from unstimulated neutrophils. The expression of adhesion molecules ICAM-1, VCAM-1 and E-selectin were not significantly altered by MVs released from neutrophils post-HFD compared to pre-HFD. Additionally, we determined the expression of cytokines and chemoattractant, IL-6 and IL-8, and observed no change in their expression by HCAECs. Additionally, the expression of transcription p65 was not changed between the pre and post-HFD MVs produced from unstimulated neutrophils. 
These data highlight that there are no functional differences, in their ability to induce inflammation in HCAECS, between MVs produced by unstimulated neutrophils following 7-day exposure to high-fat overfeeding. 


























[bookmark: _Toc499103640]Figure 3.5 – qPCR analysis of HCAEC activation by microvesicles from unstimulated neutrophils isolated pre and post high fat over-feeding: Healthy human participants were fed a high-fat diet for 7 days. Neutrophils were isolated from each volunteer pre and post HFD, and incubated to produce MVs in PBS only for 1 hour. MVs (2 x 103/μl) from unstimulated neutrophils pre and post HFD were incubated with HCAECs for 4 hours and the HCAECs collected for analysis of inflammatory genes by qPCR. Data are presented as mean ± SEM (n=4) relative gene expression and statistical significance analysed by paired t-test.


[bookmark: _Toc497731002][bookmark: _Toc499103300]3.2.5 Analysis of coronary artery endothelial cell activation by microvesicles from stimulated neutrophils post high-fat feeding 
Having determined that NMVs released from unstimulated neutrophils isolated from blood taken 7 days post HFD, the effect of NMVs released from stimulated neutrophils on endothelial cell activation was investigated. Pre and post-HFD MVs released from stimulated neutrophils were incubated with HCAECs and the relative gene expression of key inflammatory targets analysed by qPCR (see Figure 3.1).
Figure 3.6 summaries the gene expression of HCAECs following incubation with MVs produced from stimulated neutrophils. The relative gene expression of adhesion molecules ICAM-1 and VCAM-1were increased in HCAECs exposed to MVs from stimulated neutrophils produced post-HFD compared to pre-HFD. These increases were 187.5% and 93.9% respectively, however, were not deemed to be statistically significant. Post-hoc effect size calculations revealed effect sizes of 0.33 and 0.44 suggesting ‘medium’ effects of MVs on these factors. The expression of E-selectin in HCAECs was increased significantly by MVs from stimulated neutrophils produced after high-fat feeding compared to baseline. The expression of IL-6, IL-8 and MCP-1 were all found to be increased in HCAECs by MVs from neutrophils stimulated neutrophils post high-fat feeding, these were increase by 48.3%, 77.9% And 102.2%. However, the induction of the pro-inflammatory transcription factor p65 was not significantly different between the pre and post HFD MVs. 
These data indicate that MVs produced from stimulated neutrophils following 7-day exposure to high-fat overfeeding have increased propensity to induce changes in inflammatory gene expression in HCAECs. 
Having discovered that gene expression was altered, we next aimed to determine whether neutrophils stimulated to produce MVs following 7 days of HFD would have an enhanced ability to increase protein expression in HCAECs. Pre and post-HFD MVs were incubated with HCAECs and the secretion of cytokines and chemoattractants (IL-6 and IL-8, Figure 3.7A and 3.7B) were analysed by ELISA and the cell-surface expression of adhesion molecule (VCAM-1, Figure 3.7C) determined by flow cytometry. 
Figure 3.6 summarises protein expression on HCAECs in response to incubation with MVs produced from stimulated neutrophils pre and post high fat diet. The secretion of IL-8 was found to be significantly increased by HCAECs incubated with post-HFD MVs. Secretion of monocyte chemoattractant MCP-1 also increased with post-HFD MVs compared to those produced pre-HFD. Finally, the cell surface expression of VCAM-1 on HCAECs was induced by incubation with MVs produced post-HFD compared to pre-HFD, however this was not deemed to be statistically significant. Post-hoc effect size calculations revealed an effect size of 0.71 suggesting a large effect of MVs on cell the surface expression of VCAM-1 exists.
These data indicate that neutrophils produced from neutrophils stimulated with fMLP following 7-day exposure to high-fat overfeeding have increased propensity to induce changes in the expression of proteins that are functionally significant in the homing and transmigration of monocytes during atherogenesis. 
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[bookmark: _Toc499103641]Figure 3.6 – qPCR analysis of HCAEC activation by microvesicles from fMLP stimulated neutrophils pre and post high fat over-feeding: Healthy human participants were fed on a high-fat diet for 7 days. Neutrophils were isolated from each participant pre and post HFD, and stimulated to produce MVs by fMLP for 1 hour. MVs (2 x 103/μl) from neutrophils pre and post HFD were incubated with HCAECs for 4 hours and the HCAECs collected for analysis of inflammatory genes by qPCR. Data are presented as mean ± SEM (n=5) relative fold change of gene expression and statistical significance analysed by paired t-test.
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[bookmark: _Toc499103642]Figure 3.7 – Analysis of changes in protein expression on HCAECs by microvesicles from fMLP stimulated neutrophils pre and post high fat over-feeding: Healthy human participants were fed on a high-fat diet for 7 days. Neutrophils were isolated from each participant pre and post HFD, and stimulated to produce MVs with fMLP for 1 hour. MVs (2 x 103/μl) from neutrophils pre and post HFD were incubated with HCAECs for 4 hours. The media was collected was the secretion of IL-8 (A) and MCP-1 (B) analysed by ELISA. (C) The cells were lifted and the cell surface expression of VCAM-1 analysed by flow cytometry. Data are presented as mean ± SEM (n=3) and statistical significance analysed by paired t-test. *p<0.05, **p<0.01. 


[bookmark: _Toc497731003][bookmark: _Toc499103301]3.3.1 - Conclusions 
1 – 7-day high-fat overfeeding increases the total number of circulating MVs in-vivo; this is contributed to by an increase in neutrophil, platelet and monocyte derived MVs.
2 – Human plasma is a potent stimulus for the production of neutrophil-derived MVs ex-vivo; with plasma from participants post-HFD increasing MV production above that from plasma collected at baseline.  
3 – MVs produced from stimulated neutrophils post-HFD possess a greater propensity to induce activation in HCAEC than before feeding; however, HFD alone is not sufficient to produce pro-inflammatory MVs. 

[bookmark: _Toc497731004][bookmark: _Toc499103302]3.3.2 - Discussion 
	The current study is the first of its kind to investigate, in healthy human participants, the effect of 7-day high-fat overfeeding on the production and function of MVs. These experiments have shown for the first time that a 7-day intervention with a known, modifiable risk factor for developing atherosclerosis, increases the number of circulating MVs. Additionally, neutrophils stimulated to produce MVs following this intervention exacerbate the induction of inflammation in HCAECs to a greater extent, than those stimulated to do so prior to the HFD. 
High-fat overfeeding and MV production 
A number of important observational studies performed in human populations have identified augmented levels of circulating MVs in patients with increased risk of CVD, like those with type II diabetes  (Jansen et al., 2016) and in patients with known CVD (Boulanger et al., 2017). Despite this, few studies have investigated the mechanisms or factors that may induce these changes in the numbers of circulating MVs. Given the significance of diet in atherosclerosis and CVD progression, we aimed to investigate whether a high-fat, over-feeding protocol, previously designed and described by Hulston et al., (2015), would result in increased biogenesis of MVs in vivo. To date only a handful of studies have examined the influence of high-fat feeding on the production of microvesicles in humans (Ferreira et al., 2004, Tushuizen et al., 2007, Harrison et al., 2009). Typically, these studies have focused on the effects of a single high fat challenge and neglected MV production from leukocytes and platelets, studying only the total number and endothelial derived MVs.  In these studies, a single high fat meal resulted in small increases in the number of circulating endothelial cells derived MVs in both healthy individuals (Ferreira et al., 2004) and patients with type II diabetes (Tushuizen et al., 2007). Despite these interesting findings, that infer the potentially significant role of fat ingestion on MV production, understanding how longer exposure to dietary fats and investigating the source of the MVs that are produced is required to better inform us of their significance to disease. 
	The current study identified that the number of circulating MVs was significantly increased following the 7-day high-fat overfeeding protocol. Importantly we identified that these were derived from specifically from neutrophils, as determined by the expression of CD66b, but also from platelet and monocyte populations. These data supports findings from a recent study that utilised a rat model of obesity to determine the effect of diet on MVs. The study identified a 13-fold increase in the number of circulating MVs in rats fed a HFD for 20 weeks. The study also identified an increase in MV numbers from leukocyte, endothelial and platelet cells, however the study did not break down the specific sub-populations of leukocytes from which these MVs were derived  (Heinrich et al., 2015). These findings and data presented in Figure 3.3 suggest that some factor inflammatory factor associated to the high-fat, over-feeding protocol increases the number of MVs that are produced in the human circulation. 
We propose that a combination of two key factors; an increase in inflammatory stimuli in the plasma following HFD that stimulate the increased production of MVs, and or; an increase in the number of circulating neutrophils in response to HFD, account for the observed increases.
Data in Figure 3.4 highlights that MV/exosome depleted plasma from post-HFD significantly increased the number of MVs that were produced by isolated neutrophils, compared to those produced in the pre-HFD plasma. These data support the hypothesis that some factor in the post-HFD plasma stimulates increased MV production from neutrophils. A number of studies have investigated the direct role of triglycerides in leukocyte activation, and identified that exposure to triglyceride rich lipoproteins resulted in increased expression of adhesion molecules on these cells as a result of the up-regulation of the pro-inflammatory transcription factor NF-κB (Alipour et al., 2008, van Oostrom et al., 2003, van Oostrom et al., 2004). We therefore hypothesised that an increase in MVs in the post-HFD samples may occur because of increased triglyceride levels in the post-HFD plasma, that activate neutrophils to produce more MVs. However, it is important to note that despite observing dramatic postprandial changes in plasma triglycerides in participants in the diet (Figure 3.2), we did observe not observe significant increases in the levels of plasma triglyceride in the participants in the blood samples taken pre or post HFD (12 hour fasted samples). Participants in the study were asked to attend the laboratory fasted (at least 12 hours) prior to blood collections pre and post intervention. This procedure was implemented to control for the potential confounding effects of acute postprandial lipeamia at baseline and following the intervention. Typically, healthy individuals are able to clear plasma triglycerides following an extremely high-fat challenge within 6-8 hours (Larsen et al., 2015), and as such clearance following their final meal of the protocol likely explains the lack of change in the levels of triglycerides in the sample pre and post intervention. Importantly, these findings mean that activation of neutrophils by plasma triglycerides does not account for the increased MV production from neutrophils incubated with post-HFD plasma ex-vivo (Figure 3.3). 
As a result of the above findings, we hypothesise that high fat diet activates a number of cell types in the vessel, resulting in increased production of pro-inflammatory factors that are secreted into the circulation, producing a pro-inflammatory environment that is still present in the individual’s plasma despite the 12 hour fasting period. Importantly, despite no overall change in the triglyceride levels between pre and post HFD, post-prandially (following each high-fat meal or snack) the circulating levels of triglycerides increased (Figure 3.2). This means that during the 7-day protocol the individuals did have elevated triglyceride levels, however due to the ability of healthy individuals that participated in the studies, this was cleared following the 12-hour fast period at the end of the diet. Previous studies have identified that triglycerides in the circulation can stimulate endothelial cells (Norata and Catapano, 2007) and macrophages (Feingold et al., 2012), resulting in activation of pro-inflammatory pathways. These studies have identified increased secretion of cytokines including IL-1β, IL-6 and TNF-α, that have previously been shown to induce the production of MVs from neutrophils (Headland et al., 2014) and other leukocytes  (Akuthota et al., 2017). Additionally, Erridge et al., (2007) identified the presence of low-grade endotoxemia in the circulation for 2 hours following the ingestion of a high fat meal. The levels of endotoxemia in the study were sufficient to induce E-selectin expression on endothelial cells in vitro (Erridge et al., 2007), and as such may contribute to the secretion of pro-inflammatory molecules into the circulation by endothelial cells during the diet protocol. Given the rapid clearance of microvesicles from the circulation (Rautou and Mackman, 2012) and the relatively short lifespan of circulating neutrophils (Simon and Kim, 2010) the findings of the current study of increased MVs in the circulation in the post-HFD samples 12-hours post consumption of the final high fat challenge, are likely to be explained by the induction of systemic inflammation by the high fat diet that drives MV production even though there are still no longer raised levels of plasma triglycerides in the post-HFD diet plasma samples. 
Additionally, increased neutrophil counts in the individuals on diet may have contributed to increased production of MVs. A key limitation of these studies was that circulating leukocyte counts in response to the feeding protocol were not analysed. These data were not collected due the availability of equipment during collection of these samples, however would have provided valuable insight into whether the diet induced leucocytosis may also be a factor in the increased number of circulating MVs. Data from a number of human (van Oostrom et al., 2003, van Oostrom et al., 2004) and murine (Zernecke et al., 2008, Drechsler et al., 2010) studies have identified increased neutrophil mobilisation in response to both acute and chronic exposure to high fat feeding. We therefore propose that increased numbers of circulating neutrophils, is likely also to be an explanation for increased circulating MVs following a high fat diet.  
Activation of endothelial cells by MVs produced post high-fat overfeeding 
	The current study has identified that microvesicles produced from isolated human neutrophils that are then stimulated ex vivo possess a greater propensity to induce inflammation in HCAECs than neutrophils stimulated to produce MVs in the same manner prior to the intervention (Figure 3.6-7). These MVs resulted in the up-regulation of mRNA and proteins (including IL-8 and MCP-1) that are associated with leukocyte homing to and transmigration across endothelial cells during atherosclerosis. These findings are supported by Heinrich et al., (2015) who isolated rat MVs following 20 weeks of HFD. In this model they found that MVs from rats fed on a HFD dramatically increased VCAM-1 expression on endothelial cells, the rise in expression was comparable to that induced by LPS stimulation of the cells. In this study, MVs were isolated directly from the rat plasma and as such they were not isolated ex-vivo. This does not allow us to determine specific contribution of certain subsets to the inflammation, however does support the findings that MVs that are produced in-vivo mimic those that are produced from stimulated neutrophils ex-vivo, given their capacity to induce inflammation. Previous experiments have identified the ability of high-fat feeding to activate neutrophils (Alipour et al., 2008, van Oostrom et al., 2004) and endothelial cells (Norata et al., 2006, Norata and Catapano, 2007).These studies report increased adhesion molecule expression and increased production of pro-inflammatory cytokines that likely contribute to a level of systemic inflammation in the circulation. Importantly, studies of activated and resting neutrophils have identified the up-regulation of a number of miRNAs that are heavily implicated in vascular inflammation (Larsen et al., 2012). These findings support the hypothesis that high-fat overfeeding is associated with heightened activation of neutrophils in the circulation. These neutrophils, post-HFD, have increase expression levels of pro-inflammatory factors, including miRNAs, that are in important factor in the greater activation of HCAECs.  
Interestingly however, we observed that neutrophils that were unstimulated, and therefore left to spontaneously produce MVs in PBS only, did not induce different effects in HCAECs regardless of whether they were collected pre or post the high-fat intervention (Figure 3.5). We hypothesise that MVs that are produced ex vivo require a stimulus in order to induce the production of packaged MVs that have pro-inflammatory functions. This may occur because upon stimulation, currently unknown pathways within the neutrophil, result in the selective packaging of the MV, moving pro-inflammatory content to membrane for incorporation. This proposed pathway may explain the lack of observed differences between the pre and post HFD MVs that were produced from un-stimulated neutrophils. As, independent of the activation status or gene expression of the neutrophil following the diet, MVs produced ex-vivo require stimulation to traffic inflammatory material (including cytokines and miRNAs) to the plasma membrane for incorporation into the vesicle. Typically, these products are not found abundantly co-localised with the plasma membrane, and therefore in neutrophils that are not stimulated to produce MVs, these molecules are not incorporated and the MV produced is not reflective of the overall activation status of the neutrophil. This hypothesis is summarised in Figure 3.8. 
Relatively little is understood about the molecular mechanism of MV formation and only a very few studies have addressed the mechanisms through which the content of the MV may be ‘selectively packaged’ into the blebbing membrane. However, what little evidence that is available supports the hypothesis that certain proteins and inflammatory content can be selectively incorporated into the cells MVs. Studies that have attempted to address this area have largely focused on tumour cell line-derived MVs, and have suggested a potential role of ARF-6 endosomal trafficking in the incorporation of specific proteins (MHCII and β1-Integrin) into MVs from stimulated cells (Muralidharan-Chari et al., 2009, Donaldson, 2003). An important finding of these studies was that despite being trafficked by similar ARF-6 dependant pathways, and co-localising with the plasma membrane, transferrin receptor was not found to be enriched within the produced MVs. The authors suggest that this is evidence of some mechanism through which the content of the MVs is regulated by the cell. 
Despite our lack of understanding in regards to how MV content is controlled, a growing body of evidence resides that suggests distinct proteomic and miRNA profiles can exist as a result of the method of MV production or donor cell activation. In a study of the proteomic composition of neutrophil derived MVs, Dalli et al., (2013) stimulated neutrophils to produce MVs either in suspension or adherent to an endothelial monolayer. The study identified that 30% of the proteome was unique to the method of production. These were found to induce functionally distinct pathways of activation when incubated with endothelial cells, with those produced in the presence of an endothelial monolayer possessing a greater ability to induce a pro-inflammatory phenotype in the cells (Dalli et al., 2013). Interestingly, the protocol used in this study was to incubate the neutrophils either in suspension or adherent to an endothelial cell monolayer for 20 minutes, before then adding fMLP to the cells for 20 minutes in order to induce MV production. This protocol fits with the current hypothesis, as it was the difference in the activation status of the neutrophil caused by the incubation conditions prior to the addition of the fMLP, which resulted in functionally distinct populations of MVs. The study however did not assess the proteomic profile of cells that were left to spontaneously produce MVs.
Neutrophils are a highly active immune cell and the isolation process of these cells is associated with exposure to chemicals and centrifugation that are able to alter their adhesive properties and inflammatory gene expression (Freltas et al., 2008) Kuhns et al., 2015). Literature regarding the lifespan of neutrophils, which previously relied on the isolation and re-introduction of labelled neutrophils, regularly cites that the isolation procedure is inherently associated with activated neutrophils at the end of collection that made interpretation of this literature difficult (Simon and Kim, 2010). Given that neutrophils are therefore likely to be activated as a result of the isolation procedure alone, it would be likely that these cells express pro-inflammatory molecules following isolation that could induce inflammation in HCAECs. Given that MVs produced by unstimulated neutrophils are unable to induce activation in endothelial cells, the lack of ability to package content may explain this. It is hypothesised that potentially differential mechanisms in MV biogenesis, dependent upon the presence of a factor to stimulate production (that is present both in vivo and when cells are activated with fMLP ex vivo), may provide an explanation as to why only the fMLP stimulated neutrophils post-HFD (and not un-stimulated neutrophils post-HFD) induce greater inflammation in HCAECs than those produced pre-HFD (see Figure 3.8). 


[bookmark: _Toc499103643]Figure 3.8 – Microvesicle production in response to high-fat feeding and activation with fMLP: In the presence of an inflammatory stimulus (fMLP/acLDL), content for MVs is shuttled to the plasma membrane for incorporation into MVs. In the presence of a high-fat diet, neutrophils become activated and up-regulate a number of factors including microRNAs. However when neutrophils are isolated to produce MVs ex-vivo, without a secondary inflammatory stimulus (fMLP/acLDL) the content of the MVs is innate as the selective packaging does not occur. We hypothesise that in MVs produced in-vivo both of these stages of activation occur and increase the propensity of MVs produced in-vivo to induce inflammation. 

Future studies 
A number of important future studies are required in order to confirm these preliminary hypotheses.  Future studies from our group, should aim to determine the changes in the levels of circulating factors that may drive MV biogenesis in human plasma. These studies would involve determining the levels of known pro-inflammatory molecules such TNF-α and IL-6 in pre and post feeding plasma, that may contribute to the increased level of circulating MVs post intervention in-vivo and from isolated neutrophils ex-vivo. Importantly these studies would improve our understanding of the physiologically relevant stimuli that may be present in the blood of high-risk individuals, and present new targets for preventing the production of pro-inflammatory MVs in these individuals. 
Additionally, we propose that future studies of high-fat overfeeding, should perform both proteomic and miRNA analysis of neutrophils and MVs both pre and post HFD, but also with and without stimulation. These studies will allow us to infer whether the diet induces gene expression changes in the neutrophil, but also how this then relates to the MV content. Proteomic and miRNA analysis will help identify key molecules that may be enriched in MVs that contribute to plaque development in response to high fat diet. It may also be of interest to perform this experiments using calorie restriction based interventions, given the growing evidence that calorie restriction is associated with increased longevity (Willcox and Willcox, 2014). Currently no studies have determined the effect of these diets on MV production. In order to help determine the processes involved in MV biogenesis, a number of important studies in cancer cell lines should be performed. These cells are easily genetically and structurally manipulated so will help to infer the machinery and cytoskeletal mechanisms that result in MV formation in response to stimulation, and provide better understanding as to whether different pathways exist for the production of MVs in stimulated and unstimulated cells. 
A key limitation of these studies is the requirement to produce neutrophil MVs from isolated neutrophils ex vivo. This is likely to have profound effects on their inflammatory status and thus their effects on HCAECs. Future technologies that enable us to directly isolate specific MVs from human plasma will be extremely important to understanding their functions in vivo. Currently, no specific marker of neutrophil-derived MVs is available that would allow for the sorting of neutrophil MVs by FACS or MACS methods. Data from our own lab has identified that neutrophil specific makers such as CD66b, are only expressed on a small population of neutrophil-derived MVs and as such sorting using the currently available markers would incur significant bias in the populations of MVs isolated. In addition to the lack of markers to utilise these methods, these methods currently would not allow for effective sorting due to the size of the vesicles and therefore would only produce very small yields that are not compatible with functional assays. 
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[bookmark: _Toc499103644]Figure 3.9 – Working hypothesis - High-fat diet and MV production: High-fat overfeeding induces a state of postprandial lipeamia, characterised by elevated levels of blood triglycerides. Triglycerides in the circulation can activate neutrophils, monocytes and endothelial cells resulting in an inflammatory environment in the blood vessel. This exacerbates the production of neutrophil-derived MVs into the circulation. 


[bookmark: _Toc497491335][bookmark: _Toc497491459][bookmark: _Toc497491535][bookmark: _Toc497492316][bookmark: _Toc497728990][bookmark: _Toc497729304][bookmark: _Toc497730453]Chapter 4 - Shear stress and microvesicle interactions with endothelial cells

[bookmark: _Toc497491336][bookmark: _Toc497491460][bookmark: _Toc497491536][bookmark: _Toc497492317][bookmark: _Toc497728991][bookmark: _Toc497729305][bookmark: _Toc497731005][bookmark: _Toc499103303]4.1.1 - Introduction 
Atherosclerosis is a focal disease, occurring almost exclusively at complex regions of the vasculature where the patterns of blood flow become disturbed. The changes in the haemodynamic properties in these regions of the vessel encourage the accumulation of inflammatory mediators and cells, including lipids and leukocytes, in the tunica intima that drive the diseases progression. These processes occur due to multiple flow-dependent mechanisms including mass transport effects (Reviewed by; Tarbell, 2003) as well as endothelial cell activation in response to flow (Reviewed by; Chien, 2008)). Importantly, disturbed or complex patterns of shear stress are associated with disproportional expression of adhesion molecules and chemoattractants compared to high shear stress regions of the vessel (Cybulsky and Gimbrone, 1991, Cybulsky et al., 2001, Dansky et al., 2001), ultimately facilitating the dysregulated immune migration at these sites (Languino et al., 1995) . Increased adhesion molecule expression and around atheroprone regions of the vasculature is a key feature of both early and developed plaques (Cybulsky and Gimbrone, 1991, Walpola et al., 1995, Ley et al., 1998).
Although MVs are present in the circulation of healthy individuals (Berckmans et al., 2001) these numbers are elevated in patients at high-risk of CVD (Chironi et al., 2006). MVs have been identified within developing lesions, and that MVs taken from the plaques are able to induce inflammation in endothelial cells ex-vivo (Loyer et al 2007); as such mv production by neutrophils may provide a mechanism for transfer of neutrophil content to the plaque, without ever leaving the systemic circulation. Interestingly, however, little is known about how MVs from specific populations of cells, interact with and contribute to atherosclerosis. Importantly, NMVs express the machinery required to interact with endothelial cells, including adhesion molecule PSGL-1, CD18 (Pluskota et al., 2008) and L-selectin (Nolan et al., 2008, Dalli et al., 2013) that are all important to the physiological capture and adhesion of flowing neutrophils to endothelial cells during inflammation. 
Despite our ever-developing understanding of the pathways that regulate endothelial cell activation in response to exposure to shear stress, the functional consequences of these in the regulation of MV interactions with endothelial cells is yet to be determined. Given the well-established role of adhesion molecules in atherosclerosis, and the growing body of evidence emphasising the role of MVs in disease aetiology, important gaps in our knowledge remain regarding if and how shear stress may regulate MV and endothelial cells interactions during disease initiation.

4.1.2 - Hypothesis and Aims
	As NMVs have been detected in atherosclerotic plaques and express adhesion molecules on their surface it was hypothesised that they preferentially interact with endothelial cells under atheroprone flow conditions. 
Aim 1 – To determine whether NMVs preferentially interact with disturbed flow regions in vivo and to endothelial cells exposed to these same patterns in vitro. 
Aim 2 – To determine whether changes in the phenotype of endothelial cells by disturbed flow regulates interactions between NMVs and endothelial cells.
Aim 3 – To determine how the delivery of NMVs under different magnitudes and directions of flow regulates their interaction with endothelial cells.


[bookmark: _Toc497491337][bookmark: _Toc497491461][bookmark: _Toc497491537][bookmark: _Toc497492318][bookmark: _Toc497728992][bookmark: _Toc497729306][bookmark: _Toc497731006][bookmark: _Toc499103304]4.2 - Methods 
[bookmark: _Toc499103305]4.2.1 Microvesicle interactions with endothelial cells in vivo -
To assess MV adhesion, MVs were isolated from PKH26-labeled neutrophils and 2 x 106 injected i.v. into 12 week old ApoE-/- mice fed on chow. After 2 h vessels were prepared for immunostaining; endothelial cells were stained with Alexa 488 conjugated anti-CD31 (Biolegend, UK) and nuclei identified using a DNA-binding probe, TO-PRO-3 Iodide (Life Technologies, CA). Vessels were then opened en face, mounted using Prolong gold anti-fade mountant (Life Technologies, CA) and imaged using laser scanning confocal microscopy (Zeiss LSM510 NLO inverted microscope)
[bookmark: _Toc499103306]4.2.2 Microvesicle adhesion in vitro -
To assess MV adhesion to flow conditioned cells in vitro, we utilised the ibidi flow chamber system. HCAECs were cultured on 0.4 µm deep Ibidi µ-slides. Two flow conditions, high unidirectional wall shear stress (13 dyne/cm2) and low oscillating wall shear stress (4 dyne/cm2 – 1 Hz) were selected to represent flow typically present in atheroprotected and atheroprone regions of the vasculature, respectively (see Figure 4.2; Serbanovic-Canic et al 2016). To assess the role of endothelial cell preconditioning in regulating MV interactions, cells were cultured under these atheroprotective and atheroprone flow patterns for 72 hours, before the addition of fluorescently labelled MVs under static conditions. Additionally, to assess the role of delivering MVs to endothelial cells under flow conditions, cells were cultured under static conditions, before the addition of fluorescently labelled MVs that were delivered under atheroprotective and atheroprone flow patterns. Each of the performed experiments using these flow patterns are summarised in Figure 4.3.  


2 x 106 PKH26 labelled MVs
Injected into the tail vein of ApoE-/- mice
Perfusion fixed aorta for en face staining

[bookmark: _Toc499103645]Figure 4.1 – Experimental summary of MV interactions in-vivo: to determine the binding of MVs to specific regions of the mouse aorta we injected labelled vesicles into APOE-/- mice. We then used en face fluorescent staining to identify where in the vessel MVs interacted. 
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[bookmark: _Toc499103646]Figure 4.2 – Ibidi flow chamber system: Schematic of the Ibidi flow chamber system. In the system, air is forced into syringes containing cell media. This forces the media to perfuse over the cells that are cultured in the Ibidi µ-slide, and the air pressure allows the magnitude of shear stress to be altered. Using a series of valves located in the Ibidi unit, the directionality of flow can be altered, creating unidirectional or oscillating flow patterns in the chamber. 
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[bookmark: _Toc499103647]Figure 4.3 – Atheroprotective and atheroprone flow parameters: HCAECs were cultured in 0.4 µm µ-slides 24 hours prior to each flow experiment. The confluent monolayers were then connected to the Ibidi pump for flow experiments, or left for static based experiments. When cultured under static conditions the media on the cells was changed every 24 hours. Two main flow parameters were used throughout these studies, high unidirectional shear stress (13 dyne/cm2) this was reflective of the flow patterns in atheroprotected regions of the vessel; and low oscillatory wall shear stress (4 dyne/cm2 – 1 Hz) this was reflective of flow patterns at atheroprone regions of the vessel. 
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[bookmark: _Toc499103648]Figure 4.4 – Flow conditioning and delivery assays: Schematic diagram of the flow based experiments performed in chapter 4. Experiments cultured under flow for 72 hours were performed in order to assay the effects of endothelial cell pre-conditioning; and experiments performed with MVs being delivered to endothelial cells under flow to assess the mass transport effect of flow on MV interactions. All appropriate connotations of these experiments were performed. 


[bookmark: _Toc497491338][bookmark: _Toc497491462][bookmark: _Toc497491538][bookmark: _Toc497492319][bookmark: _Toc497728993][bookmark: _Toc497729307][bookmark: _Toc497731007][bookmark: _Toc499103307]4.3 Results 
[bookmark: _Toc497491339][bookmark: _Toc497491463][bookmark: _Toc497491539][bookmark: _Toc497492320][bookmark: _Toc497728994][bookmark: _Toc497729308][bookmark: _Toc497731008][bookmark: _Toc499103308]4.3.1 Microvesicle interactions with the murine aorta
Given the significance of disturbed flow patterns in the diseases focal nature, we aimed to determine whether MVs preferentially interact with disturbed flow regions of the mouse aorta. 
The results summarised in Figure 4.5 show representative images of MV interactions and quantification of these interactions in the murine aorta. Disturbed flow regions were identified by the morphology of the endothelial cells in the region. High shear regions (outer curvature – Figure 4.5a) were identified by the presence of elongated endothelial cells that align with the directionality of flow. Low shear regions (inner curvature – Figure 4.5b) were identified by the presence of cobble-stoned endothelial cells that lack alignment. The findings in this figure identify that neutrophil MVs adhered almost exclusively to the inner curvature (atheroprone region) of the murine aorta. 
These data indicate that MVs are able to interact with endothelial cells in vivo and that this occurs preferentially at atheroprone sites under hypercholesteraemic conditions. 
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[bookmark: _Toc499103649]Figure 4.5 – Microvesicle interactions with the murine aorta: PKH26-labelled MVs were injected into the tail vein of ApoE-/- mice. After 2 h aortae were isolated for en face staining. (A,B) Representative en face images of PKH26 labeled MV (red) adhesion in atheroprone (A; inner curvature) and protected (B; outer curvature) regions of the aorta, visualised by confocal fluorescence microscopy. Endothelial cells were identified by co-staining with anti-CD31 antibody (green) and cell nuclei were identified using TO-PRO Iodide (blue). Scale bar = 10 µm. Outer and inner curvature of the ascending aorta were characterised by the phenotype of endothelial cells; outer curvature were aligned, elongated and uniform – a characteristic of cells under high shear, whereas cells in the inner curvature had a disorganized appearance. Arrowheads highlight examples of adherent MVs. (D) Quantification of MV adhesion presented as mean ± SEM (n = 4) and analysed for statistical significance using a paired t-test, * P < 0.05, ** P < 0.01. (En-face imaging was kindly performed by Dr. Marwa Mahmoud). 


[bookmark: _Toc499103309][bookmark: _Toc497491340][bookmark: _Toc497491464][bookmark: _Toc497491540][bookmark: _Toc497492321][bookmark: _Toc497728995][bookmark: _Toc497729309][bookmark: _Toc497731009]4.3.2 Microvesicle accumulation in the murine aorta 
	 Fluorescently labelled MVs injected into APOE-/- were found to interact with endothelial cells at atheroprone regions of the vasculature. I wanted therefore to determine whether MVs that had been produced in vivo were also capable of interacting with these regions and entering the developing plaque.  In order to determine these effects, mice were fed on a western (high-fat) diet for 6 or 20 weeks, the plaques were then isolated, homogenised and the MV content of the plaque determined. 
	The results summarised in figure 4.6 show the numbers and percentage changes in MVs present with the aortic plaques of mice fed of a western diet for 6 and 20 weeks. These findings revealed that the total number of plaque-derived MVs increased by 385% between the 6 and 20 week time points. Importantly, we observed a significant increase in the number of neutrophil-derived MVs within the plaque at 20 weeks, the increase in MVs from this cell type was 129%. MVs from monocytes, granulocytes and platelets were all shown to increase within the later plaques. 
	These findings suggest that MVs produced in vivo accumulate within the developing plaque. Importantly, these findings further support the ability of MVs to interact with endothelial cells at sites of disturbed in vivo.  
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[bookmark: _Toc499103650]Figure 4.6 – Microvesicle accumulation in murine aortic plaques: Aortic plaques were isolated and homogenised from APOE-/- mice fed on a western/high-fat diet for 6 and 20 weeks. The homogenised plaques were centrifuged to remove cells and debris and then centrifuged to isolate MVs from the plaque. MVs from the aortic plaques were incubated with fluorescent antibodies to identify MVs from specific cell types. (A) Percentage change in the total number, neutrophil, granulocyte, monocyte, endothelial cell and platelet MVs at 6-week (Red) and 20-week (blue) following the initiation of high-fat feeding. Data are represented as mean ± SEM (n = 4-7) and statistical significance analysed by un-paired t-test, **p< 0.01, ***p<0.001, ****p,0.0001.  (Vessel and plaque isolation was kindly performed by Dr. Celine Souilhol) 







[bookmark: _Toc499103310]4.3.3 In vitro model of microvesicle interactions with endothelial cells at disturbed flow sites 
MVs preferentially interact with the inner curvature of the murine aorta. In order to elucidate the mechanisms involved in this interaction, we chose a minimalist in vitro approach using primary cultures of human coronary endothelial cells. We first determined whether the in vivo findings could be mimicked in our in vitro flow model. The model employed mimicked both the preconditioning effects and delivery effects that may contribute to these observed findings in vivo
The data summarised in Figure 4.7 shows representative images of MV interactions and quantification of these interactions with HCAECs. Figures 4.2a and 4.2b highlight that the typical morphology, as observed in the in vivo model occurred in response to 72 hours of pre-conditioning under flow. Cells in the low oscillating wall shear stress condition (4.7a) possessed a cobble-stone like morphology (Warboys et al., 2014), while those subject to high unidirectional wall shear stress (4.7b) aligned with the directionality of flow. The quantification of these findings identify a significantly greater proportion of adhesion to HCAECs exposed to the low oscillating wall shear stress conditions, compared to those exposed to high unidirectional wall shear stress. The zoom image (4.6c) shows that interactions occur on endothelial cells, and not areas between cells.
These findings highlight that the pattern of adhesion to HCAECs in an in vitro flow model, closely mimic those observed in vivo, suggesting this model is appropriate to determine the mechanisms by which flow regulates MV and endothelial cell interactions. We observed increased adhesion in the low oscillatory wall shear stress supporting the hypothesis that these effects are flow regulated. 
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[bookmark: _Toc499103651]Figure 4.7 – Full in vitro model of microvesicle interactions with HCAECs: HCAECs were cultured under low oscillating wall shear stress or high unidirectional shear stress in an Ibidi flow chamber system. Following 72 hours culture under flow, the media was changed to media containing PKH26-labelled MVs (1 x 103/µl) under the same flow conditions for a further 2 hours. Following incubation with MVs under flow, the cells were washed in PBS and fixed for immunocytochemistry. Endothelial cells were identified by co-staining with anti-CD144 antibody (green) and the cell nuclei using TO-PRO Iodide (purple). Representative images of MV adhesion to OSS (A) and HSS (B) cultured HCAECs. (C) Zoom image of MV adhesion to HCAECs cultured under OSS. (D) Quantification of MV adhesion presented at mean ± SEM (n=3) and analysed for statistical significance using a paired t-test, *p<0.05.


[bookmark: _Toc497491341][bookmark: _Toc497491465][bookmark: _Toc497491541][bookmark: _Toc497492322][bookmark: _Toc497728996][bookmark: _Toc497729310][bookmark: _Toc497731010][bookmark: _Toc499103311]4.3.4 Microvesicle interactions with endothelial cells pre-conditioned under flow (phenotypic changes in endothelial cells) 
In the circulation, alterations in adhesion molecule expression on endothelial cells, as well as the effect of being delivered under different flow rates and patterns are likely to influence MV interactions with endothelial cells. We therefore aimed to determine whether preconditioning of endothelial cells under these flow patterns influenced MV interactions with HCAECs. 
The data summarised in Figure 4.8 shows representative images of MV interactions and quantification of these interactions to HCAECs. As in Figure 4.7, the response of these cells to flow conditions was determined by the cell morphology. In addition to conditioning under both flow parameters for 72 hours, cells were also incubated under static conditions for the same period. The quantification of these findings revealed that MV interactions with cells cultured under unidirectional wall shear stress were significantly reduced compared to both statically cultured HCAECs and those under low oscillating wall shear stress. 
These findings highlight that culturing endothelial cells under disturbed flow alters their ability to interact with MVs. 
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[bookmark: _Toc499103652]Figure 4.8 – Microvesicle interactions with HCAECs pre-conditioned under flow: 
HCAECs were cultured under low oscillating wall shear stress or high unidirectional shear stress for 72 hours in an Ibidi flow chamber system or under static condition. Following culture under flow or static conditions the media was changed to media containing PKH26-labelled MVs (1 x 103/ml) and incubated under static conditions for 2 hours. Following incubation with MVs under static conditions, the cells were washed in PBS and fixed for immunocytochemistry. Endothelial cells were identified co-staining with  anti-CD144 antibody (green) and the cell nuclei using TO-PRO Iodide (purple). Representative images of MV adhesion to OSS (A), HSS (B) or static (C) cultured HCAECs. (D) Quantification of MV adhesion presented at mean ± SEM (n = 3) and analysed for statistical significance by one-way ANOVA with Tukey’s test for multiple comparisons, *p<0.05.

[bookmark: _Toc497491342][bookmark: _Toc497491466][bookmark: _Toc497491542][bookmark: _Toc497492323][bookmark: _Toc497728997][bookmark: _Toc497729311][bookmark: _Toc497731011][bookmark: _Toc499103312]4.2.5 Characterisation of adhesion molecule expression on neutrophil microvesicles 
A number of previous studies have identified the expression on donor cell specific adhesion molecules on microvesicles. The expression of these molecules suggests that MVs may utilise this machine in their interactions with recipient cells. We therefore aimed to determine whether adhesion molecules that are critical to interactions between neutrophils and endothelial cells from the circulation are expressed on isolated MVs. 
The results summarised in Figure 4.9 shows the mean fluorescence intensity of adhesion molecules expressed on neutrophil-MVs compared to isotype controls. We identified that integrins CD18 and CD11b were expressed 25.7 (± 3.7%) and 13.1% (± 3.1 %), respectively. Additionally, we observed the expression of P-selectin ligand PSGL-1 on the surface of MVs, PSGL-1 was expressed on 29.4% (± 10.1%) of vesicles. And finally we observed expression of L-selectin on 31.2% (± 3.8%) of isolated MVs. 
	These findings highlight that neutrophil-derived MVs express the machinery required to interact with adhesion molecules expressed on endothelial cells that a critical to neutrophil diapedesis. 
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[bookmark: _Toc499103653]Figure 4.9 – Expression of adhesion molecule on neutrophil microvesicles: Neutrophil derived MVs were isolated from healthy human volunteers. In order to determine the expression of adhesion molecules on their cell surface MVs were incubated with fluorescently labelled antibodies. The expression of CD18, CD11b, PSGL-1 and L-selectin were determined using flow cytometry. Quantification of expression is presented as mean ± SEM (n = 3-4), and analysed for statistical significance by paired t-test, *p<0.05, **p<0.01


[bookmark: _Toc497491343][bookmark: _Toc497491467][bookmark: _Toc497491543][bookmark: _Toc497492324][bookmark: _Toc497728998][bookmark: _Toc497729312][bookmark: _Toc497731012][bookmark: _Toc499103313]4.3.6 Optimisation of antibody/protein saturating concentrations on HCAECs
In order to assess the significance of specific adhesion molecules in the adhesion of MVs to HCAECs, we used functionally inhibiting antibodies against these molecules. In addition to antibodies against ICAM-1 and P-selectin on HCAECs, we inhibited phosphatidylserine on MVs using Annexin-V. Although not specifically an adhesion molecule, negatively charged phosphatidylserine has been shown to support adhesion of MVs to endothelial cells previously (Wei et al., 2016). Prior to performing these experiments, the saturating concentration of each antibody was determined. 
	 The results summarised in Figure 4.10 shows the mean fluorescence intensity across increasing concentrations of each antibody/protein. We identified that the saturating concentration for ICAM-1, and as such the concentration used in future experiments, was 10 µg/ml. Experiments using antibodies against P-selectin were performed using a concentration of 30 µg/ml; and those to block Annexin-V on endothelial cells were performed using concentrations of 20 µg/ml. 
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[bookmark: _Toc499103654]Figure 4.10 – Optimisation of antibody/protein saturating concentrations on HCAECs: HCAECs were incubated with increasing concentrations of anti-ICAM-1 (A), anti-P-selectin (B) and Annexin-V (C) for 1 hour. The cells were washed in PBS and re-suspended in FACS buffer. The cell surface expression was quantified by flow cytometry and the saturating concentration of antibody/protein determined. Results are presented as mean ± SEM (n=2). 


[bookmark: _Toc497491344][bookmark: _Toc497491468][bookmark: _Toc497491544][bookmark: _Toc497492325][bookmark: _Toc497728999][bookmark: _Toc497729313][bookmark: _Toc497731013][bookmark: _Toc499103314]4.2.7 Functional inhibition of adhesion molecules expressed on endothelial cells 
	Previous studies of extracellular vesicles, and data collected from our own lab, has identified a number of receptor-ligand interactions that play important roles in MV interactions with recipient cells. Additionally, study of extracellular vesicle populations has implicated Annexin (I and V)-dependant binding as a potential mechanism for interactions (Wei et al., 2016). Given these findings, but also the significance of P-selectin and ICAM-1 in the capture and adhesion of neutrophils during transmigration, we aimed to functionally inhibit these factors to determine which may be significant to MV interactions with HCAECs. Following inhibition of each of these molecules, HCAECs were incubated with fluorescently labelled MVs, and adhesion determined by fluorescence microscopy. 
	The data summarised in Figure 4.11 show representative images of MV adhesion to HCAECs following functional inhibition of each molecule and the quantification of these findings. Inhibition of both P-selectin and ICAM-1 reduced the total amount of MV adhesion to HCAECs. ICAM-1 appeared to have the biggest effect of these two molecules, inhibiting interactions by 50% in statically cultured cells. Interestingly, inhibition of Annexin-V appeared to have no effect on the number of adherent MVs. 
	These findings highlight that adhesion molecules involved in the adhesion and transmigration of neutrophils from the circulation, may also contribute interactions between MVs and endothelial cells. Specifically, ICAM-1 appears to be an important molecule in the regulation of these interactions. 
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[bookmark: _Toc499103655][bookmark: _Toc497491345][bookmark: _Toc497491469][bookmark: _Toc497491545][bookmark: _Toc497492326][bookmark: _Toc497729000][bookmark: _Toc497729314][bookmark: _Toc497731014]Figure 4.12 – Functional inhibition of adhesion molecules expressed on endothelial cells: HCAECs were incubated with blocking antibodies/protein against ICAM-1, P-selectin, or Annexin-V for 1 hour. The cells were washed in PBS and the media changed to media containing PKH67-labelled MVs (1 x 103/ml) and incubated for 2 hours. Following incubation with MVs the cells were washed in PBS and fixed for immunocytochemistry. (A, B, C, D) Representative images of MV adhesion to MV only (A), anti-ICAM-1 (B), anti-P-selectin (C) and Annexin-V (D) treated cells. (E) Quantification of MV adhesion to HCAECs presented at mean ± SEM (n = 4) and analysed for statistical significance against their own MV/isotype control by paired t-test, **p<0.01. 
4.2.9 Shear stress regulated expression of adhesion molecules on endothelial cells 
	Previous studies have identified that a number of adhesion molecules expressed on endothelial cells are flow sensitive, and as such are up-regulated at sites of disturbed flow. Given the significance of P-selectin and ICAM-1 in the adhesion of MVs to endothelial cells, we aimed to determine whether the expression of these adhesion molecules was regulated by shear stress. HCAECs were therefore cultured under flow or static conditions and cell surface expression determined by flow cytometry. 
	These data summarised in Figure 4.13 show the cell surface expression of adhesion molecules following exposure to 72 hours of different flow parameters. We observed a significant reduction in the expression of ICAM-1 on endothelial cells cultured under high unidirectional wall shear stress, compared to both low oscillatory wall shear stress and statically cultured endothelial cells. No difference was observed between static and low oscillatory flow on the expression of ICAM-1. Interestingly, the expression of ICAM-1 on HCAECs closely correlated (r = 0.88, p < 0.01) with adhesion of MVs to endothelial cells cultured under different flow parameters (Figure 4.5). No differences between any of the flow parameters was observed for the expression of P-selectin. 
	These data indicate that the expression of ICAM-1 on endothelial cells is regulated by shear stress in our in vitro model. Correlation between ICAM-1 and MV adhesion suggest that ICAM-1 is a significant factor in the differences in the adhesion of MVs following pre-conditioning under flow. 
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[bookmark: _Toc499103656]Figure 4.12 – Adhesion molecule expression on HCAECs preconditioned under flow: HCAECs were cultured under low oscillating wall shear stress or high unidirectional shear stress or static conditions for 72 hours. Following the culture under flow or static conditions the cells were lifted by trypsinisation (1:5 dilution) and HCAECs (1.5 x 105) were incubated with fluorescent antibodies against ICAM-1 (A) and P-selectin (B) for 1 hour. The cells were washed in PBS, re-suspended in FACS buffer and the cell surface expression of adhesion molecules were analysed by flow cytometry. Data are presented as mean ± SEM (n=3-5) and analysed for statistical significance by one-way ANOVA with Tukeys test for multiple comparisons, **p<0.01. 


[bookmark: _Toc497491346][bookmark: _Toc497491470][bookmark: _Toc497491546][bookmark: _Toc497492327][bookmark: _Toc497729001][bookmark: _Toc497729315][bookmark: _Toc497731015][bookmark: _Toc499103315]4.2.9 Antibody blockade of ICAM-1 on HCAECs cultured under flow
	MV adhesion to HCAECs closely correlated with the expression of ICAM-1 on flow conditioned endothelial cells. Additionally, blocking ICAM-1 in statically cultured cells inhibited adhesion. We therefore aimed to confirm importance of ICAM-1 in flow conditioned endothelial cells. To confirm this hypothesis, cells were cultured under low oscillating wall shear stress or high unidirectional wall shear stress for 72 hours before incubation with a function inhibiting antibody against ICAM-1 or its appropriate isotype control. 
	Figure 4.13 summarises the findings of blocking ICAM-1 and the effect on MV adhesion on flow conditioned HCAECs. We observed a 50% inhibition of interactions with endothelial cells cultured under low oscillating wall shear stress when cells were treated with ICAM-1 blocking antibody, compared to those treated with isotype control. In cells cultured under high unidirectional wall shear, adhesion was almost entirely inhibited by incubation with the ICAM-1 blocking antibody. 
	These findings confirm that inhibition of ICAM-1 on the cell surface of flow cultured endothelial cells, reduces the ability of MVs to interact with endothelial cells, supporting the hypothesis that MV interactions with endothelial cells are, at least in part, regulated by an ICAM-1 dependant mechanism. 
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[bookmark: _Toc499103657]Figure 4.13 – Antibody blockade of ICAM-1 on HCAECs pre-conditioned under flow: HCAECs were cultured under low oscillating wall shear stress or high unidirectional shear stress for 72 hours in an Ibidi flow chamber system. Following preconditioning under flow, the cells were incubated with a blocking antibody against ICAM-1 or isotype control for 1 hour. The cells were washed in PBS and the media changed to media containing PKH67-labelled MVs (1 x 103/µl) and incubated for 2 hours, the cells were washed in PBS and fixed for immunocytochemistry. (A, B) Representative images of MV adhesion to HCAECs cultured under low oscillatory wall shear stress treated with anti-ICAM-1 (A) and isotype control (B). Endothelial cells were identified co-staining with anti-CD144 antibody (green) and the cell nuclei using TO-PRO Iodide (purple). (C) Quantification of MV adhesion to low oscillatory wall shear stress cultured endothelial cells with blocking anti-body against ICAM-1 or isotype control. (D) Quantification of MV adhesion to high shear stress cultured endothelial cells with blocking anti-body against ICAM-1 or isotype control. Data are presented as mean ± SEM (n=3-5) and analysed for statistical significance by paired t-test, *p<0.05. 
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4.2.10 Delivery of microvesicles to endothelial cells under flow
	In vivo, MV interactions with endothelial cells are likely to be regulated not only by the adhesion molecule expression of the endothelial cell, but also mass transport effects. These include increased transit time proximal to the endothelial cells at lower shear stress s, but also the physical ability to form and maintain bonds at different rates of shear stress. We therefore aimed to determine whether the delivery of MVs to the endothelial cells under different flow conditions influenced the ability of MVs to interact with endothelial cells. 
	Figure 4.14 summarises the effect of delivering MVs to endothelial cells under shear stress. We observed a significant reduction in the number of MVs that interacted with HCAECs when delivered under high unidirectional wall shear stress, compared to delivery under low oscillating wall shear stress. Additionally, we wanted to determine whether the low shear stress  or the oscillatory nature of the shear stress were responsible for the increased adhesion in the low oscillating wall shear stress condition. We therefore delivered MVs to statically cultured HCAECs under low unidirectional and low oscillating wall shear stress. We identified no difference in the number of adherent MVs if the MVs were delivered under low unidirectional wall shear stress or low oscillating wall shear stress. 
	These findings suggest that delivery of MVs to HCAECs under increased shear stress s inhibits the ability of MVs to interact with endothelial cells.
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[bookmark: _Toc499103658]Figure 4.14 – Delivery of microvesicles to HCAECs under flow: HCAECs were cultured under static conditions. The media was changed to media containing PKH67-labelled MVs (1 x 103/µl) and incubated under either low oscillating wall shear stress of high unidirectional wall shear stress conditions for 2 hours in an Ibidi flow chamber system (A). Additionally, HCAECs cultured under static conditions were incubated with PKH67-labelled MVs (1 x 103/µl) under low oscillating wall shear stress or low unidirectional wall shear stress for 2 hours in the Ibidi flow chamber system (B) Following incubation with MVs under flow, the cells were washed in PBS and fixed for immunocytochemistry. Representative images of MV adhesion to HCAECs when delivered under LOSS (C) or LUSS (D) conditions. (C) Quantification of MV adhesion presented as mean ± SEM (n = 2-3) and analysed for statistical significance using a paired t-test, *p<0.05.


[bookmark: _Toc499103317]4.2.11The effect of shear stress on microvesicle interactions with endothelial cells
	MVs delivered under flow preferentially interact with endothelial cells at 4 dyne/cm2 compared to when delivered at 13 dyne/cm2. These findings suggest that the rate of shear stress may be a limiting factor in the ability of MVs to form bonds with endothelial cells. We aimed to determine the threshold shear stress beyond which NMVs could no longer interact with endothelial cells. To investigate this, statically cultured cells were incubated with fluorescently labelled MVs at increasing shear stress, and adhesion determined by fluorescence microscopy. 
	Figure 4.15 summarises the effect of increasing shear stress and the ability of MVs to adhere to endothelial cells under flow. We observed that microvesicle adhesion began to reduce beyond 6 dyne/cm2, however the reduction in adhesion was not deemed statistically significant until 14 dyne/cm2. At 18 dyne/cm2, the adhesion of MVs to endothelial cells was almost entirely inhibited. 
	These findings highlight that increasing shear stress inhibits the ability of microvesicles to interact with endothelial cells. This may occur due to a reduced ability to form bonds at increasing shear stress. 
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[bookmark: _Toc499103659]Figure 4.15 – The effect of shear stress on microvesicle interactions with HCAECs delivered under flow: HCAECs were cultured under static conditions and incubated with media containing PKH67-labelled MVs (1 x 103/µl) under unidirectional shear stress for 2 hours in an Ibidi flow chamber system. We repeated this procedure 9 times at shear stress increasing by 2 dyn/cm2. Cells were washed and fixed for immunocytochemistry. (A - D) Representative images of MV adhesion to HCAECs following delivery at a shear stress of 4 dyne//cm2 (A), 8 dyne/cm2 (B), 12 dyne/cm2 (C) and 16 dyne/cm2 (D). Quantification of MV adhesion presented as mean ± SEM (n = 3) and analysed for statistical significance by one-way ANOVA with Dunnett’s test for multiple comparisons (all data compared to MV adhesion at 2 dyne/cm2), *p<0.05.

[bookmark: _Toc499103318]4.2.12 Cell free model of microvesicle interactions with specific adhesion molecule 
	Inhibition of both ICAM-1 and P-selectin in statically cultured cells reduced MV adhesion. During neutrophil capture and adhesion under flow, selectins are required for the capture of neutrophils, while ICAM-1 is associated with the firm adhesion of cells. Without P-selectin, cells are unable to be captured from the circulation and no interactions between these cells take place (Zarbock and Ley, 2009). The molecular mechanisms of MV capture and adhesion under flow were investigated. In addition it was determined whether ICAM-1 could act independently in the capture of flowing MVs. Ibidi µ-slides were coated with Fc-chimeras of the adhesion molecules and NMV interactions determined by videos captured in real time in order that the contribution of individual adhesion molecules could be investigated. 
	Figure 4.16 summarises the results of flowing microvesicles over Ibidi slides coated with the Fc-chimera portion of human ICAM-1, P-selectin and IgG control. We observed that coating Ibidi µ-slides with ICAM-1 and P-selectin produced similar levels of coverage as determined by mean fluorescence intensity (31.5 vs 30, respectively). However, the coating with ICAM-1 appeared more clustered than the coverage of P-selectin. In control experiments (see Video 1) neutrophils were flowed over the coated slides at 4 dyne/cm2. Neutrophils were found to only roll on P-selectin and were unable to interact with ICAM-1 coated slides. Interestingly neutrophils left to adhere under static conditions were able to bind ICAM-1, confirming coated slides were functionally capable of adhering neutrophils. 
	When MVs were flowed over the slides at 4 dyne/cm2, a greater number of MVs were found to adhere to ICAM-1 than both the IgG control and the P-selectin coated slides. These data however were not deemed to be statistically significant. At 13 dyne/cm2, NMVs only appeared to be able to interact with ICAM-1; however these experiments were only performed once and more repeats are required to confirm these findings. 
	These findings suggest that a cell free model is an appropriate method for determining the molecular mechanisms of interactions between MVs and adhesion molecules. Interestingly, unlike neutrophils, ICAM-1 alone is able to capture flowing MVs without the MVs rolling, supporting the hypothesis that ICAM-1 is the significant factor related to MV adhesion to atheroprone and atheroprotected sites. 
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[bookmark: _Toc499103660]Figure 4.16 – Cell free model of MV adhesion under flow: Hydrophobic Ibidi µ-slides were coated with ICAM-1, P-selectin or IgG Fc-Chimeras. (A - D) Representative images of ICAM-1 and P-selectin coating of µ-slides as determined by fluorescence microscopy. (E, F) 
PKH26-labelled microvesicles were flowed over the Fc-chimera coated µ-slides at 4 dyne/cm2 (E) and 13 dyne/cm2 (F). Quantification of MV adhesion presented as mean ± SEM (n = 1-3) and analysed for statistical significance by one-way ANOVA with Dunnett’s test for multiple comparisons compared to. (Data collected by Ashley Money, under my day-to-day supervision) 
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4.3. Conclusions  
1 – MVs preferentially interact with endothelial cells at atheroprone regions of the vasculature in vivo.
2 – MVs preferentially interact with human coronary artery endothelial cells subject to low oscillatory wall shear stress in an ICAM-1 dependant manner. 
3 – MVs delivery to endothelial cells under flow is inhibited at increased shear stress, however ICAM-1 is able to capture flowing MVs at both 4 and 13 dyne/cm2. 

[bookmark: _Toc499103320]4.4 Discussion 
	The current study is the first of its kind to implicate neutrophil MVs in the focal nature of atherosclerosis through preferentially interacting with endothelial cells that are exposed to low or disturbed patterns of blood flow. We identified that both the preconditioning of endothelial cells and the shear stress during delivery can effect interactions between MVs and HCAECs, these mechanisms both depend on the expression of ICAM-1.
Microvesicle interactions with disturbed flow sites in vivo 
	Here we showed that fluorescently-labelled neutrophil MVs injected into hypercholesteraemic mice preferentially interact with endothelial cells at regions of the vasculature prone to atherosclerosis. These findings are of particular significance, as after only a single injection of labelled vesicles, we were able to observe the accumulation of vesicles within the disturbed flow regions. MVs are present in the circulation of healthy individuals (Berckmans et al., 2001), however a growing body of evidence, including that presented in chapter 3, highlight that both the number of MVs (Chironi et al., 2006) and the ability of the MVs to induce inflammation (Heinrich et al., 2015), increase following exposure to known risk factors of disease (e.g. high fat feeding). As such, in individuals at high risk of developing atherosclerosis, like individuals with systemic inflammation, MVs from activated neutrophils are likely to be being continually produced in greater numbers. Although many of these MVs may be rapidly cleared from the circulation, these findings from a single bolus of MVs, suggest that chronic exposure to increased levels of MVs may dramatically exacerbate the accumulation of MVs at disturbed flow sites. An important limitation of these experiments is the requirement to isolate neutrophil MVs ex vivo, label with a membrane intercalating dye and re-introduce these to the circulation. Although this method ensures that we are observing the interactions of only neutrophil-derived MVs (due to the isolation of pure neutrophil populations and centrifugation to exclude exosomes and other EV populations), these dyes incorporate into the membrane of the vesicle and therefore may alter some function or adhesive property of the MV. However, in addition to these experiments with PKH26 as the primary label, these experiments were repeated with the membrane permeable, cytosolic dye, CFDA-SE (data not shown). The pattern of interactions observed in these experiments closely matched those observed those presented in this study, and as such we do not believe that the method of dye used is a major factor in altering the MVs functions. The ability of MVs to interact with atheroprone regions is supported by figure 4.6. In these experiments it was identified that MVs from a number of cell types, and importantly neutrophils, accumulate in the vessel wall as the lesion develops. Importantly these findings suggest that MV uptake into the vessel wall is an important feature in the aetiology of atherosclerosis.
Microvesicle interactions with endothelial cells exposed to low oscillatory wall shear stress in vitro 
	Given that MVs preferentially interact with disturbed flow sites in vivo, we aimed to further investigate these effects using an in vitro flow model and using a cell type relevant to human atherosclerosis. It was found that differences in the cell surface expression of ICAM-1 are an important factor in regulating NMV interactions between cells exposed to low oscillatory wall shear stress and high unidirectional wall shear stress. Importantly, the elevated expression of ICAM-1 on endothelial cells exposed to disturbed flow is well described in both in vitro and in vivo models. Chappell et al.,(1998) identified an 11-fold increase in the expression of ICAM-1 following 24 hours exposure to low oscillatory wall shear stress. This increase occurs in an NF-κB dependant manner, as the transcription factor translocated from the cytosol into the nucleus in response to flow, increasing its transcriptional activity (Mohan et al., 1997). These findings are maintained in vivo. Suo et al., (2005) identified that the regional distribution of ICAM-1 in the murine aorta was dependent upon the shear stress in that region of the vessel; and ICAM-1 is consistently up-regulated on or around atherosclerotic loci (Cybulsky et al., 2001). These findings support the hypothesis and in vitro experiments, that ICAM-1 is a critical factor in the disproportional interactions with MVs at disturbed flow sites. Future studies may investigate this relationship further, repeating the performed in vivo experiments in an endothelial specific ICAM-1 knockout. 
The expression of adhesion molecules on NMVs has previously been described; Hong et al., (2012) identified that CD11b/CD18 heterodimers were expressed on neutrophil MVs. Importantly when MVs were produced from TNF-α primed or activated neutrophils, these adhesion molecules were expressed in their active confirmation. Given our findings of significantly greater expression of ICAM-1 on the cell surface of HCAECs exposed to disturbed flow, we hypothesised that neutrophil MV binding to endothelial cells was likely regulated, at least in part, by CD18-ICAM-1. These findings were confirmed in both statically cultured and flow conditioned cells using antibody blockade of ICAM-1, in which we observed a 50% reduction in adherent NMVs. Inhibition of P-selectin also reduced the number of adherent MVs. However, the expression of this molecule on HCAEC was not regulated by flow in our system. The expression of P-selectin however has been observed overlaying atherosclerotic plaques, often co-localised with the expression of ICAM-1 (Johnsontidey et al., 1994). Given the significance of P-selectin to atherosclerosis therefore, we cannot rule out that P-selectin is not involved in the capture of MVs in vivo or that it is not significant to MV capture during later time points of disease progression. 
The current studies utilised the commercially available Ibidi flow chamber system, in which both the magnitude and directionality of shear stress can be manipulated, producing disease relevant flow conditions inside the chamber. An important feature of this system was that it allowed us to both culture endothelial cells for prolonged periods, inducing phenotypic changes within the endothelial cells typical of those observed at disturbed flow regions, but then also introduce MVs for them to be delivered to the cell under these matched conditions. The ability to manipulate both of these factors is unique to the flow chamber system. Previous studies from our group have utilised the orbital shaker method to subject cells to shear stress. In this system, the cells on the exterior portion of the well are exposed to high, pulsatile shear stresses, while those at the centre are subject to low and disturbed patterns, inducing inflammatory activation in the centre of the well that matches changes observed in vivo (Cuhlmann et al., 2011, Mahmoud et al., 2016).  Importantly however, in this model the same media is circulated over the cells in both regions of the well. This feature of the system produces limitations in the ability to interpret data on the delivery of MVs under flow, as a number of important issues about how MVs behave in this system (for example; are they dispersed evenly throughout the media at different shear stress; or do they accumulate on the outer portion of the well due to centrifugal forces?) are unknown. Importantly, the flow chamber system employed in the current study induced the appropriate inflammatory activation of the cells under each condition (see Figure 5.1) and the pattern of interactions between MVs and endothelial cells in the two models were closely correlated. We therefore propose that the model of shear stress employed in these studies is an appropriate model for investigating the mechanisms and consequences of these interactions. 
Cell-free model of microvesicle interactions with adhesion molecules
In addition to these findings, those from the cell free model of MV adhesion also highlights the significant role of ICAM-1 in these processes. We observed that ICAM-1 was able to capture flowing MVs in our in vitro system, and able to capture flowing vesicles at shear stress relevant to the findings presented in this thesis. Typically, neutrophils are initially captured from the circulation by selectin mediated binding, and neutrophils then roll along the endothelial surface (see Figure 1.5; Ley et al., 2007). The role of ICAM-1 however is in the slowing and eventual firm adhesion of the already rolling neutrophil. These almost paradoxical findings however suggest that ICAM-1 alone is able to initiate the capture of flowing MVs. Evidence in 4.14, comparing capture via ICAM-1 and P-selectin, suggests that the capture by ICAM-1 is more effective than that by P-selectin. The molecular or biophysical explanation for these findings are unknown, however the reduced surface area of MV may enable it to resist the shear forces acting upon it, allowing it to bind to and maintain stronger bonds with the molecule of ICAM-1 than would be possible with the larger neutrophil. Additionally, given that there appeared to be larger clusters of chimera on the ICAM-1 coated slides, these regions of increased receptor density may have contributed to efficiency of capturing flowing MVs. Although it may be possible to computationally model these interactions, CD18 expression on MVs is highly heterogeneous and determining the density of CD18 on a MV (due to their size and heterogeneity) is difficult. Future projects in the group should use this cell free model further to investigate how the shear stress effects the ability of ICAM-1 to capture MVs (as performed in the cell-based model in Figure 4.13). Data from both the cell-free and HCAEC models support the finding that ICAM-1 is able to capture flowing as high as 13 dyne/cm2. These experiments were only performed once due to time restraints of the project. However they may begin to help explain why adhesion of MVs under flow (Figure 4.12) are still observed at shear stress that typically would not facilitate neutrophil adhesion to endothelial cells. 
Future work
In order to confirm the findings observed in the antibody blockade experiments, gene silencing approaches could have been utilised. However, despite the advantages of using arterial endothelial cells in the ability to interpret data in the context of arterial disease, HCAEC are challenging to transfect using electroporation or lipofectamine based method, and as such using potentially powerful tools such as knocking-down ICAM-1 or knocking-in truncated forms of ICAM-1 (for example; a form lacking the extracellular domain) to confirm these effects were not possible. Future work may attempt to use lentiviral delivery of short hairpin RNAs to induce knockdown of these molecules, as these techniques are associated with less cell death and may allow for efficient transfection.  



[image: ]

[bookmark: _Toc499103661]Figure 4.16 – Working hypothesis - MV interactions with HCAECs at sites of disturbed flow: ICAM-1 is disproportional expressed on cells exposed to low oscillatory wall shear stress. MVs are able to interact with endothelial cells via CD18-ICAM-1 interactions. This therefore increases the number of interactions that occur between MVs and endothelial cells at sites of disturbed flow in vivo. In addition to the effects of disturbed flow on adhesion molecule density, high-shear stresses inhibit the ability of MVs to capture flowing MVs. 


Chapter 5 - Microvesicle induced activation of endothelial cells cultured under flow

[bookmark: _Toc499103321]5.1.1 Introduction 
Inflammation of endothelial cells at sites of disturbed flow is recognised as a critical factor in the initiation of atherogenic processes. Changes in the cell surface expression of adhesion molecules, as well as chemokines and chemoattractants presented on the cells glycocaylx facilitate the homing and transmigration of immune cells that drive the diseases progression from within the vessel wall. 
As demonstrated in Chapters 3 and 4, neutrophil MVs preferentially interact with cells at sites of disturbed flow and with cells conditioned under low oscillatory wall shear stress. The mechanism of this was partially associated with the increased expression of adhesion molecules, importantly ICAM-1 on endothelial cells exposed to these flow parameters. The expression of ICAM-1, along with other adhesion molecules and many chemoattractants, is regulated by the highly flow sensitive transcription factor NF- κB. Tzima et al.,(2005) observed that both the total expression and activation of this pathway was elevated at atheroprone regions of the vasculature, compared to those regions of the vessel exposed to unidirectional shear. These findings of increased NF-κB activity closely correlated with expression of pro-inflammatory molecules in these regions of the vessel. In-vitro experiments further support the role of low and disturbed flow as a mechanism of endothelial cell activation, with adhesion molecules such as E-selectin and VCAM-1 (Walpola et al., 1995), and potent chemoattractants, such as MCP-1 (Hsiai et al., 2003) highly regulated by flow dependant mechanisms. It is widely accepted that these NF-κB regulated molecules contribute significant roles in the development of atherogenesis, ultimately increasing the ability of endothelial cells to interact with monocyte at regions of disturbed flow (Weber et al., 1999, Hsiai et al., 2003). 
Neutrophil-derived MVs are produced from activated neutrophils, and have been identified to express and contain a number of pro-inflammatory factors, capable of inducing inflammation within recipient cells (Dalli et al., 2013). Mesri and Altieri (1998) determined that IL-6 and IL-8 secretion from human aortic endothelial cells was significantly increased through incubation with MVs. Therefore, neutrophil-derived MVs possess the ability to activate endothelial cells. Importantly for the current study, endothelial cells exposed to disturbed flow, have a heightened state of activation, which ultimately increases their ability to interact with and capture neutrophil-derived MVs. Given these overlapping factors, greater understanding of whether these interactions under disturbed flow conditions can further exacerbate these inflammatory processes is crucial to expanding understanding of the focal nature of atherogenesis.
[bookmark: _Toc499103322]5.1.2 Hypothesis and aims 
Neutrophil-derived MVs will induce pro-inflammatory gene express ion of HCAECs cultured under disturbed flow; and these changes in cell phenotype will facilitate monocyte interactions with endothelial cells under flow conditions relevant to atherosclerosis. 
Aim 1 – To determine whether incubating HCAECs that have been exposed to low oscillatory wall shear stress with MVs alters the gene expression of HCAECs compared to those conditioned under low oscillatory wall shear stress alone. 
Aim 2 – To determine whether these changes in gene expression result in changes in the expression of proteins that may influence monocyte interactions with HCAECs. 
Aim 3 – To determine whether changes in the inflammatory status of the cell as a result of incubation with MVs, influences monocyte adhesion to endothelial cells under atheroprone flow conditions. 



[bookmark: _Toc499103323]5.2 Methods 
In order to determine the effects of MVs on the inflammatory activation of HCAECs that have been exposed to disturbed flow we utilised the Ibibi flow chamber system, as previously described (see chapter 2.8). For further experiments, given the lack of MV interactions with HCAECs cultured under high unidirectional wall shear stress or; in atheroprotected regions of the murine aorta (chapter 4), we focused on the low oscillatory wall shear stress condition as it is the most pertinent flow condition to lesion development during atherosclerosis. Endothelial cells were cultured under low oscillatory wall shear stress (4 dyne/cm2 – 1 Hz) for 72 h. MVs were added to the flow chamber system for 0, 2 or 4 h. 
Cells were removed from the slide for analysis by qPCR or the cell surface expression analysed by flow cytometry. Additionally, the media was kept for analysis of protein secretion by ELISA. 
In the final set of experiments, following the 72-h period the media from each chamber was removed and replaced with media containing fluorescently labelled monocytes (isolated from the same participant as the MVs). These were allowed to flow over the endothelial cells under the same low oscillatory wall shear stress conditions for 2 h before analysis of adhesion by fluorescence microscopy. 
These experiments are summarised in Figure 5.1.  
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[bookmark: _Toc499103662]Figure 5.1 – Schematic of experiments performed in chapter 5: HCAECs were cultured under low oscillatory wall shear stress for 72 hours. For the final 0, 2 or 4 hours MVs were added to each flow chamber, and flowed over endothelial cells under the same low oscillatory wall shear stress. Upon completion of the time, the cells were collected for analysis by qPCR or flow cytometry and the media collected for the analysis by ELISA. In addition to this, in experiments to determine how this affected monocyte interactions, the media was removed and replaced with media containing PKH26 labelled monocytes (1 x 106/ml). These were flowed over the cells for a further 2 hours, before the cells were washed, fixed and adhesion quantified by fluorescent microscopy. 




[bookmark: _Toc499103324]5.3 Results 
[bookmark: _Toc499103325]5.3.1 Flow regulated expression of inflammatory targets by endothelial cells 
A number of genes have been identified as being highly-flow regulated in in vitro systems. The current study aimed to utilise an adult arterial cell type, making this the most relevant cell type for the study of atherosclerosis. We therefore aimed to determine whether these genes that have been previously described in vitro (Mahmoud et al., 2016) and in vivo (Tzima et al., 2005) were regulated by these flow conditions in our system. 
Figure 5.2 summarises the relative gene expression of known flow-regulated targets in cells cultured under low oscillatory wall shear stress and high unidirectional wall shear stress for 72 h. We observed significant increases in the expression of MCP-1 and E-selectin in cells exposed to low oscillatory wall shear stress. Additionally, the expression the atheroprotective vasodilator, eNOS, was significantly increased in HCAECs exposed to high unidirectional wall shear stress. The expression of atheroprotective transcription factor, KLF-4, was induced 13-fold in HCAECs exposed to high unidirectional compared to low oscillatory wall shear stress, however these results were not deemed statistically significant. Post-hoc effect size calculations revealed an effect size of 0.72, suggesting a ‘large’ effect of flow on this transcription factor. 
These data indicate that HCAECs conditioned in the current system, reflect those of both HUVECs cultured in this system, but also gene expression changes that occur at disturbed flow regions in vivo. 
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[bookmark: _Toc499103663]Figure 5.2 Flow regulated gene targets expressed in HCAECs pre-conditioned under flow: HCAECs were cultured under low oscillatory wall shear stress or high unidirectional shear stress for 72 h in an Ibidi flow chamber system. Flow conditioned HCAECs were collected for analysis of known flow regulated genes by qPCR. Relative fold change between OSS and HSS cultured cells was determined for MCP-1 (A), E-selectin (B), eNOS (C), KLF-4 (D). Data are presented as mean ± SEM (n = 3) and analysed for statistical significance using a paired t-test, *p<0.05, **p<0.01, ***p<0.001.


[bookmark: _Toc499103326]5.3.2 Analysis of viability and cell death in endothelial cells incubated with microvesicles  
Prior to determining the effects of MVs on the inflammatory profiles of HCAECs, we first aimed to determine whether MVs in this system resulted in the induction of apoptosis or necrosis. Given the ability of apoptotic processes to induce the expression of adhesion molecule and cytokines (Rock and Kono, 2008) we wanted to ensure that these factors would not influence our findings. 
Figure 5.3 summaries the percentage of live, apoptotic and necrotic cells in response to incubation with and without MVs (2 and 4 h). We identified that in cells without MV incubation, 92.9% (± 2.5%) of the cells in culture were live cells, and this was not significantly altered by incubation with MVs. Additionally we observed no differences in the level of apoptosis or necrosis in cells incubated with MVs. Although we observed large variability in the necrosis samples, we believe that this was due to low levels of necrosis in the population. 
This data indicate that MVs do not influence the inflammatory status of HCAECs by inducing apoptosis when incubated with these cells. 



[image: ]








[bookmark: _Toc499103664]Figure 5.3 Analysis of cell viability, apoptosis and necrosis following incubation with microvesicles: HCAECs were cultured in a 24 well plate. MVs were added to the cells for 0, 2 or 4 h. The cells were lifted and incubated with Annexin binding buffer before, FITC labelled Annexin-V and propridium iodide were added at room temperature for 5 minutes. Viability (A), apoptosis (B) and necrosis (C) were determined by flow cytometry. Data are presented as mean ± SEM (n = 4) and analysed for statistical significance using a one-way ANOVA. 
[bookmark: _Toc499103327]
5.3.2 Analysis of mRNA expression in endothelial cells cultured under disturbed flow, with and without MVs 
Given the ability of MVs to activate endothelial cells under static conditions (Deregibus et al., 2007, Wang et al., 2011), we aimed to determine whether MVs were able to activate HCAECs cultured under atheroprone flow to a greater extent than low oscillatory flow alone. These findings would therefore support that microvesicles could drive inflammation at atheroprone regions of the vasculature.  
Figure 5.4 summarises the mRNA expression of key inflammatory mediators at 0, 2and 4 h post the addition of MVs to the flow chamber system. We observed that the expression of adhesion molecules, ICAM-1 and VCAM-1 were both increased at 2 and 4 h incubation with MVs. Despite this, only VCAM-1 was found to be a statistically significant increases. Post-hoc effect calculations revealed an effect size of 0.49, suggesting a ‘medium’ effect of MVs in inducing the expression of ICAM-1 at 4 h, beyond that in cells exposed to disturbed flow only. Additionally, IL-6 and IL-8 expression were induced 1.5 and 2-fold, respectively, after 4-h incubation with MVs. The level of expression in the cells appeared to follow a stepwise pattern, between low oscillatory flow only, 2 h exposure and 4 h exposure. Only the expression of IL-8 however was deemed statistically significant. Post-hoc effect calculations comparing IL-6 expression at 4 h compared to low oscillatory wall shear stress only revealed an effect size of 0.49, suggesting a ‘medium’ effect of MVs on this chemokine. The expression of MCP-1 in HCAECs was found to not significantly increase in the cells exposed to MVs, analysis of effect sizes revealed a ‘small’ effect sizes of 0.31 for this factor. Additionally, the expression of P65 in these cells was not observed to increase, however post hoc effect size analysis revealed a ‘medium’ effect size of 0.42. 
These data indicate that MVs delivered to endothelial cells under atheroprone flow conditions induce greater levels of activation than endothelial cells exposed to disturbed flow alone. 


[image: ]
Figure 5.4 – qPCR analysis of inflammatory gene expression in HCAECs cultured under low oscillatory wall shear stress in the presence of MVs:  HCAECs were cultured under low oscillatory wall shear stress 72 h in an Ibidi flow chamber system. For the final 0, 2 or 4 h of the culture under flow, the media was changed to media containing MVs (2 x 103/µl). Cells were washed in PBS and HCAECs collected for analysis of inflammatory genes by qPCR. Relative fold change between no MVs, 2-h exposure to MVs and 4-h exposure to MVs was determined for ICAM-1 (A), VCAM-1 (B), IL-6 (C), IL-8 (D), MCP-1 (E), P65 (F).  Data are presented as mean ± SEM (n=5) and analysed for statistical significance by one-way ANOVA and Tukeys test for multiple comparisons, *p<0.05, **p<0.01. 


[bookmark: _Toc499103328]5.3.3 Protein expression by HCAECs cultured under disturbed flow in response to incubation with MVs 
Given that incubation with MVs appear to increase the mRNA expression of some important inflammatory targets, we aimed to investigate whether these increases resulted in changes in the expression of these molecules at the protein level. 
Figure 5.5 summarises the effect of MVs on secreted proteins IL-8, IL-6 and MCP-1 as determined by ELISA. We observed significant increases in secretion of IL-8 and IL-6 from HCAECs when incubated with MVs under low oscillatory flow conditions for 4 h compared to low oscillatory shear stress alone. For neither molecule did we observe an increase in the expression at the 2-h time point. The expression of MCP-1 was not increased above that in oscillatory flow alone at either 2 or 4 h. 
Additionally, Figure 5.6 summarises the effect of MVs on the cell surface expression of adhesion molecules ICAM-1 and VCAM-1 on cells cultured under disturbed flow. The cell surface expression of VCAM-1 was significantly induced by the exposure to 72 h of flow when compared to that on statically cultured cells. The expression of VCAM-1 was also increased when the cells were incubated with MVs for 4 h. The expression of ICAM-1 however was unaltered by incubation with MVs. 
These data indicate that the expression of important molecules to leukocyte recruitment during atherogenesis, including IL-6, IL-8 and VCAM-1 are expressed in greater quantities in the presence of MVs compared to when they are subject to atheroprone flow alone. This suggests that MVs may act as a stimulus to exacerbate inflammation at disturbed flow regions.
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[bookmark: _Toc499103665]Figure 5.5 – Cytokine and chemoattractant expression in HCAECs cultured under low oscillatory wall shear stress in the presence of MVs: HCAECs were cultured under low oscillatory wall shear stress 72 h in an Ibidi flow chamber system. For the final 0, 2 or 4 h of the culture under flow, the media was changed to media containing MVs (1 x 103/µl). The media from each unit was collected and analysed for the secretion IL-8 (A), IL-6 (B) and MCP-1 (C) by HCAECs. Data are presented as mean ± SEM (n=3) and analysed for statistical significance by one-way ANOVA and Tukey’s test for multiple comparisons, *p<0.05.  
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[bookmark: _Toc499103666]Figure 5.6 – Cell surface expression of adhesion molecules on HCAECs cultured under low oscillatory wall shear stress in the presence of MVs: HCAECs were cultured under low oscillatory wall shear stress 72 h in an Ibidi flow chamber system or static conditions. For the final 0, 2 or 4 h of the culture under flow, the media was changed in the unit to media containing 2 x 106 MV/ml. HCAECs were lifted by trypsinisation (1:5 dilution) and the cell surface expression of VCAM-1 (A) and ICAM-1 (B) was determined by flow cytometry. Data are presented as mean ± SEM (n = 4) and analysed for statistical significance by one-way ANOVA and Tukey’s test for multiple comparisons, *p<0.05, **p<0.01. 
[bookmark: _Toc499103329]
5.3.4 Monocyte recruitment to endothelial cells exposed to disturbed flow in the presence of MVs 
Given an increase in factors that regulate leukocyte interactions with endothelial when cells are incubated with MVs under flow, we aimed to determine whether these findings had functional consequences on monocyte interactions with HCAECs.
Figure 5.7 summarises the effect of MVs delivered to endothelial cells preconditioned under low oscillatory wall shear stress on monocyte adhesion to the cells under these same flow conditions. We observed a basal level of adhesion to endothelial cells cultured under low oscillatory wall shear stress only. This was significantly increased when HCAEC were incubated with MVs for 4 h prior to the addition of monocytes. 
These findings suggest that monocytes interaction with arterial endothelial cells exposed to patterns and magnitudes of flow observed at atheroprone regions. The number of interactions is increased by prior incubation with MVs, suggesting activation of endothelial cells under these flow conditions may contribute to the focal nature of the disease. 
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[bookmark: _Toc499103667]Figure 5.7 – Monocyte adhesion to HCAECs cultured under low oscillatory wall shear stress in the presence of MVs: HCAECs were cultured under low oscillatory wall shear stress 72 h in an Ibidi flow chamber system. For the final 0, 2 or 4 h of the culture under flow, the media was changed in the unit to media containing MVs (2 x 103/µl). The media was then changed again to media containing PKH26-labelled primary human monocytes (1 x 106/ml), and these monocytes were flowed over the HCAECs under low oscillatory wall shear stress for 2-h. Following the incubation, the cells were washed in PBS and fixed for immunocytochemistry. (A - C) Representative images of monocyte adhesion to HCAECs with no MVs (A), 2 h exposure to MVs (B) and 4 h exposure to MVs (C). (D) Quantification of monocyte adhesion, presented as the percentage of control (no MVs). Data are presented as mean ± SEM (n = 5) and analysed for statistical significance by one-way ANOVA and Tukeys test for multiple comparisons, *p<0.05, **p<0.01. 



[bookmark: _Toc499103330]5.4 Conclusions 
1 – HCAECs cultured in our in vitro flow chamber system have distinct inflammatory profiles that are typical of those at disturbed flow regions in vivo. 
2 –Neutrophil MVs induce HCAEC inflammatory activation at both the mRNA and protein level. 
3 – MVs facilitate monocyte endothelial cell interactions in vitro under flow conditions that mimic atheroprone regions of the vasculature in vivo. 
[bookmark: _Toc499103331] 5.5 Discussion 
The current study is the first of its kind to show that neutrophil MVs exacerbate inflammation in endothelial cells that have been pre-conditioned under low oscillatory wall shear stress. Subsequently this led to an increase in monocyte adhesion. Given the significance of endothelial cell activation and subsequent leukocyte transmigration across the endothelium at disturbed flow sites, these findings highlight that neutrophil MVs may contribute to the focal nature of atherosclerosis through facilitating leukocyte migration. 
Activation of endothelial cells by low and oscillatory wall shear stress and microvesicles
Initial experiments were performed to determine whether a number of known flow responsive genes were regulated in our in vitro flow system. Previous data from our lab has utilised this flow system  (Hsiao et al., 2016, Mahmoud et al., 2016, Chen et al., 2009, Serbanovic-Canic et al., 2017), however this is the first study from the lab to use an adult, arterial cell line within the Ibidi flow system. These previous studies using the Ibidi flow chamber system identified a number of flow response targets that correlate with both findings in vivo (Cuhlmann et al., 2011), and with those obtained in other flow systems including the orbital shaker (Mahmoud et al., 2017). Importantly, in our model, we observed the regulation of a number of highly flow-sensitive gene targets, as previously described in other models and cell types (Figure 5.2). Given these findings that low oscillatory wall shear stress resulted in a state of heightened endothelial activation reflective of disturbed flow regions of the vessel, and the lack of MV interactions with HCAECs cultured under high unidirectional wall shear stress or; in atheroprotected regions of the murine aorta (chapter 4), we focused on the low oscillatory wall shear stress condition as it is the most pertinent flow condition to lesion development during atherosclerosis. 
The current findings identified that incubation with neutrophil MVs during the final 4 h of preconditioning HCAECs under low oscillatory flow resulted in exacerbated inflammation in these cells. Previous experiments of cell activation by MVs have generally utilised static assays to perform these effects, and have observed inflammation within 2 h of incubation (Deregibus et al., 2007, Wang et al., 2011). We believe that a major strength of the current model is both the preconditioning, but also the delivery of MVs under atheroprone flow conditions, as this combination of factors more closely mimic how these interactions occur in vivo. Importantly, in these experiments only MVs that express the machinery to interact with and be captured by endothelial cells contribute to the activation in this model, and the contribution from passive interactions that may occur in static experiments are negated. Despite the benefits of this model, these experiments require specialist equipment and training, and increased time requirements reduced the throughput of the assay. Further investigation into the mechanisms by which neutrophil MVs induce HCAEC activation are required to give greater insight into the role of these MVs in atherosclerosis. In addition, more intricate intravital microscopy assays, such as that used by (van Zandvoort et al., 2004), would enable direct visualisation of MV interactions with atheroprone regions or plaques in vivo. 
Adhesion molecules expressed on endothelial cells on cells exposed to disturbed flow are crucial regulators of immune cell interactions in disease. Of particular relevance to monocyte interactions is VCAM-1 (Walpola et al., 1995, Cybulsky et al., 2001). Here we observed a significant increase in the level of VCAM-1, importantly this included an increase in the cell surface expression. The significance of these findings is supported by observational studies that regularly identify the abundant expression of VCAM-1, on and around atherosclerotic loci (Obrien et al., 1996, Cybulsky et al., 2001). Experimental evidence for the role of VCAM-1 was identified by Cybulsky et al (2001). In these studies, transgenic mice containing disruptions in the 4th domain of VCAM-1 (these mice lack the functional ability to interact with ligand VLA-4 present on the surface of leukocytes), were found to have significantly reduced plaque area and reduced immune cell infiltration during early time points of atherogenesis. These studies highlighted how increases in VCAM-1 during the initiation of atherogenesis can drive lesion development. Additionally we examined the effect of MVs on ICAM-1 expression. Despite observing a 2-fold increase in the mRNA expression of this molecule at both the 2 and 4 h time points, no change was observed in the level of cell surface expression as measured by flow cytometry. Interestingly, it has previously been described that an ICAM-1 dependant mechanism of internalising anti-ICAM-1 coated beads exists in endothelial cells (Muro et al., 2003). Given the significance of ICAM-1 in the adhesion and preferential interactions with cells at disturbed flow sites, the discrepancy between the message and protein expression may be explained by MVs utilising this pathway to be internalised by HCAECs, effectively reducing the surface expression detectable by flow cytometry. Future studies may use alternative methods to determine the expression of ICAM-1 at the protein level; total expression as determined by western blot for example may provide interesting information about whether HCAECs are utilising this pathway for the uptake of MVs. 
Although adhesion molecules are critical to the capture and adhesion of flowing monocytes, chemokines expressed by endothelial cells at disturbed flow sites regulate the migration of immune cells from the circulation into the vessel wall. Here we show that IL-8 was significantly upregulated, again at both the mRNA and protein level. The importance of IL-8 in the capture of flowing monocytes has also been described. A study by Gerszten et al., (Gerszten et al., 1999)  showed that MCP-1 (a previously well described chemoattractant of monocytes), but also IL-8 were involved in interactions between monocytes and endothelial cells under flow. The study showed that IL-8 contributed to firm arrest by blocking IL-8 receptors expressed on monocytes, preventing interactions with endothelial cells. Interestingly however, we observed no change in the expression of MCP-1 by endothelial cells when incubated with MVs compared to low oscillatory shear stress alone. This is contradictory to previous studies by Mesri and Altieri et al., (1999), who identified an increase in MCP-1 by incubation with MVs when incubated under static conditions. MCP-1 is highly flow regulated, and levels are rapidly up-regulated in response to acute and prolonged exposure to flow. Using the cuff model of shear manipulation, Cheng et al., (2005) identified that the expression of MCP-1 was substantially expressed by cells in the low and disturbed flow region of the cuff. Increased expression of MCP-1 under disturbed flow is also observed in vitro, where increased expression has been shown to impact subsequent monocyte arrest (Matlung et al., 2012). As such, the highly abundant nature of the molecule in cells exposed to disturbed flow, may limit further increases in the level expression. 
We also observed that at the protein level, that secretion of IL-6 was increased at 4 h in the presence of MVs. An increase in the secretion of IL-6 is of particular importance to current model. IL-6 has been shown to activate endothelial cells, regulating the production of adhesion molecules and IL-8 secretion by endothelial cells (Romano et al., 1997). This suggests that MVs may induce further activation of local endothelial cells in a paracrine manner. In addition to the effect on endothelial cells, IL-6 receptor signalling in monocytes drives the NF-κB activation of monocytes. This has been associated with increased expression of adhesion molecules including CD11b (Tieu et al., 2009), which is involved in monocyte adhesion. These findings show that monocytes can increase the adhesive properties of monocytes increasing their potential to interact with HCAECs.  
Monocyte recruitment to endothelial cells in response to microvesicles 
Given these findings that key modulators of monocyte recruitment and transmigration were upregulated by MVs in our model, we investigated whether these translated to monocyte adhesion under our disease relevant flow conditions. Few studies have investigated the interactions that occur between monocytes and endothelial cells in flow conditions relevant to atherosclerosis. Typical models of monocyte interactions with endothelial cells focus on flow conditions that mimic those observed in the microvasculature where, during infectious challenge, monocytes typically transmigrate into the surrounding tissue. These models generally perform monocyte adhesion assays under unidirectional and very low (1-2 dyn/cm2) shear stress (Gerszten et al., 1999, Gerszten et al., 2001, Ito et al., 2014). An important study by Hsiai et al (2003) did however analyse the interactions between monocytes and endothelial cells under oscillatory flow in real time. The authors observed that monocytes were able to undergo rolling, tethering and firm adhesion under oscillatory shear conditions. However this occurred in a ‘to-and-fro’ motion until firm adhesion occurred (Hsiai et al., 2003). We determined whether MVs were able to augment monocyte-endothelial cell interactions. We observed that, in the absence of MVs, monocytes were capable of interaction with endothelial cells under low oscillatory flow. Moreover, when HCAECs were incubated with MVs for 4 h, a significant increase in the number of adherent monocytes was observed. These findings fit with the previously presented inflammatory data, in which significant increases in the release or expression of inflammatory targets were only observed in this 4 h condition. Based on these findings, we believe that MVs have a significant role in the induction of inflammation and subsequent monocyte recruitment to disturbed flow sites. Given that these effects did not occur within 2 h, we hypothesise that this may occur via the internalisation and delivery of content that regulate inflammatory gene expression and we have investigated this further in Chapter 6. 
NF-κB signalling in microvesicle activation of endothelial cells
Interestingly in the current model we did not see a significant increase in the total levels of NF-κB (as determined by p65 mRNA expression) between cells cultured with or without MVs. The levels of p65 mRNA, although increased, was highly variable between experimental repeats (the largest variation was observed at 4 h). As such, the heteroscedasticity (i.e. variable variability) across the conditions and low number of samples are likely to reduce the ability of these findings to observe meaningful changes in the pathways expression. Additionally, all experiments were performed at the single time point of 72 h preconditioning under flow. Given this, it is important to note that NF-κB expression is cyclical in nature and can dramatically oscillates over time (Nelson et al., 2004). This occurs because NF-κB transcribes for many of the inhibitory molecules of its own pathway (such as IκBα), and as such the pathway has an intrinsic negative feedback loop that inhibits excessive activation (Nelson et al., 2004). This may infer an important source of variation in NF-κB expression across experiments in the current model, and future experiments may utilise different time points to better understand the response of this molecule. However, from the findings presented, we are unable to conclude that MVs increase or upregulate the expression of NF-κB in endothelial cells pre-conditioned under disturbed flow. Given that a number of important gene targets of NF-κB, including VCAM-1 and IL-8, appear to be highly regulated by MVs in the assay, we hypothesise that this may occur through the activation of this pathway. Activation of the NF-κB pathway occurs when inhibitors are modified in the cell cytoplasm, allowing p65 to rapidly translocate to the cell nucleus. Future studies could confirm this hypothesis through the use of fluorescent microscopy techniques. These would include imaging the co-localisation of NF-κB with and without MVs, a shift from cytoplasmic, to nuclear expression suggesting pathway activation. Importantly, these processes may be regulated by microRNAs, delivered to the endothelial cell by MVs. How this process may occur will be addressed further in Chapter 6. Briefly, we propose that MVs deliver neutrophil-derived content, including microRNAs, to endothelial cells. These microRNAs are able to induce post-transcriptional modification of negative regulators or inhibitors of the NF-κB pathway, including BCL-6 and IκBα (Ma, 2011), allowing NF-κB translocation, and ultimately increased endothelial cell activation. 
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[bookmark: _Toc499103668]Figure 5.8 – Working hypothesis - MV activation of HCAECs exposed to disturbed flow: MVs preferentially interact with endothelial cells at sites of disturbed. Once interactions occur, endothelial cells become activated. This results in the increased secretion of IL-6 and IL-8 as well the cell surface expression of VCAM-1. Ultimately this heightened state of endothelial cells activation increases the number of monocyte interactions that occur at sites of disturbed flow, a key feature in the aetiology of atherosclerosis. 


Chapter 6 - Mechanisms of microvesicle internalisation by human coronary artery endothelial cells

[bookmark: _Toc499103332]6.1.1 Introduction 
	We have previously identified the ability of neutrophil-derived MVs to interact with and induce inflammatory activation in human coronary artery endothelial cells. Despite these findings, little is known about how these interactions drive changes in endothelial activation. Although cell-to-cell communication can occur via several mechanisms, these include chemical-receptor mediated events or direct cell-to-cell contact (Reviewed by; Oktay et al., 2015), a growing body of evidence implicates MVs as alternative mechanism through which cells can interact. Packaged within membrane bound vesicles, cellular content can be delivered to a recipient cell, where the vesicle is internalised and its content released to impart its biological effects (Valadi et al., 2007). Given the intriguing ability of MVs to be internalised by many cell types, further understanding of the mechanisms of uptake are critical to uncovering the potential role of MVs in disease. 
	Direct evidence for the role of MV-mediated delivery of content include the delivery of murine-derived proteins to human cells in culture (Valadi et al., 2007) and through the siRNA-dependent knock down of specific gene targets following their delivery by exosomes (Alvarez-Erviti et al., 2011, Zhou et al., 2016). These studies highlight that not only are the extracellular vesicles being internalised by the recipient cell, but the delivery of their content can directly influence cell function. Beyond these important experiments, a number of different studies have identified the internalisation of MVs by donor cells using a range of membrane and cytosolic fluorescent dyes. These include the uptake of inflammation inducing platelet-derived MVs by microvascular endothelial cells (Faille et al., 2012), and the internalisation of tumour-derived MVs that drive a proangiogenic phenotype in the developing tumour by endothelial cells (Kawamoto et al., 2012). In these studies, the use of fluorescent dyes allow the quantification of MV uptake by microscopy and flow cytometry, enabling us to begin to understand the mechanism by which MVs are internalised. Importantly, it is becoming increasingly evident that the mode of internalisation is vastly heterogeneous across donor and recipient cell types. Factors including MV size, protein expression on the surface of the MV and the physiological functions of the recipient cell all heavily influence the mechanisms by which MVs are internalised (reviewed by; Mulcahy et al., 2014). A number of endocytotic pathways have been described to explain the uptake and release of MV content, these include macropinocytosis (Faille et al., 2012), clathrin-mediated (Tian et al., 2014) and caveolin-mediated (Svensson et al., 2013) endocytosis and direct fusion of extracellular vesicles with the plasma membrane (Prada and Meldolesi, 2016) – see Figure 6.1). As such, no single pathway for the internalisation of MVs exists. 
	 Previously we identified the role of ICAM-1/CD18 interactions in the capture and adhesion of neutrophil-derived MVs by HCAECs. A number of studies have implicated receptor-ligand interactions as an important factor in facilitating subsequent internalisation. Antibody blockade of adhesion molecules including CD11b (Zech et al., 2012) and LFA-1 (Xie et al., 2013) have been shown to significantly reduce binding, and as such reduce the uptake of extracellular vesicles. Importantly, a previous study of the uptake of MVs by dendritic cells found that extracellular blockade of ICAM-1 on the recipient cell reduced the internalisation of MVs delivered to these cells (Morelli et al., 2004). These experiments would suggest reducing the number of interactions between the MVs and recipient cells reduces the level of internalisation i.e. that internalisation is dependent on initial adhesion via ICAM-1. A crucial series of studies may infer a direct role of ICAM-1 receptor recycling in the internalisation of neutrophil-derived MVs. Muro et al., (2003) identified that nanobeads, between 100-300 nm, coated with antibodies against ICAM-1 are internalised by endothelial cells via a novel ICAM-1 dependant pathway. Characteristics of this pathway, including being clathrin-independent, requiring functional Na+/H+ exchanger proteins on the endothelial cells and the involvement of cleavage protein dynamin-2 (Stan, 2006), mean that this previously undescribed endocytic pathway may be a crucial mechanism through which CD18 positive MVs can enter endothelial cells (see Figure 6.1). 
	Currently, the mechanism by which neutrophil-derived MVs are internalised by endothelial cells is unknown. We have identified the ability of MVs to specifically interact with endothelial cells at sites of disturbed flow, where they are capable of driving inflammation and monocyte requirement. Given these findings, it is imperative that we understand the mechanisms by which MVs are internalised by endothelial cells; with the aim of providing valuable insight to how these pathways can be utilised for the delivery of therapeutic targets to endothelial cells at sites of disturbed flow.  
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[bookmark: _Toc499103669][bookmark: _Toc498192067][bookmark: _Toc498253925][bookmark: _Toc499103333]Figure 6.1 Endocytosis pathways in cells: Endocytosis is crucial to the movement of macronutrients across the cell membrane. These processes can be split into two broad categories ‘phagocytosis’ and ‘pinocytosis’. These are loosely translated to ‘cell-eating’ and ‘cell-drinking’, respectively. Typically however, phagocytosis is reserved for specialist phagocytic cells (Van Furth et al., 1972). This chapter will focus primarily on pinocytosis mechanisms of entry, as these are well described processes that occur in endothelial cells (Conner and Schmid, 2003). An important mechanism of macromolecule uptake is macropinocytosis (A). These processes occur in most cells and are involved in the recycling of fluid around the plasma membrane. Briefly, membrane ruffling engulfs large volumes of fluid around the plasma membrane, which is then transitioned into endosomal compartments (called macropinsomes) for recycling (Lim and Gleeson, 2011). Importantly these processes do not require receptor bindings and as such are non-discriminative. Of the remaining mechanisms identified, receptor-ligand interactions are critical to their function. Firstly, ICAM-1 or CAM-mediated endocytosis was described by Muro et al., (2004; B). This involved cross-linking ICAM-1 and subsequent internalisation via ENaC dependant processes. Currently this pathway has only been described for the internalisation of 100-300 nm polystyrene nanoparticles. Additionally, clathrin (C) and caveolae (D) mediated endocytosis pathways both commonly occur in endothelial cells, and both involve the formation of coated pit and the cleavage of the invagination by the molecule dynamin-2. Clathrin-mediated processes are well described and have been shown to be critical in the internalisation of LDL particles and transferrin (Alberts et al., 2002). Caveolae-mediated endocytosis occurs typically at lipid-raft domains of the membrane, and has been shown to be an important mechanism in the internalisation of cholera toxin, human growth hormone and IL-2 receptor (Reviewed by; Nabi et al., 2003). 
[bookmark: _Toc499103334]6.1.2 Hypothesis and aims 

Neutrophil-derived MVs are internalised by HCAECs via processes dependent on ICAM-1/CD18 interactions, a pathway previously described by Muro et al., (2005). 
	Aim 1 – To determine that neutrophil-derived MVs are internalised by HCAECs using real-time, live cell imaging. 
	Aim 2 – To develop a flow cytometry based assay for the quantification of MVs by HCAECs and, using a range of chemical and pharmacological inhibitors, to determine the key molecular features of this pathway. 
	Aim 3 – To determine the specific role of ICAM-1 in the process of MV internalisation, determining the significance of ICAM-1 signalling and specifically the functions of the intracellular and extracellular domain of the ICAM-1 molecule in this process. 


[bookmark: _Toc499103335]6.2 Methods 
	In order to determine the molecular mechanisms by which neutrophil-derived MVs are internalised by HCAECs we first developed a flow cytometry based assay for the quantification of internalisation. Briefly, cells were incubated with PKH67 labelled MVs for 2 h. The cells were then detached from a 24 well plate by trypsinisation. Immediately prior to analysis by flow cytometry, Trypan Blue was added to each tube in order to quench surface fluorescence, ensuring only the signal of internalised MVs was measured. In order to delineate the pathways involved in internalisation, we employed a chemical inhibitor based approach. Inhibitors were selected based on specificity to the pathways and mechanism of action, these decisions were informed by a review of ICAM-1 mediated endocytosis (Stan 2007). All inhibitors considered are summarised in table 6.1. Additionally, we followed a specific work flow, see Figure 6.2, in order to help identify the pathways involved in internalisation. These experiments are described in further detail in chapter 2.11-2.13.  
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[bookmark: _Toc499103670][bookmark: _Toc498192070][bookmark: _Toc498253928][bookmark: _Toc499103336]Figure 6.2 Endocytosis pathways in HCAECs: Endocytosis in endothelial cells can occur via number of distinct mechanisms. In order to determine the pathways involved in the internalisation of MVs, a work-flow was developed through which the major pathways that have been described in endothelial cells could be investigated. The first step was to determine whether MV internalisation was dependent upon clathrin-mediated endocytosis, as this is a major mechanism utilised by these cells in the internalisation of a number of molecules (Conner and Schmid, 2003). If clathrin-mediated processes were not involved, another major pathway that has been described in endothelial endocytosis is caveolae-dependent processes (Mulachy et al., 2014). If neither of these processes were identified to be involved, clathrin and caveolae independent mechanisms can be split into macropinocytosis and CAM-mediated endocytosis. These pathways both require functional sodium proton channels on the cell surface (Muro et al., 2003), however CAM-mediated endocytosis is dependent on the cleavage protein dynamin-2 for internalisation to occur (Stan 2006). As such, inhibiting dynamin-2 on the surface of HCAECs will help determine whether CAM-mediated processes or macropinocytic processes are involved in internalisation. 


[bookmark: _Toc499103337]6.3 Results 
[bookmark: _Toc499103338]6.3.1 Live cell imaging of microvesicle internalisation 
	Many studies of MV internalisation rely on the fixation of cells following incubation with MVs before imaging. Here we employed live-cell staining techniques to image the interaction between MVs and HCAECs in real-time. 
	The results summarise in Figure 6.2 and video 6.1 (CD 1) highlight that MVs are internalised by HCAECs. Still image in Figure 6.2A correspond to a single frame of real-time video (CD 1), while Figure 6.2B is the maximal intensity projection of Z-stack images following the completion of a real-time video. 
	The data indicate that MVs are internalised by HCAECs, with individual cell capable of internalising multiple vesicles. 
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[bookmark: _Toc499103671]












Figure 6.2 – Live cell imaging of microvesicle internalisation by HCAECs: HCAECs were cultured on glass bottom Ibidi µ-chambers. Live HCAECs were stained with SiR-Actin (live F-actin label; Red) and Hoechst 33342 (live nuclear label; blue) and incubated with PKH67-labelled MVs. Images of MV internalisation were acquired in real time (see video 6.1). (A) Still confocal frame from real time video of MV internalisation. (B) Z-stack maximal intensity projection of living HCAECs (x100 magnification). (C) Side view of MV internalisation by HCAECs (x100 magnification). 


[bookmark: _Toc499103339]6.3.2 Development of flow cytometry assay of internalisation – fluorescence quenching 
In order to develop a flow cytometry based system to quantify MV internalisation, it was necessary to ensure that MVs that may be adherent to the HCAEC were not quantified in the analysis. A Trypan Blue method of fluorescence quenching, as previously described by Amersfoort and Van Strijp (1994), was utilised. 
	The data summarised in Figure 6.3 show the quantification of mean fluorescence intensity of MVs (A) and HCAECS (C), prior to and following fluorescence quenching using the Trypan Blue based method. Almost complete abrogation of fluorescent signal from MVs that had been quenched, while observing a 73% reduction in the level of fluorescence from PKH67 labelled HCAECs. These findings are in keeping with those observed by Amersfoort and Van Strijp (1994) when performing Trypan Blue based quenching. 
	The findings indicate that the surface fluorescence of any MVs that remained adherent to endothelial cells prior to analysis by flow cytometry, would not be quantified for analysis. This method was therefore employed prior to all flow cytometry based experiments of internalisation. 



[image: ]Figure 6.3 – Fluorescence quenching of MV and HCAEC surface fluorescence: HCAECs and MVs were labelled with the green membrane intercalating dye PKH67, and the fluorescence of the HCAECs and MVs was determined by flow cytometry. Following analysis, Trypan Blue was added to each tube for 1 minute prior to further analysis. The fluorescence intensity of the quenched samples was again analysed by flow cytometry. (A) Quantification of MV fluorescence pre (+FQ) and post quenching. (B) Representative histogram of the reduction in fluorescence (blue – quenched MVs, red – non-quenched MVs). (C) Quantification of HCAEC fluorescence pre and post quenching. Data are presented as mean ± SEM (n=3) and analysed for statistical significance by paired t-test, **p<0.01, ***p<0.001. 


[bookmark: _Toc499103340]6.3.4 Time, number and temperature dependence of MV internalisation 
	Previous studies of MV internalisation have identified that these processes occur via rapid (Montecalvo et al., 2012), but, importantly, active (Faille et al., 2012) mechanisms. The time course and dependency on number and temperature (an indication of whether or not the process is active) were therefore determined. 
	The data summarised in Figure 6.5 shows the effects of number, time and temperature on MV internalised. Internalisation was dependent on the number of MVs used in the assay. In fact internalisation did not reach a plateau with the numbers used in these experiments, suggesting that HCAECs have a high capacity for taking up MVs (Figure 6.5A). In Figure 3.3 we identified 4062 neutrophil-derived MVs per µl following exposure to HFD, given this data and the data presented in 6.5A, 2000 MVs/µl were used in future experiments of internalisation. Figure 6.5B demonstrates that MV internalisation was significantly increased when incubation was performed at 37oC compared to room temperature and 4oC, suggesting that these processes are part of an active pathway. Finally, the temporal analysis shown in Figure 6.5C shows MV internalisation occurred rapidly; internalisation was observed 15 min following the initiation of incubation. 
	These findings highlight that neutrophil-derived MV internalisation occurs via active processes and that HCAECs can internalise MVs rapidly. 
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[bookmark: _Toc499103672]Figure 6.5 – Time, number and temperature dependant nature of microvesicle internalisation: HCAECs were cultured in a 24 well plate. Internalisation of PKH67-labelled MVs was determined using flow cytometry. Fluorescence of adherent MVs was quenched with trypan blue. (A) Quantification of the effect of number on MV internalisation, incrementally increasing MVs were incubated with HCAECs for 2 h. (B) Quantification of effect of temperature on MV internalisation. MVs (2 x 103/µl) were incubated with HCAECs at 4oC, room temperature and 37oC (5% CO2) for 2 h. (C) Analysis of internalisation time course. MVs (2 x 103/µl) were incubated with HCAECs at time intervals between 0 - 480 min. Data is presented as mean ± SEM (n=3) and analysed for statistical significance by one way ANOVA with Tukey’s test for multiple comparisons, *p<0.05, ***p<0.001


[bookmark: _Toc499103341]6.3.5 Optimisation of the dose of pathway-specific inhibitors of internalisation - HCAEC viability following treatment with monodansylcadaverine, genistein or EIPA 
	A number of different pathways for the internalisation of MVs by donor cells have been identified. The most commonly cited mechanisms include clathrin-mediated endocytosis, caveolin-mediated endocytosis and macropinocytosis. In order to determine whether these pathways were involved in the internalisation of neutrophil-derived MVs by HCAECs, we adopted a chemical inhibitor based approach. We therefore wanted to determine cell viability in response to each inhibitor. 
	The data summarised in Figure 6.6 show the level of cell viability following incubation with chemical inhibitors across a range of concentrations. Cell viability of greater 90% was considered appropriate for future assays. The optimal concentration of inhibitors to be used in subsequent experiments was found to be: monodansylcadaverine (inhibitor of clathrin-mediated endocytosis) 50 μg/ml (Figure 6.6A), genistein (caveolin-mediated endocytosis) 50 μg/ml (Figure 6.6B); EIPA 25 μg/ml (Figure 6.6C). 
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[bookmark: _Toc499103673]Figure 6.6 – HCAEC viability following treatment with pathway-specific inhibitors of internalisation: HCAECs were cultured in a 24 well plate. HCAECs were incubated with increasing concentration of pharmacological/chemical inhibitors of internalisation for 1 h at 37oC. Cell viability was determined using the trypan blue exclusion method. Quantification of HCAEC viability treated with monodansylcadaverine (A), genistein (B), EIPA (C). Data are presented as mean ± SEM (n=3), greater than 90% cell viability was determined as tolerated by HCAECs. 


[bookmark: _Toc499103342]6.3.6 Optimisation of the dose of pathway-specific inhibitors of internalisation –positive controls for specific pathway inhibition 
	In order to determine whether the selected inhibitors specifically inhibited the pathways intended, FITC-labelled positive controls of the pathways were analysed. Positive controls were identified from the literature. Transferrin is internalised by clathrin-mediated endocytosis (Lakadamyali et al., 2006), while Cholera-toxin (subunit B) is internalised by caveolin-mediated endocytosis (Torgersen et al., 2001) and Dextran (70,000 MW) is internalised by macropinocytosis (Muro et al., 2006).
	The data summarised in Figure 6.8 show the incubation of each positive control with the inhibitor representative of each pathway. Monodansylcadaverine (50 µg/ml) significantly inhibited the internalisation of FITC-transferrin (Figure 6.8A), genistein (50 µg/ml) significantly inhibited FITC-cholera toxin internalisation (Figure 6.8B), and EIPA (25 µg/ml) significantly inhibited FITC-dextran internalisation (Figure 6.8C). Additionally when each inhibitor was incubated with the negative controls (controls of other pathways) no significant reductions in the level of internalisation were observed. 
	These data demonstrate that each of the inhibitors have pathway specific effects and were appropriate to use to investigate the mechanisms of MV internalisation by HCAEC. 
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[bookmark: _Toc499103674]Figure 6.7 – Positive/negative controls of pathway specific inhibitors of internalisation: HCAECs were cultured in a 24 well plate. HCAECs were treated with chemical inhibitors of clathrin-dependent endocytosis (monodansylcadaverine), caveolin-dependent endocytosis (genistein) and macropinocytosis (EIPA) for 1 h. Cells were washed in PBS and then incubated with their appropriate controls, FITC-labelled transferrin (A), FITC-labelled cholera toxin subunit-b (B), FITC-labelled dextran (C) for 2 h. Fluorescence of any adherent controls was quenched with trypan blue. Quantification of internalisation was determined by mean fluorescence intensity and results normalised to the percentage of -untreated control. Positive controls for each specific pathway are in red, the negative controls for this pathways are in blue. Data are presented as mean ± SEM (n=3) and analysed for statistical significance by one way ANOVA with Tukey’s test for multiple comparisons, *p<0.05, **p<0.01.


[bookmark: _Toc499103343]6.3.7 Inhibition of microvesicle internalisation by pathway specific inhibitors 
	Having established the ability of the selected inhibitors to reduce internalisation via specific pathways, the role of these endocytic pathways in the internalisation of neutrophil-derived MVs was investigated. 
	The data summarised in Figure 6.8 show the quantification of MV internalisation by HCAECs treated with pathway specific inhibitors. Monodansylcadaverine and genistein had no effect on MV internalisation compared to concentration matched DMSO control. These findings highlight that clathrin or caveolin-mediated endocytosis pathways are not involved in the internalisation of neutrophil-derived MVs. Interestingly, we identified that treatment of HCAECs with EIPA, reduced internalisation by 73% compared to DMSO matched controls. 
	These findings indicate that epithelial sodium channel inhibitor, EIPA, can reduce MV internalisation by HCAECs, suggestive that macropinocytosis and/or cell adhesion molecule mediated endocytosis (CAM-endocytosis) may be involved in MV internalisation. 
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[bookmark: _Toc499103675]Figure 6.8 – Inhibition of microvesicle internalisation by pathway specific inhibitors: HCAECs were cultured in a 24 well plate. HCAECs were treated with chemical inhibitors of clathrin-dependent endocytosis (monodansylcadaverine), caveolin-dependent endocytosis (genistein) and macropinocytosis (EIPA) for 1 h. The cells were washed with PBS and incubated with PKH67-labelled MVs (2 x 103/µl) for 2 h. Internalisation of MVs was determined using flow cytometry. Fluorescence of any adherent MVs was quenched with trypan blue. (A) Quantification of MV internalisation determined by mean fluorescence intensity, results are normalised to the percentage of DMSO control. Data are presented as mean ± SEM (n=3) and analysed for statistical significance by one way ANOVA with Dunnetts test for multiple comparisons, *p<0.05. 


[bookmark: _Toc499103344]6.3.8 Optimisation of the dose of pathway-specific inhibitors of internalisation - HCAEC viability following treatment with Dynasore or Wortmannin 
	EIPA is associated with the inhibition of macropinocytosis. In addition to this, Muro et al (2003, 2006) identified that EIPA was also associated with inhibiting internalisation of nanobeads via an ICAM-1 dependant, cell adhesion molecule mediated endocytosis. As such, to further delineate the specific pathway involved in MV internalisation, inhibitors that are capable of blocking specific elements of these two different pathways were identified. Dynasore is a selective inhibitor of the membrane cleavage protein dynamin-2, although this protein is involved in both clathrin and Caveolae-mediated endocytosis, it is involved in CAM-mediated endocytosis but not macropinocytosis. Wortmannin is a selective inhibitor of PI3K. PI3K is involved in the regulation of internalisation in clathrin and caveolin-mediated endocytosis; however additionally these molecules are involved in the regulation of ruffle formation during macropinocytosis, but are not involved in CAM-mediated endocytosis. As with previous experiments, it was first determined that each of these inhibitors did not affect the viability of HCAECs. 
	The data summarised in Figure 6.9 show the level of cell viability following incubation with Dynasore (dynamin-2 inhibitor; Figure 6.9A) or Wortmannin (PI3K inhibitor; Figure 6.9B) across a range of concentrations. Cell viability greater than 90% was considered appropriate for future assays. We identified that the optimal concentration to ensure cell ability in our assays were 100 μg/ml for Dynasore and 1 μg/ml for Wortmannin. 
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[bookmark: _Toc499103676]Figure 6.9 – HCAEC viability following treatment with chemical inhibitors of internalisation: HCAECs were cultured in a 24 well plate. HCAECs were incubated with increasing concentration of pharmacological/chemical inhibitors of internalisation for 1 h at 37oC. Cell viability was determined using the trypan blue exclusion method and quantified after treatment with dynasore (A) and wortmannin (B). Data are presented as mean ± SEM (n=3), greater than 90% cell viability was determined as tolerated by HCAECs. 


[bookmark: _Toc499103345]6.3.9 Optimisation of the dose of pathway-specific inhibitors of internalisation –positive controls for macropinocytosis and CAM-mediated pathway inhibition 
	Having established an optimal concentration for dynasore and wortmannin with respect to HCAEC viability, control experiments were performed to identify that these inhibitors could prevent internalisation. These were performed using FITC-transferrin. Transferrin is internalised by a clathrin-dependant, dynmin-2 dependant and PI3K dependant pathway and as such should be inhibited by both dynasore and wortmannin. 
	The data summarised in Figure 6.10 show the quantification of each inhibitor with a positive control specific to this pathway. We identified that both dynasore (Figure 6.10A) and wortmannin (Figure 6.10B) inhibited the internalisation of FITC-transferrin compared to a DMSO control.  
	These data highlight that both Dynasore and Wortmannin can inhibit internalisation of positive controls by HCAECs at the concentrations used in the current assay. 
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[bookmark: _Toc499103677]Figure 6.10 – Positive controls of chemical inhibitors of internalisation:  HCAECs were cultured in a 24 well plate. HCAECs were treated with Dynasore (A) and Wortmannin (B) 
for 1 hour. The cells were washed with PBS and incubated with FITC-labelled transferrin for 2 hours. Internalisation of MVs was determined using flow cytometry. Fluorescence of any adherent MVs was quenched with trypan blue. (A) Quantification of FITC-transferrin internalisation following treatment with dynasore. (B) Quantification of FITC-transferrin internalisation following treatment with wortmannin. Internalisation was determined by mean fluorescence intensity, results are normalised to the percentage of untreated control. Data are presented as mean ± SEM (n=3) and analysed for statistical significance by paired t-test, **p<0.01. ***p<0.001
 


[bookmark: _Toc499103346]6.3.10 Inhibition of microvesicle internalisation by Dynasore and Wortmannin 
	The involvement of macropinocytosis or CAM-mediated endocytosis in the internalisation of neutrophil-derived MVs was determined. 
	The data summarised in Figure 6.11 show the quantification of MV internalisation by HCAECs treated with Dynasore (Figure 6.11A) and Wortmannin (Figure 6.11B). We identified that Dynasore inhibited the internalisation of neutrophil-derived MVs by 58% compared to DMSO control. Additionally, Wortmannin was found to reduce internalisation of neutrophil-derived MVs by 35% in comparison to a DMSO matched control. 
	These findings indicate that either neutrophil-derived MVs are internalised by a previously undescribed mechanism that involves epithelial sodium channels, dynamin-2 and PI3K in its molecular mechanism; or that both macropinocytosis and CAM-mediated endocytosis are involved in the internalisation of neutrophil-derived MVs.
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[bookmark: _Toc499103678]Figure 6.11 – Inhibition of microvesicle internalisation by chemical inhibitors: HCAECs were cultured in a 24 well plate. HCAECs were treated with chemical inhibitors of dynamin-2 (A; dynasore) and PI3K (B; wortmannin) for 1 h. The cells were washed with PBS and incubated with PKH67-labelled MVs (2 x 103/µl) for 2 h. Internalisation of MVs was determined using flow cytometry. Fluorescence of any adherent MVs was quenched with trypan blue. Quantification of MV internalisation determined by mean fluorescence intensity, results are normalised to the percentage of DMSO control. Data are presented as mean ± SEM (n=3) and analysed by paired t-test, *p<0.05, ***p<0.001


[bookmark: _Toc499103347]6.3.11 The role of F-actin in microvesicle internalisation 
	Actin polymerisation is an important feature of most endocytotic pathways. In almost all endocytic pathways, RhoA dependant reorganisation of the cells actin cytoskeleton is a critical factor in allowing internalisation. Interestingly, despite the involvement of actin polymerisation in both macropinocytosis and CAM-mediated endocytosis, the formation of actin cups around the engulfed endocytic cargo, only occurs when macropinocytosis was the mechanism of uptake. Therefore the involvement of actin polymerisation in the process of MV uptake was assessed. 
	The data summarised in Figure 6.12A show the quantification of cell viability following incubation with cytochalasin D across a range of concentrations. Cell viability greater than 90% was considered appropriate for future assays. The optimal concentration to ensure cell viability was 100 μg/ml. 
Additionally, as summarised in Figure 6.12B MV internalisation by HCAECs treated with cytochalsin D was quantified. It was found that cytochalasin D inhibited the internalisation of neutrophil-derived MVs by 50%. 
	These findings confirm the role of actin polymerisation in the internalisation of neutrophil-derived MVs by HCAECs. 
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[bookmark: _Toc499103679]Figure 6.12 – The role of F-actin polymerisation in MV internalisation: To determine cell viability (A), cells were cultured in a 24 well plate. HCAECs were incubated with increasing concentration of cytochalasin D for 1 h at 37oC. (A) Quantification of HCAEC viability. HCAECs were incubated with increasing concentration of cytochalasin D for 1 h at 37oC. Cell viability was determined using the trypan blue exclusion method. To determine MV internalisation (B), HCAECs were cultured in a 24 well plate. HCAECs were treated with Cytochalasin D for 1 h. The cells were washed with PBS and incubated with PKH67-labelled MVs (2 x 103/µl) for 2 h. Internalisation of MVs was determined using flow cytometry. Fluorescence of any adherent MVs was quenched with trypan blue. (B) Quantification of MV internalisation determined by mean fluorescence intensity, results are normalised to the percentage of DMSO control. Data are presented as mean ± SEM (n=3) and analysed by paired t-test, *p<0.05, 
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[bookmark: _Toc499103680]Figure 6.13 Live-cell imaging of co-localisation of microvesicles with F-actin: HCAECs were cultured on glass bottom Ibidi µ-chambers. Live HCAECs were stained with SiR-Actin (live F-actin label; Red) and Hoechst 33342 (live nuclear label; blue) and incubated with PKH67-labelled MVs. Images of MV internalisation were acquired in real time at x100 magnification. An additional 15x zoom was performed during image analysis. 


[bookmark: _Toc499103348]6.3.12 Internalisation of microvesicles by HCAECS pre-conditioned under flow 
	MVs preferentially interact with endothelial cells exposed to low oscillatory wall shear stress. A limitation of the experiments in chapter 4 is that microscopy based techniques could not distinguish adhesion from internalisation. Therefore this flow cytometry based internalisation assay was utilised to determine whether preferential interaction resulted in greater levels of internalisation by HCAECs. 
	The data summarised in Figure 6.14 show representative histograms (Figure 6.14A) and quantification (Figure 6.14B) of MV internalisation by cells conditioned static, low oscillatory and high unidirectional wall shear stresses. The quantification of these findings revealed that MV internalisation closely correlated to levels of interaction observed in Figure 4.6. MV internalisation by cells cultured under high unidirectional wall shear stress were significantly reduced compared to both statically cultured HCAECs and those cultured under low oscillatory wall shear stress. 
	These findings highlight that MVs both preferentially interact with, but also are internalised by endothelial cells that are cultured under low oscillatory wall shear stress. Given the significance of ICAM-1 in adhesion of MVs, these findings may highlight a significant role of ICAM-1 also in internalisation by HCAECs. 
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[bookmark: _Toc499103681]Figure 6.14 – Internalisation of microvesicles by HCAECs pre-conditioned under flow: HCAECs were cultured under low oscillating wall shear stress or high unidirectional shear stress or static conditions for 72 h. Following culture under flow or static conditions the media was changed to media containing PKH67-labelled MVs (1 x 103/µl) and incubated under static conditions for 2 h. Following incubation, the cells were washed in PBS and detached by trypsinisation. Internalisation of MVs by HCAECs was determined by flow cytometry. (A) Quantification of MV internalisation presented as the percentage of HCAECs positive for internalised MVs. (B) Representative histogram of internalisation by OSS (red) and HSS (blue) cultured HCAECs. Data are presented at mean ± SEM (n=3) and analysed for statistical significance by one-way ANOVA with Tukey’s test for multiple comparisons, *p<0.05, **p<0.01. 


[bookmark: _Toc499103349]6.3.13 The role of ICAM-1 internalisation in the internalisation of microvesicles by HCAECS – extracellular domain 
 	Experiments using chemical inhibitors infer the possible use of an ICAM-1 dependant endocytic pathway in the internalisation of neutrophil-derived MVs. In order to address this possibility further, the effect of inhibiting receptor-ligand interactions with ICAM-1 on the uptake of MVs by HCAECs was determined. HCAECs were incubated with antibodies blocking the adhesive functions of the extracellular domain of ICAM-1 before incubation with MVs. In addition we incubated cells with TNF-α, as this is a known agonist of the NF-κB pathway through which ICAM-1 expression is regulated; and also with EDTA, a chelator of extracellular calcium, as cross-linking ICAM-1 and the subsequent cytoskeleton rearrangements during lymphocyte transmigration is dependent upon calcium signalling (Etienne-Manneville et al., 2000). 
 
	The data summarised in Figure 6.15 shows the quantification of internalisation following treatment with antibodies against ICAM-1, TNF-α and EDTA. Anti-ICAM-1 and EDTA inhibited the internalisation of MVs by 29% and 53.7%, respectively. Despite an increase of 31% on the level internalisation by HCAECs, TNF-α did not have a significant effect on internalisation. Post-hoc effect size calculations comparing TNF-α to control releveled an effect size of 0.44 suggesting a ‘medium’ effect on MV uptake by HCAECs. These findings are likely due by the level of donor variability in the response to treatment with TNF-α, with the standard error of the mean increasing from 0.58 to 35.65 between control and TNF-α groups, respectively. 
	The data indicate that blocking the extracellular functions of ICAM-1 inhibit the ability of MVs to be internalised by ICAM-1.
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[bookmark: _Toc499103682]Figure 6.15 – The role of interactions with ICAM-1 in the internalisation of MVs by HCAECs: HCAECs were cultured in a 24 well plate and incubated with or without TNF-α, a blocking antibody against ICAM-1, or EDTA for 1 h. The cells were washed with PBS and incubated with 2 x 103 PKH67-labelled MVs/µl for 2 h. Internalisation of MVs was determined using flow cytometry. Fluorescence of adherent MVs was quenched with trypan blue. (A) Quantification of MV internalisation determined by mean fluorescence, results are normalised to the percentage of untreated control. Data are presented as mean ± SEM (n=4) and analysed for statistical significance by one way ANOVA with Dunnetts test comparing all samples to control, *p<0.05, **p<0.01.


[bookmark: _Toc499103350]6.3.14Optimisation of transfection of Chinese hamster ovarian cells - viability and GFP uptake using different transfection methods
	In order to further assess the role of ICAM-1 in the internalisation of neutrophil-derived MVs, a CHO cell model was used to determine the role of the intracellular domain of ICAM-1 in internalisation. CHO cells do not express ICAM-1, and were transfected with wild-type ICAM-1 molecules, a truncated ICAM-1 molecule which did not have an intracellular domain and an ICAM-1 molecule lacking the ability to signal despite still having an intracellular domain. To perform these experiments the most efficient method of transfection of CHO cells was identified. 
	The data summarised in Figure 6.16 shows the CHO cell viability and GFP uptake following transfection using lipofectamine 3000, Polyfect, and Dharmafect methods. Dharmafect was the most efficient transfection method for transfecting GFP. In addition the optimal concentration of plasmid, as determined by the cell viability was 5µM of plasmid per well.. . 
	These data that Dharmafect was the most efficient method for the transfection of CHO cells and would be used in future experiments for the transfection of ICAM-1 molecules. 



[image: ]
[bookmark: _Toc499103683][bookmark: _Toc498192085][bookmark: _Toc498253943][bookmark: _Toc499103351]Figure 6.16 CHO cell viability and GFP uptake using different transfection methods: CHO cells were cultured in 24 well plates before transfection of GFP using 3 methods of transfection. Each was performed following the manufactures guidelines, with three different concentrations of plasmids (2.5 µM, 5 µM and 7.5 µM per well). Cell viability was determined using TO-PRO-3 iodide and the level of GFP uptake used to determine transfection efficiency (n = 1).  



[bookmark: _Toc499103352]6.3.15 The role of ICAM-1 internalisation in the internalisation of microvesicles by HCAECS – intracellular domain
	The Dharmafect method of transfection was used to insert wild type ICAM-1 (expressing all domains), a truncated version of ICAM-1 (lacking the intracellular domain), and an ICAM-1 molecule unable to signal due to the phosphorylation of a tyrosine residue into CHO cells. In order to determine the effect of this on internalisation, the cell surface expression of ICAM-1 using a fluorescent extracellular antibody or incubated the cells with MVs was assessed. 
	The data summarised in Figure 6.17 show both the extracellular expression of ICAM-1 (Figure 6.17B) and the MV internalisation normalised to the level extracellular ICAM-1 expression (Figure 6.17C). We identified no difference in the level of internalisation between the three transfected molecules of ICAM-1. 
	These data indicate either that the intracellular domain of ICAM-1/ICAM-1 signalling is not crucial to the internalisation of neutrophil-derived MVs; or that this CHO cell model may not be an appropriate model for determining the mechanisms of MV internalisation by HCAECs. The literature regarding the internalisation of MVs highlights a large level of heterogeneity in the method of uptake dependent upon the donor and recipient cells. Therefore penetratin-linked peptides that inhibited the intracellular domain of ICAM-1 in HCAECs were used. Penetratin is a short peptide that allows uptake into the cell, allowing the delivery of blocking peptides to intracellular molecules. These peptides were kindly provided by Dr. Patric Turowski (University College London). 
	The data summarised in Figure 6.18 show the effect of penetratin-linked peptides targeting the intracellular domain of ICAM-1 (ICP-1 and ICP-2), an irrelevant penetratin linked peptide and a DMSO control on MV internalisation. All penetratin-linked peptides appeared to reduce the level of internalisation compared to the DMSO only control. Despite not being statistically significant we observed a reduction in the level of internalisation by 42.5% and 22.0% when HCAECs were incubated with ICAM-1 ICP-1 and ICP-1 compared to the irrelevant peptide control.
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[bookmark: _Toc499103684]Figure 6.17 – The role of the intracellular domain of ICAM-1 in internalisation of microvesicles by Chinese Hamster Ovarian cells: CHO cells were cultured in a 24 well plate. Plasmids containing wild type ICAM-1, ICAM-1 lacking the cytosolic domain and ICAM-1 lacking the ability to signal via its cytosolic domain were incubated with Dharmafect reagent. CHO cells were incubated with the plasmids for 24 h. The cells were washed with PBS and incubated with PKH67-labelled MV (2 x 103/µl) for 2 h. The cells were detached by trypsinisation (1:5 dilution), and then incubated with fluorescently labelled ICAM-1 antibody targeted to the extracellular domain. WT-ICAM-1 was compared to a control plasmid in the uptake of MVS (A), additionally the total ICAM-1 expression (B) and internalisation of MVs with all three ICAM-1 molecules (B) was determined using flow cytometry. Data are presented as mean ± SEM (n=4) and analysed for statistical significance by one way ANOVA with Dunnetts test comparing all samples to control.
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[bookmark: _Toc499103685]Figure 6.18 – The role of ICAM-1 signalling on microvesicle internalisation by HCAECs: HCAECs were cultured in a 24 well plate. HCAECs were treated with or without a penetratin-linked blocking antibody targeting the cytosolic domain of ICAM-1 (ICP 1) or with an irrelevant peptide. The cells were washed with PBS and incubated with PKH67-labelled MV (2 x 103/µl) for 2 h. Internalisation of MVs was determined using flow cytometry. Fluorescence of any adherent MVs was quenched with trypan blue. Internalisation was determined by mean fluorescence intensity, results are normalised to the percentage of untreated control. Data are presented as mean ± SEM (n=4) and analysed for statistical significance by one way ANOVA with Dunnetts test comparing all samples to irrelevant peptide control.


[bookmark: _Toc499103353]6.3.16 Microvesicle delivery of neutrophil-derived miR-155 to HCAECs 
[bookmark: _Toc498192088][bookmark: _Toc498253946][bookmark: _Toc499103354]In Figure 3.7 it was identified that MVs produced following HFD had an increased propensity to induce inflammation in HCAECs. Given the ability of HCAECs to internalise MVs (as described above), it was hypothesised that that this increased level of activation may be a result of increased delivery of content to these cells. A number of studies have identified that the delivery of extracellular content to recipient cell is an important mechanism through which they impart their biological effects (Valadi et al., 2007, Alvarez-Erviti et al., 2011, Zhou et al., 2016)  One mechanism through which this may occur is through the delivery of miRs. Upon activation, neutrophils up-regulate a number of miRs, importantly this includes miR-155 (Hessam et al., 2017). MiR-155 has been heavily implicated in vascular inflammation (Guedes et al., 2014, Barker et al., 2017) and has previously been identified in circulating MVs of patients with acute coronary syndrome (Diehl et al., 2012). In order to determine whether miRs may be delivered to HCAECs in this model, the level of miR-155 in plasma MVs pre and post HFD were determined. Following this, MVs isolated from neutrophils were incubated with HCAECs to determine whether mir-155 may be transferred to these cells. 
[bookmark: _Toc498192089][bookmark: _Toc498253947][bookmark: _Toc499103355]	The data summarised in Figure 6.19A show the effect of HFD on the level of miR-155 expression in circulating plasma MVs. We observed a 0.9 fold increase in the expression of miR-155 in circulating plasma MVs following HFD. Next, MVs were isolated from neutrophils pre and post HFD and incubated with HCAECs. We observed that both pre and post HFD MVs increased the expression of miR-155 in HCAECs. Importantly, HFD was associated with almost 6.2 fold increase in the level of miR-155 in these cells, compared to MVs pre-HFD. 
[bookmark: _Toc498192090][bookmark: _Toc498253948][bookmark: _Toc499103356]	These data indicate that more miR-155 is present in MVs post-HFD, this was also associated with increased expression of miR-155 in HCAECs that had been incubated with MVs produced the high-fat intervention. Although these data are suggestive that miR delivery may be a mechanism, induction of this miR within the endothelial cells may also contribute to the observed increase. Further investigation using antago-miRs to inhibit endogenous production of miR-155 are required to show that delivery is the important factor. 



[bookmark: _Toc498192091][bookmark: _Toc498253949][bookmark: _Toc499103357][bookmark: _Toc499103686][image: ]Figure 6.19 Microvesicle delivery of neutrophil-derived miR-155 to HCAECs: Healthy human participants were fed on a high-fat diet for 7 days. (A) Plasma was collected from each participant pre and post HFD, and MVs isolated by centrifugation at 20,000 for 30 minutes. The expression of mir-155 in the total circulating MVs was then determined using qPCR. (B) Additionally, neutrophils were isolated from each participant pre and post HFD, and stimulated to produce MVs with fMLP for 1 hour. MVs (2 x 103/μl) from neutrophils pre and post HFD were incubated with HCAECs for 4 hours. The cells were collected and miR-155 expression in the HCAECs was determined using qPCR. Data was normalised to the level of mir-155 in HCAECs only (dashed line). Data are presented as mean ± SEM (n=3-5) and statistical significance analysed by paired t-test. *p<0.05, ***p<0.001. (qPCR of microRNAs were kindly performed by Dr. Jessica Johnson).


[bookmark: _Toc499103358] 6.3 Conclusions 
	1 – MVs are internalised by HCAECs via active processes. 
	2 – Multiple mechanisms are involved in the internalisation of MVs and these appear to be primarily dependent upon macropinocytosis and CAM-endocytosis.
	3 – ICAM-1 may have a direct role in the internalisation of MVs.
	4 – Internalisation may result in the transfer of neutrophil-derived miR-155 to HCAECS.


[bookmark: _Toc499103359]6.4 Discussion 
	The current study is the first of its kind to attempt to determine the molecular mechanisms/endocytic pathways through which neutrophil-derived MVs are internalised by endothelial cells. MV internalisation is likely to occur via multiple mechanisms, including macropinocytosis but also CAM-mediated endocytosis that may be dependent upon the expression of ICAM-1. Given the focal distribution of ICAM-1 at sites of disturbed flow, the ability of these cells to utilise an ICAM-1 dependant mechanism for MV internalisation, may provide a valuable target for future delivery of therapeutics specifically to these regions. 
Microvesicle internalisation by endothelial cells
	In order to determine whether neutrophil-derived MVs were internalised by HCAECs, I collaborated with experts at the University of Maastricht to perform live-cell staining of HCAECs to observe interactions occurring in real-time. This technique allowed visualisation of both the time course of internalisation, quantification of internalised MVs and observation of localisation within the cell. Although these mechanisms provide a useful tool to confirm that MVs are internalised by HCAECs, accurate quantification that is reflective of the whole population using this method is difficult, due to limitations of the number of cells (3-5 cells) per incubation. A flow cytometry based method was developed to allow accurate quantification of the level of internalisation by endothelial cells. The assay developed was adapted from phagocytosis assays that use this technique to quantify uptake (Lehmann et al., 2000). An important feature of this assay was to ensure that the signal detected came only from internalised MVs. In order to prevent signal from MVs that may be adherent to endothelial cells following lifting from the plate, the cells were treated with trypan blue to quench external fluorescence. 
Endocytic mechanisms of microvesicle internalisation 
	Endocytosis is a critical process of living cells and is required for the uptake of nutrients, regulation of cell volume and the regulation of receptor mediated signalling on the cell membrane. In the current model, I propose that neutrophil-derived MVs utilise endocytic pathways for internalisation by HCAECs. This results in the delivery of their content including mRNA, proteins and microRNAs that drive inflammation in the endothelium. Traditionally, internalisation of macromolecules occurs via two main mechanisms; phagocytosis and pinocytosis (see Figure 6.1). Phagocytosis however is generally associated with engulfment of large (> 1 µM) bodies, including bacteria, during host defence, and is generally reserved for use by specialist phagocytic cells. Using both tuneable pulse sensing and nanoparticle tracking analysis the modal diameters of neutrophil MVs was determined to be between 200-250 nm (see Figure 2.3-4). Given these factors pinocytosis mechanisms of uptake were focussed on as they are likely to be the most significant mechanisms of MV internalisation. Pinocytosis refers to fluid-phase uptake of molecules, and can occur via both adsorptive pinocytosis, this is known as macropinocytosis and is non-discriminative of the endocytotic cargo; or via receptor-mediated pinocytosis pathways, that require receptor-ligand interactions to initiate internalisation. Receptor mediated endocytosis can be split further into a number of different pathways; traditionally clathrin and caveolea mediated endocytosis are well described mechanisms of uptake by endothelial cells. A previous study looking at the effects of size on the mechanism of internalisation of latex beads identified that a shift on the reliance of clathrin to caveolea based pathways occurred as the latex beads increase in size from <200 nm to 500nm (Rejman et al., 2004). In addition to these receptor mediated pathways, Muro et al., (2005) identified the existence of ICAM-1 and PECAM-1 (Garnacho et al., 2008) dependent CAM-mediated endocytic pathways. Interestingly these pathways were associated with the internalisation of antibody coated polystyrene beads between 100-300 nm in diameter. Given the sizes of the MVs described in the current study, it was important to determine whether any or all of these major pathways could be involved in the internalisation of MVs by HCAECs. 
The current study employed a chemical inhibitor approach to assess the roles of specific pathways and specific features of these pathways where required. Chemical inhibitor based system have a number of benefits that make them useful tools for the study of internalisation. Firstly, the inhibitor is incubated with the cells dispersed in the cells media and as such, the effects of the inhibitor should result in uniform inhibition across the whole population of cells. In addition to this, the viability of the cells can be closely controlled by titration of the chemical to ensure it is not affecting apoptotic processes in the cell. The initiation of apoptosis heavily influences actin remodelling as well as membrane permeability, and as such these processes may bias the findings. Also, unlike methods for the study of internalisation such as siRNA knockdown of molecules in a given pathway, the immediate incubation of the inhibitor with cells prior to the incubation with MVs means that the cells are unlikely to develop compensatory mechanisms to account for the redundancy of a molecule in the silenced pathway. This may reduce the ability of knockdown based models to observe true physiological effects in the assay. Despite these benefits for the use of inhibitors, it is important to note the limitations of inhibitor based models. Chemical inhibitors are often associated with off target or whole cell effects that can reduce their specificity to a pathway. Where possible, inhibitors selected were selected based on their potential off-target effects or being cited as highly specific to a single pathway (see table 6.1). In order to corroborate findings of the current study, a combination of inhibitor and siRNA knockdown techniques should be performed. However, as discussed in Chapter 4, the use of HCAEC prevents using transfection techniques such as electroporation, as these techniques are associated with high levels of apoptosis and necrosis in this cell type. Although these experiments could be performed in HUVECs, a cell type that is more easily transfected, the highly heterogeneous nature of the pathways that utilised to uptake MVs (Mulachy et al., 2014), mean that findings from these experiments may not directly translate to those observed in the adult, arterial and disease relevant cell type used in the current model.
Initial experiments were aimed to determine whether the major pathways of internalisation by endothelial cells, clathrin-mediated, caveolin mediated endocytosis or macropinocytosis were involved in the uptake of neutrophil-derived MVs (see Figure 6.2). In order to perform these experiments, the inhibitors genistein (for caveolea-mediated endocytosis), monodansylcadaverine (for clathrin-mediated endocytosis) and EIPA (for macropinocytosis and CAM-mediated endocytosis) were utilised. Genistein is a tyrosine kinase inhibitor that is able to block caveolea-mediated endocytosis that occurs specifically around cholesterol-rich lipid rafts (Puri et al., 2001, dos Santos et al., 2011). In addition to genistein, many studies have also utilised the polyene antibiotic, nystatin (Dobrinskikh et al., 2014, Singh et al., 2003, Chen et al., 2011), to inhibit this pathway. Interestingly however, when cells were treated with this inhibitor, high levels of cell death were observed and, without optimisation of the protocol, no reduction in the uptake of cholera toxin was observed. Following a further review of the literature, we identified that the mechanism of action of this inhibitor involve sequestering cholesterol from the lipid-rich domains of membrane (Chen et al., 2011). A limitation of this inhibitor is that it may also effect cholesterol levels throughout the membrane, and therefore affect membrane integrity and permeability. Given this, and the ability of genistein to specifically inhibit cholera toxin uptake, only on genistein was used as an inhibitor of caveolea-mediated endocytosis. Monodansylcadaverine is a highly cited inhibitor of clathrin-mediated endocytosis (Chen et al., 2009, Schlegel et al., 1982) and works through the stabilisation of clathrin-pits that engulf the endocytic cargo. Importantly, very few studies have identified inhibitory effects on the controls of either caveolea-mediated or macropinocytosis pathways (Ivanov 2008). This inhibitor was identified to efficiently block the internalisation of transferrin in our model, and as such was determined as a specific inhibitor of this pathway. The final inhibitor used in these initial experiments was the epithelial sodium channel inhibitors EIPA. Interestingly, despite being one of the oldest and best described mechanisms of entry in to a cell, few specific inhibitors of macropinocytosis have been identified. Amiloride, and derivatives of this molecule (that include EIPA), work through the inhibition of sodium-proton exchange channels expressed on endothelial cells, and have been traditionally used as inhibitors of micropinocytosis (Falcone et al., 2006). Of importance to the current study, is the growing body of literature that also implicate these channels in CAM-mediated processes (Garnacho et al., 2008, Muro et al., 2003, Muro et al., 2006, Stan, 2006). This chemical was therefore employed as an inhibitor of both these endocytic pathways. When incubated with dextran (70,000 MW), a significant reduction in the uptake of this molecule was observed, suggesting that this inhibitor was able to selectively inhibit the uptake of molecules known to be internalised by macropinocytosis (Muro et al., 2003, Muro et al., 2006). 
The role of ICAM-1 in microvesicle internalisation by endothelial cells
The only inhibitor to reduce MV internalisation was EIPA. From this, it can be inferred that the mechanism of internalisation is independent of both clathrin and caveolea mediated mechanisms. Given the ability of EIPA to inhibit internalisation, further analysis of the pathway was required as the role of sodium epithelial channels has been described as a feature of both macropinocytosis and CAM-mediated endocytosis (see Figure 6.1). In order to distinguish between these pathways, the inhibitors Dynasore and Wortmannin were identified. Dynasore is a specific inhibitor of the cleavage protein dynamin-2. The role of dynamin-2 is in regulating the formation of endocytic vesicles, through fission of the membrane at the trailing edges of the vesicle (Grassart et al., 2014). Although this is a key feature of both clathrin and caveloe mediated endocytosis, the dependence on dynamin-2 is also observed in CAM-mediated endocytosis, but no macropinocytosis. When dynamin-2 was inhibited in HCAECs, we observed a 56% reduction in the internalisation of MVs, suggesting that MV internalisation occurred, at least in part, via a clathrin-independent, dynamin-2 dependant internalisation pathway. Despite these data suggesting the involvement of CAM-mediated endocytosis in MV uptake, this pathway appeared to not account for all MV internalisation. Therefore the PI3K inhibitor, Wortmannin, was used to further investigate the processes involved. Localised PI3K activation is known to drive Akt signalling that results in the arrest of macropinsome formation (Falcone et al., 2006), despite playing no role in the endocytosis by CAM-mediated process (Stan, 2006). Endothelial cells were therefore treated with wortmannin, and a 35% reduction was observed in the level of the MV internalisation, highlighting that macropinocytic pathways may also be occurring within the endothelial cells.
These findings from the inhibitor based experiments identified that multiple, independently contributing pathways may be involved in MV internalisation. Despite this, these results require further confirmation to determine conclusively that these pathways work simultaneously in the uptake of MVs. An important finding was that internalisation of MVs is inhibited by cytochalasin D, highlighting that actin polymerisation and cytoskeletal remodelling are important processes to internalisation. Importantly however, the role of actin is divergent across these two pathways. During macropinocytosis the endocytic cargo co-localises with actin, producing an actin cup around the vesicle, a process that does not occur in CAM-mediated endocytosis. As such, we aimed to detect this co-localisation in HCAECs. Interestingly, as can be seen in Figure 6.13, we did detect examples of co-localisation of MVs with F-actin. Despite this, these events were often difficult to distinguish, and super-resolution techniques such a stimulated emission depletion microscopy may be utilised in future experiments to increase the spatial resolution of the images obtained. Importantly, not all vesicles were observed to co-localisation with F-actin. A major benefit of imaging internalisation in real-time was that fixed time points were not required, which would make distinguishing whether MVs had ever co-localised with actin not possible. 
Although these inhibitor based experiments suggest a number of similarities between MV internalisation and the pathways described by Muro et al (2003) for the uptake ICAM-1 coated immunobeads, further evidence is required to directly implicate ICAM-1 in the process of internalisation. To address the hypothesis that ICAM-1 may directly regulate MV internalisation it was determined whether blocking receptor-ligand interactions reduced internalisation. As can be seen in Figure 6.14, treatment with a blocking antibody against ICAM-1 reduced the level of MV internalisation. Interestingly, both preconditioning with low oscillatory wall shear stress and incubation with TNF-α increase the uptake of neutrophil-derived MVs. As identified in chapter 4, low oscillatory flow increased the expression of ICAM-1 and as such may be an important factor in the increased internalisation. In addition to this, although not reaching statistical significance, the treatment of endothelial cells with TNF-α (a known regulator of ICAM-expression) appeared to increase the level of internalisation in these cells, providing further evidence that ICAM-1 is an important factor to MV internalisation. Despite this indirect evidence, it is important to note that both flow and TNF-α are associated with actin cytoskeleton reorganisation (Peppelenbosch et al., 1999), and as such the increased uptake may not all be attributable to increased ICAM-1 expression. Despite these experiments supporting the role of ICAM-1 in internalisation, studies inhibiting extracellular domain or increasing the cell surface expression do not provide information about the pathway by which they are ultimately internalised, only that increased adhesion via this ligand means subsequent uptake is greater. 
Given these findings it was determined whether the intracellular domain that regulates signalling via ICAM-1 played a significant role in MV internalisation. To develop these experiments, we collaborated with Dr Patric Turowski at University College London, whom kindly provided us with viral plasmids containing wild-type ICAM-1, truncated ICAM-1 that does not have an intracellular domain, and an ICAM-1 molecule with a phosphorylated tyrosine residue in the intracellular domain that therefore has reduced ability to signal. These were then transfected into CHO cells, a cell type that does not constitutively express ICAM-1. This model has been previously employed to determine the role of the ICAM-1 intracellular domain on the transmigration of lymphocytes through endothelial cells; the authors of this paper showed that each of the mutant molecules reduces ICAM-1 dependant RhoA signalling (Etienne-Manneville et al., 2000, Greenwood et al., 2003). In the current model it was observed that WT ICAM-1 increased the level of uptake compared to cells transfected with an empty plasmid (Figure 6.16a). However, when MV internalisation was normalised to level of extracellular ICAM-1 expression no difference between wild type and mutant ICAM-1 was identified (Figure 6.16c).  It remains unclear by what pathway CHO cells use to internalise the neutrophil-derived-MVs. However Figure 16.6a highlights that a low level of uptake can occur. Interestingly this may suggest that the adhesion of MVs to the extracellular domain of ICAM-1 may increase the number vesicles that are internalised by non-discriminate pathways such as macropinocytosis. This may occur due to adhesion via ICAM-1 ensuring that more MVs are on and around the membrane when the membrane and surrounding fluid is recycled during macropinocytosis. Ultimately, although these experiments do not support the role of ICAM-1 signalling in MV uptake, it remains unknown whether CHO cells express the intracellular machinery required to internalise MVs via these mechanisms. Further experimentation to assess that the cells express this machinery, and can signal in response to binding CD18 on the MVs, is required to determine the functionality of this assay. These findings may infer that the current model was not appropriate for study of ICAM-1 mediated endocytosis.  
Given the negative findings of the CHO based model of ICAM-1 endocytosis, the intracellular domain on ICAM-1 in HCAECs was inhibited. In order to perform these experiments, peptide inhibitors of the intracellular domain of ICAM-1 were linked to a penetratin sequence (or irrelevant rat peptide control). Penetratin sequences are able to effectively translocate across cell membranes and are able to act as a carrier of peptides into the cell (Greenwood et al., 2003).  Interestingly, peptide inhibitors of intracellular ICAM-1 linked to penetratin have been previously shown to block lymphocyte transmigration (Greenwood et al., 2003). Here we showed that although not statistically significant, a 42% reduction in the level of internalisation was observed in the cells treated with the ICAM-1 peptide compared to the irrelevant rat peptide control. These experiments are limited by a relatively sample small size, and future experiments with greater numbers of HCAEC donors are required to confirm these findings. Additionally, future experiments should determine the effect of the peptides on RhoA signalling, in order to establish whether ICAM-1 signalling is essential for internalisation. Despite this, these experiments provide intriguing data that suggests the direct involved of ICAM-1 mediated process in MV internalisation. 
Application to microvesicle internalisation in vivo 
	These data presented suggest, for the first time, that two distinct pathways may be utilised by endothelial cells during the internalisation of MVs. Despite this however, these findings pose important questions about how these relate to the internalisation of MVs in an in vivo setting. Crucially, as addressed in Chapters 4 and 5, the capture of flowing MVs is ligand dependant and therefore only MVs that express the machinery to be captured from the circulation can interact with endothelial cells. In the current chapter, experiments were performed under static conditions, allowing MVs to sediment and interact with the recipient cells. As discussed, macropinocytosis is a non-discriminate pathway for internalisation of large volumes of fluid on and around its membrane and, as such, these experiments may infer a potentially greater role of these non-discriminate processes in MV internalisation than does occur in vivo. Further experimentation is required to determine the contribution of these two pathways under flowing condition. Despite the limitations of the static model employed, Bhowmick et al (Bhowmick et al., 2012) identified that ICAM-1 mediated endocytosis of nanobeads could occur under flow conditions. This was confirmed in both in vitro flow systems and an in vivo mode. The authors identified that the level of uptake occurred more readily in vessels with lower flow conditions, but also that whole-body LPS stimulation of the animal increased the level of uptake. Given these findings that nanobeads delivered under flow could be internalisation and that increased levels of systemic inflammation increased the rate of uptake, these findings directly support the hypothesis that neutrophil-derived MVs may utilise this ICAM-1 dependant mechanism in the delivery of their inflammatory content to atheroprone regions.  
Microvesicle delivery of neutrophil-derived content and future work
	Another consideration of these data is that it remains unclear is whether MV-derived content is delivered in the cell. In these experiments it was identified that MVs produced post-HFD had increased expression of miR-155, and that this was also increased in HCAECs following incubation with MVs produce following the intervention. From these findings cannot definitively suggest that MV-derived miRs have been developed to the endothelial cells, as endogenous induction of miR-155 expression could occur in response to MV internalisation. Additionally, the levels of miR-155 were analysed from a population of all MVs, so therefore we cannot determine that the increase in expression was solely because of up-regulation in neutrophil-derived MVs. However, these findings do support the requirement for further investigation into delivery of micro-RNA. These could involve the use of antago-miRs to inhibit the production of this miR in the endothelial cells, allowing the determination of delivery in the increase of miR-155 observed in these experiments. These experiments do, however, require transfection of the endothelial cells, and as such until methods for transfecting HCAECs without significant cell apoptosis have been developed, these should be performed in alternative cells. 
Although these experiments were unable to definitively identify the transfer of miR-155 to endothelial cells, evidence from reporter and luciferase based assays have shown directly the regulation of gene and protein expression in response to treatment with MVs (Xin et al., 2012). Importantly, these experiments infer that not only are MVs internalised but their contents must escape the MVs membrane, no study has yet shown the release of this content into the recipient cell. Interestingly, Muro et al., (2006) identified that 80% of nanobeads internalised via an ICAM-1 mediated endocytosis were found to co-localise with early endosomal antigen-1 (EEA-1) before transportation into lysosomes. Although we believe neutrophil-derived MVs enter this same endosomal pathway, the current evidence for this is unsubstantiated and requires further investigation. An intriguing idea for how this may occur comes from the study of exosome internalisation. A number of authors speculate that exosome content is delivered to the cell via ‘back fusion’ events with the early and late endosome during which the MV membrane fuses with the membrane of the endosomal compartment (Abrami et al., 2013, Nour and Modis, 2014). Despite these studies proposing this interesting mechanism through which they may deliver content, no direct evidence of this currently exists. Given that many of these experiments to identify these mechanisms were performed in exosomes, which at <100 nm can be close to the diffraction limit of light, the study of these events in MVs with ultimately larger volumes of content may be feasible. One technique that could be utilised is expansion microscopy. This uses re-hydration of polymers that are cross-linked across the cell to uniformly expand a cell or tissue, increasing the spatial resolution that can obtained from 60nm to 240nm. Determining the mechanism of MV-derived content release into a recipient cell will be a major breakthrough in the study of extracellular vesicles. Future collaborations with the Maastricht University should aim to utilise dual labelling, membrane and nucleic content, with the aim of determining where in this endocytic process content release occurs. 
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[bookmark: _Toc499103687]Figure 6.20 – Working hypothesis – MV internalisation by HCAECs: MVs interact with endothelial cells, in part via ICAM-1 dependent mechanisms. MVs can then be internalised by HCAECs via active processes that are dependent upon function ENaC channels expressed on the cell surface. Internalisation occurs via two distinct, independently functioning pathways, macropinocytosis and CAM-mediated endocytosis. Once internalised by HCAECs, it is hypothesised that MVs deliver their content, including microRNAs to the cell that induce the activation described in chapter 5. 


Chapter 7 - General discussion 

[bookmark: _Toc499103360]7.1 Study summary

	The role of neutrophils in atherosclerosis had been largely overlooked. Typically, this oversight is credited to the lack of observational evidence of neutrophil infiltration during plaque development. Despite this, a breakthrough study in our understanding of neutrophils in atherosclerosis identified that neutrophil depletion from the circulation during the early stages of lesion development reduced both the total plaque area and the macrophage content of the developing plaque (Zernecke et al., 2008). This indicated that neutrophils must be contributing to lesion formation without entering the plaque. Although it remains unclear what inhibitory factors prevent whole neutrophils from leaving the circulation and entering plaque, the identification that neutrophils release membrane bound MVs that express the machinery required to interact with endothelial cells, poses an intriguing mechanism through which neutrophils may influence the progression of disease. The aim of the studies presented in this thesis was to contribute to a better understanding of the role of neutrophils in the focal nature of atherogenesis. It was hypothesised that MVs produced by activated neutrophils could interact with endothelial cells and result in inflammatory activation of these cells. A number of major outcomes were identified; 
1. MVs are produced in vivo in response to high fat overfeeding, increasing both the total number and ability to induce inflammation in HCAECs.

2. Neutrophils-derived MVs preferentially interact with endothelial cells exposed to low and disturbed patterns of flow in vivo and in vitro. This occurs in an ICAM-1 dependant manner.

3. MVs interaction with HCAEC results in inflammatory activation of endothelial cells, resulting in changes in cell surface expression of adhesion molecules, the secretion of cytokines and chemoattractants and, subsequently, increased monocyte interactions with endothelial cells under disturbed flow.

4. MVs are internalised by HCAECs. This occurs via multiple, independently functioning pathways that include macropinocytosis and ICAM-1-mediated endocytosis. 






[bookmark: _Toc499103361]7.2 Wider implications and future work 
Biogenesis of microvesicles 
The data presented within this thesis demonstrate that neutrophil-derived MVs are produced in vivo in response to high-fat overfeeding. In addition to changes in the number, it was identified alterations in the function of MVs isolated post HFD. MVs produced from activated neutrophils ex vivo, showed a greater propensity to induce inflammation in HCAECs than those produced prior to feeding. Little is known about the biogenesis of MVs, however these findings pose intriguing questions about how the content of MV may be differentially packaged in response to a range of different stimuli. Future studies may look at both neutrophil and MV content after exposure to different stimuli at the proteomic and microRNA level. This will provide valuable information about how the activation status or requirement for a secondary stimulus influence the MV content (discussed in Chapter 3). Additionally, a mechanistic study using siRNA knockdown and overexpression could be performed in immortalised cell lines to aid in the identification of key trafficking and endocytotic compartments that are involved in the packaging of MVs. 
The effect of diet on the production of microvesicles 
The findings presented here may have wider implications to our understanding of diet in other chronic diseases. Given the ability of high fat feeding to induce changes in the production of MVs from a number of cell types, determining the consequences of these changes in other diseases is of particular importance. For example, MVs have been heavily implicated in the crosstalk and progression of many cancers (Azmi et al., 2014), while high fat feeding has been shown to increase the rate of cancer metastasis (Pascual et al., 2017). Given the known involvement of tumour-derived MV is these metastatic processes (Martins et al., 2013), determining whether diet may affect either the MVs produced by, or delivered to tumours may be an important avenue for understanding how diet and MVs contribute to these effects. Additionally, more understanding is required concerning different diets in the production and function of MVs. It was identified that high fat overfeeding increases the production and inflammatory capacity of neutrophil-derived MVs posing the question whether diets that involve calorie restriction, which is associated with reduced both cardiovascular (Fontana et al., 2004) and cancer (Longo and Fontana, 2010) mortality can also alter the numbers or inflammatory function of MVs. Therefore, further research into how major changes in diet affect the contribution of neutrophil-derived MVs to diseases are required. An important feature of this future research will be to identify the factors in plasma following high-fat diets that induces MV production, as this may provide interesting new avenues for therapeutic targets to inhibit the production of proinflammatory MVs. 

Utilising ICAM-1 crosslinking as a mechanism for the uptake of therapeutics 
It is well recognised that atherosclerosis is a focal disease, occurring almost exclusively at sites of the vasculature exposed to disturbed flow. As such, for changes in the number of MVs produced in response to HFD to be relevant to disease, it was important to identify whether MVs preferentially interact with cells at atheroprone regions. These experiments identified that, both in vivo and in vitro, MV interactions with endothelial cells are dramatically augmented in low and disturbed flow conditions. Importantly, in adult arterial cells, isolated from a pathologically relevant vascular bed, it was shown that both preconditioning of endothelial cells and the mass transport effects of delivery under flow contribute to this discrepancy. Critical to both the adhesion and internalisation of MVs was the expression of ICAM-1 on these endothelial cells. Interestingly, ICAM-1 has been described as a potential mechanism through which targeted delivery of therapeutics could be performed. A growing body of research is attempting to utilise these pathways through encapsulation of therapies in ‘nanoparticles’ that can deliver to specific sites (De Jong and Borm, 2008, Sun et al., 2016, Rashid et al., 2016). These systems allow for targeted delivery using tissue specific antibodies, allowing for the reduction in off-target effects of the therapies and lower concentrations required than through systemic administration (Reviewed by; (Vader et al., 2016). Kolhar et al., (2013) identified that ICAM-1 coated nanoparticles, 200 nms in diameter, coated with anti-ICAM-1 antibodies were found to readily accumulate in the lung liver and brain endothelium following administration in mice, suggesting that these could therefore be used in the delivery of therapies to these significant sites of disease.  Importantly, this thesis has identified a naturally occurring mechanism through which MVs preferentially interact with a site where a disease develops. Once adherent, these MVs are internalised and induce biological effects. Utilisation of these mechanisms could have direct implications on informing both the production and specifications of these artificially produced nanoparticles for therapies in the treatment of atherosclerosis. Examples from this research that could already be used to inform these processes are the identification of MV diameter. We utilised multiple mechanisms, including tuneable pulse sensing and nanoparticle tracking (see Figure 2.2-3) to determine vesicle size and found that MVs produced by neutrophils ex vivo had a modal diameter of 232 nm. As such, future research with the aim of utilising ICAM-1 crosslinking as a mechanism of uptake of therapeutics, may aim to achieve vesicle production in this range to improve efficiency of uptake. 
In vivo and 3-D cell culture models of microvesicle interactions with endothelial cells under flow 
A number of highly flow sensitive genes identified from in vivo studies were found to be regulated by the flow parameters used in this study. Although the flow chamber system utilised in this model allowed for (i) manipulation of the pattern and magnitude of shear stress, (ii) use of inhibitors within the system and (iii) determination of gene expression changes in endothelial cells following exposure to flow, the in vivo environment is significantly more complex. Future studies using 3-D cell culture system or in vivo methods should aim to validate these findings. These could include the development of biocompatible, polydimethylsiloxane (PDMS) models of complex geometries (bifurcations or arches). These could then be seeded with endothelial cells, and using a commercially available flow system could recapitulate the complex flow environment observed in vivo (as described by; Mannino et al., 2015). The use of PDMS in this system would allow for the imaging of these interactions in real time and allow for better interpretation of specific regions of the vasculature where interactions may occur. Additionally, in vivo models that utilise intravital microscopy of the mouse carotid artery could help confirm the findings presented in these studies (van Zandvoort et al., 2004). Although this would allow for imaging of MV interactions with endothelial cells in real-time and at a disease relevant vascular bed, the rapid clearance of MVs from the circulation following injection may limit the number of observed interactions (Ayers et al., 2015). Alternatively therefore, ex vivo techniques, in which small sections of atheroprone and atheroprotected regions of the vessel could be removed and attached to a closed loop flow system, may be utilised. These would allow for the study of a number of different complex geometries, confirming the findings in the current study. In addition to these biological models, the development of in silico techniques to model these interactions would allow us to understand more about these interactions in vivo. These models would allow us to quickly manipulate flow rates, angle of bifurcations and changes in the number MVs without having to build or develop new biological systems. 
MicroRNA content of MVs and the delivery to endothelial cells in atherosclerosis 
Although inflammation has for a long time been suspected to be causal in atherosclerosis, effective inhibitors of inflammation on disease outcomes remained elusive. A major breakthrough in this area was achieved this year when the CANTOS study was completed (Ridker et al., 2017, Libby, 2017). The study identified that IL-1β antagonist, Canakinnumab, was able to reduce the risk of cardiac event risk through the reduction of inflammation, importantly this was observed independently of alterations in blood lipid levels. This major breakthrough for the first time causally implicated inflammation in atherosclerosis. Given the growing recognition of inflammation as a driving factor behind atherosclerosis, the mechanism of inflammatory induction by MVs presented in the present study highlight an interesting new target through which inflammatory and immune cell driven processes interact during disease. Discussed in chapter 5 and 6, it is hypothesised that MV delivery of encapsulated microRNAs is a critical factor in the induction of inflammation in the recipient cell. A number of microRNAs that are rapidly up-regulated during neutrophil activation, these include miR155 (Guedes et al., 2014) and miR223 (Hessam et al., 2017)have identified in MVs and implicated in vascular inflammation (Barker et al., 2017). In chapter 6 it was identified that the expression of miR-155 was increased in plasma MVs following HFD and that neutrophil-derived MVs following inflammation resulted in significantly greater levels of this miR in endothelial cells. Although these findings infer the ability of MVs to delivery this miR, confirmation of delivery to endothelial cells during atherosclerosis is required. These experiments can be performed through silencing endogenous miRs through the use of a miR-155 specific antago-miR, which inhibits the ability of the miR to bind to an mRNA molecule. Importantly these studies have only investigated a single miR in this process, however a number of miRs encapsulated in MVs have been implicated in the development of atherosclerosis (Reviewed by; Hulsmans and Holvoet, 2013). Further study therefore is required to identify the range of miRs that are expressed in neutrophil-derived MVs, understand how this profile of miRs may change with inflammatory stimulus such as high-fat overfeeding, and ultimately understand how these miRs contribute to inflammation. MiRs have become an increasingly promising therapeutic target, with a number of preliminary studies looking into the efficacy of anti-microRNA treatments being performed in the field of oncology (Rupaimoole and Slack, 2017), making these future studies critical in the development of the new wave of inflammatory inhibitors, that target specific microRNAs that are inducing inflammation at these disturbed flow regions.
[bookmark: _Toc499103362]7.3 Conclusions 
	The work presented in this thesis demonstrates that MVs preferentially interact with endothelial cells exposed to disturbed flow. Given the focal nature of atherosclerosis, the ability of these vesicles to interact with specific regions and exacerbate inflammation beyond that caused by disturbed flow alone, highlight an important mechanism through which MVs may alter the activation status of endothelial cells at these sites. Importantly it was observed that this increase in activation, resulted in monocyte interactions with cells under disturbed flow. Monocyte interactions with dysfunctional arterial endothelial cells are critical in both the initiation and progression of atherosclerosis. Therefore neutrophil-derived MVs may be important to this disease process through the facilitation of immune cell migration at disturbed flow sites (See Figure 7.1). 


[image: ][bookmark: _Toc499103688]Figure 7.1 – Working hypothesis – Neutrophil-derived MVs and the activation of endothelial cells at sites of disturbed flow: MVs are produced by activated neutrophils in the circulation. The production of MVs is increased by the state of low-grade inflammation induced by high-fat overfeeding. Sites of disturbed flow are characterised by flow induced expression of ICAM-1 on these cells, via which MVs are able to interact with endothelial cells. This results in elevated interactions with cells at disturbed flow sites. Importantly, MVs that interact with endothelial cells are subsequently internalised, where it is suspected they deliver their content (including microRNAs) that induce inflammation in these cells. This includes the secretion of cytokines and chemoattractants but also increases adhesion molecule expression on the cells that facilitate exacerbated monocyte interactions at sites of disturbed flow. These findings implicate neutrophil-derived MVs in the focal nature of atherosclerosis. 
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Figure 3.2 — Acute plasma triglyceride and glucose responses to high fat over-feeding:
Healthy human participants were fed breakfast, lunch and snacks on day one of the 7-day
high fat feeding protocol. Metabolic responses, including plasma glucose (A) and plasma
triglyceride were measured for a total of 8 hours. Data are presented as mean + SEM (n=5)
and statistical significance analysed by one-way ANOVA with Dunnetts test for multiple
comparisons, *p<0.05, **p<0.01.
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