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Abstract 
The platelet P2Y12 receptor antagonists such as clopidogrel and ticagrelor form an essential strategy for prevention of thrombotic events after acute coronary syndromes (ACS). In the PLATO study, ticagrelor reduced mortality in ACS patients compared to clopidogrel and the mechanisms underlying this mortality reduction are unclear. A post hoc analysis of PLATO suggests that ticagrelor may reduce susceptibility to pulmonary infection compared to clopidogrel, raising the possibility of differential effects of the drugs on host defence. This thesis investigates the effect of the P2Y12 inhibitors clopidogrel and ticagrelor on neutrophil function, specifically migration, and examines the effects of adenosine uptake inhibition by ticagrelor on neutrophil migration. 

Chemotaxis assay was used to investigate the effects of clopidogrel and ticagrelor on neutrophil migration in vitro. Isolated human and mice neutrophils were treated with various compounds and placed on the filter of transwell chemotaxis chambers with chemoattractant (keratinocytes-derived chemokine or interleukin-8) in the lower wells. The number of treated neutrophils that migrated to chemoattractant was counted and compared to their control. A thioglycollate induced-peritonitis model was use to study the effect of P2Y12 inhibitors on neutrophil recruitment in vivo. Mice were administered different agents and then thioglycollate was injected. The number and the percentage of neutrophils present in the lavage fluid was counted and calculated. 

The results of this thesis demonstrated that the P2Y12 receptor did not play a significant role in neutrophil migration in vitro and in vivo. In addition, the thioglycollate induced-peritonitis model did not show a significant effect of ticagrelor on neutrophil recruitment. Consequently, the relationship between ticagrelor, erythrocytes and adenosine on modulating neutrophil migration was investigated. The results showed that adenosine 10 -8M significantly potentiated neutrophil chemotaxis and this effect of adenosine was attenuated in the presence of erythrocytes. Ticagrelor and another inhibitor of erythrocyte adenosine uptake, dipyridamole, were able to preserve the effect of adenosine on neutrophil chemotaxis in the presence of erythrocytes. 

In conclusion, clopidogrel does not play a significant role in modulating neutrophil migration. In addition, this thesis describes a novel role for ticagrelor, as an adenosine uptake inhibitor, in modulating neutrophil migration by potentiating the effect of adenosine on neutrophil chemotaxis in the presence of erythrocytes. This represents a potential mechanism by which ticagrelor could influence host defence against bacterial infection and further work is required to explore the clinical relevance of these observations.
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The study of the cardiovascular system started many centuries ago. Many scientists and physicians have exerted great efforts to discover the mechanisms of the cardiovascular system and built the foundation for our current knowledge in this field. Therefore, I will mention a brief history of some great contributions in the field of cardiovascular science. It is believed that the first scientific theory for the cardiovascular system was documented by Hippocrates (460-377 BC). He thought that the main origins that produce the blood are liver and spleen and that the blood travelled to the heart and was warmed or cooled by the air entering the lungs (Aird, 2011). 

Aristotle (384-322 BC) suggested that the heart is the source for all blood vessels and he named the main artery of the heart as the aorta. The other names of vessels, like artery, vein, and pulmonary artery, were named after Aristotle by Erasistratus (290 BC) who believed that the arteries contain air alone. Later, Galen (129-200 BC) found that arteries carried blood instead of air. He believed that the venous blood moves through invisible pores in the interventricular septum to arteries. In the 13th century, Ibn Nafis (1210-1288 AD) explained that the interventricular septum does not have visible or invisible pores and provided the ﬁrst description of the pulmonary circulation. William Harvey (1578-1657) improved our modern understanding of a closed circulatory system and described the mechanisms of both systemic and pulmonary circulation (Aird, 2011, Akmal et al., 2010). 





[bookmark: _Toc424586715]Cardiovascular disease and coronary heart disease
Cardiovascular disease (CVD) is a major cause of morbidity and mortality in Western societies. Approximately 4.1 million deaths (46% of all deaths) in Europe annually are from CVD (Nichols et al., 2013). CVD is a broad term for a range of diseases affecting the heart or brain and their blood vessels such as coronary heart disease and cerebrovascular disease. The most common cause of CVD is atherosclerosis, in which arteries become narrowed by a gradual build-up of fatty material (atheroma) within their walls. 

Coronary heart disease (CHD), which refers to lesions within coronary arteries that restrict blood flow to the myocardium, is associated with the highest mortality rate (20%) among all CVDs (Nichols et al., 2013). CHD may present as stable angina (angina pectoris) or acute coronary syndrome. Typically, at least 70% obstruction of the arterial lumen by atherosclerotic collagen-rich hard plaque causes angina pectoris, which manifests as chest pain associated with myocardial ischaemia due to transiently inadequate blood supply to the heart caused by stenosed arteries (Desmond et al., 2005).

Rupture of vulnerable plaques and exposure of the thrombogenic core to the blood content results in thrombosis, which is the dominant cause of acute coronary syndrome. Unstable angina, non–ST-segment elevation myocardial infarction (NSTEMI) and ST-segment elevation myocardial infarction (STEMI) are forms of acute coronary syndrome (Desmond et al., 2005). Unstable angina and NSTEMI both have similar onset and usually present as a result of partial thrombotic occlusion of a coronary artery. They differ primarily in whether the ischemia is severe enough to cause myocardial necrosis. NSTEMI is identified by the presence of biochemical markers of myocardial necrosis (e.g. raised troponins) compared to unstable angina, which is indicated by the absence of elevation in troponin (Sheridan and Crossman, 2002). STEMI usually occurs as a result of complete thrombotic occlusion of a coronary artery and it is identified by elevated cardiac biomarkers with persistent ST segment elevation on the electrocardiogram (ECG) (Desmond et al., 2005). 

CHD is connected to lifestyle and the risk of CHD can be reduced by lifestyle change and inexpensive pharmacotherapy (Artinian et al., 2010, Ton et al., 2013). For example, nine risk factors were associated with more than 90% of acute myocardial infarctions: smoking, dyslipidaemia, diabetes mellitus, hypertension, abdominal obesity, stress, poor diet, physical inactivity, and excess alcohol consumption (Yusuf et al., 2004, Hsu et al., 2013). Global risk assessment tools such as The Framingham Risk Score can help identify low, moderate and high risks of developing CVD events in individuals without overt CVD (Wilson et al., 1998, Hsu et al., 2013). These tools use a number of factors such as age, cholesterol levels, systolic blood pressure and smoking status to estimate the risk of developing CVD. The main goal of assessment is to aid the clinician to make informed decisions about lifestyle and pharmacological interventions to reduce the risk of atherosclerotic CVD (Greenland et al., 2010).

[bookmark: _Toc405817865][bookmark: _Toc424586716]Atherosclerosis
[bookmark: _Toc405817866][bookmark: _Toc424586717]Normal arterial wall structure
Arterial walls are comprised of organized connective tissue that is arranged in three anatomical layers, or tunicae, in all parts of the arterial system (Figure 1.1). The three tunicae are the intima, the media and the adventitia (Underwood and Cross, 2009). The intima, the innermost layer, consists of endothelial cells, which provide a physical barrier between the blood and the wall of the blood vessel. 

The endothelial cells play an important role in pathogenesis of the atherosclerotic lesions (Noble, 2010). The framework of endothelial cells is supported by connective tissue fibres. The internal elastic lamina is a layer of elastic fibres that separates the intima from the medial layer. The tunica media is composed of two elastic tissue layers located in the internal and external layers of the media. 

In addition, smooth muscle cells are located in the middle layer between elastic tissue layers (Noble, 2010). The tunica media provides the strength and stability for the blood vessels (Cronenwett et al., 2010). The outermost layer is fibrous connective tissue, which is known as adventitia. It contains vasa vasorum and nerves, which supply the blood vessels with nutrients (Cronenwett et al., 2010).
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[bookmark: _Toc426231991]Figure 1.1 Arterial Wall structure
 Arterial walls are arranged in three major anatomical layers which are tunica intima, tunica media and tunica adventitia. The intima is the innermost layer of the arterial wall and consists of a layer of endothelial cells and sub-endothelial layer of connective tissue. The tunica media is composed of smooth muscle surrounded by elastic fibres. Adventitia is the outermost layer of an arterial wall.
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Atherosclerotic disease is characterised by an accumulation of cholesterol in the intimal layer of the artery wall (Figure 1.2). The precise mechanisms that trigger atherosclerosis are still unclear but risk factors (e.g. elevated plasma cholesterol, diabetes, hypertension, obesity, stress, poor diet, physical inactivity, excess alcohol consumption, smoking, aging and sex) (Altman, 2003, Oyama et al., 2008, Yusuf et al., 2004) contribute to the initiation of endothelial dysfunction. Inflammation is a basic pathological mechanism that is implicated in all phases of atherosclerosis. It is characterized by complex interactions between inflammatory cells and vascular cells. The vascular cells (endothelial cells and smooth muscle cells) have a critical role during the inflammatory process. Many cytokines play an important role in the induction of adhesion molecule expression and chemokine release (Tedgui and Mallat, 2006). Many studies have suggested that adhesion molecules, such as intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion protein 1 (VCAM-1) and P-selectin, are implicated in the atherosclerotic process (Nakashima et al., 1998, Sakai et al., 1997).  In addition, inflammatory cells (e.g. macrophage) play an important role in the pathogenesis and progression of atherosclerosis (Takahashi et al., 2002).

[bookmark: _Toc424586719]Early lesion development
The endothelium acts as a barrier between the bloodstream and surrounding tissues, and controls the transit of cells and molecules into and out of the circulating blood. Unactivated endothelial cells release antithrombotic molecules, such as nitric oxide (Radomski et al., 1987), that prevent platelet adherence and activation (Figure 1.2 A). Endothelial dysfunction, which may arise from different factors such as mechanical injury, infection or chronic hyperlipidaemia (Ross and Glomset, 1976), is associated with reduced anti-thrombogenic properties and activation of endothelial cells by atherogenic stimuli. The expression of adhesion molecules, such as VCAM-1, on endothelial cells is upregulated by these factors that cause endothelial dysfunction and increases leukocyte recruitment (Libby et al., 2002). 
In the early process of plaque formation, elevated plasma levels of low-density lipoprotein (LDL) molecules lead to accumulation of LDL in the vascular intima. Then, LDL molecules are oxidised by reactive oxygen species (ROS) (Morel et al., 1984). Altered function of the endothelial cells due to oxidised LDL leads to an increase in the adherence of leukocytes (Ross, 1993). Oxidised LDL stimulates the expression of adhesion molecules such as P- and E‑selectin on the surface of endothelial cells (Figure 1.2 B). 


Other adhesion molecules such as P-selectin contribute to the recruitment of leukocytes to the atherosclerotic lesion. P-selectin is a transmembrane glycoprotein stored in α-granules of platelets and in the Weibel-Palade bodies of inactivated endothelial cells (Bonfanti et al., 1989, McEver et al., 1989). It consists of lectin and epidermal growth factor domains, which mediate interaction with PSGL-1 on leukocytes (Mehta et al., 1997).   P-selectin on platelets or endothelial cells has been shown to play a major role in atherosclerosis; it is expressed on activated platelets and participates at different stages of atherosclerosis (Galkina and Ley, 2009, Burger and Wagner, 2003). In addition, P-selectin of endothelial cells participates in the initial rolling of neutrophils (Mayadas et al., 1993). In double knockout (ApoE−/−, P-selectin−/−) mice, the absence of P-selectin inhibited the recruitment of monocyte to the lesion of aortic sinus. In addition, the lesion of the aortic sinus was smaller in the absence of P-selectin compared (ApoE−/−, P-selectin+/+) (Dong et al., 2000).

These adhesion molecules play important roles in leukocyte recruitment and atherosclerosis formation (Dong et al., 1998). The oxidised LDL in atherosclerotic sites can act as a chemoattractant for monocytes (Quinn et al., 1987). It stimulates the production of pro-inflammatory chemokines  such as monocyte chemotactic protein-1 (MCP-1) (Cushing et al., 1990) and macrophage colony stimulating factor (M-CSF) (Rajavashisth et al., 1990). The expression of adhesion molecules in the injured site facilitates the binding of monocytes to the endothelium. This is followed by transendothelial migration of monocytes toward the oxidised LDL, which release chemokines. In the intimal layer, monocytes undergo a series of changes to become macrophages and cytokines such as M-SCF have been found to augment this differentiation (Becker et al., 1987, Clinton et al., 1992). However, despite the importance of monocytes and macrophages in the development of atherosclerotic lesions, other inflammatory cells such as dendritic cells (Subramanian and Tabas, 2014), T lymphocytes (Tse et al., 2013) and neutrophils are also involved in atherosclerotic plaque formation. 

Neutrophils are short-lived phagocytic cells that are critical in innate immunity. Neutrophils have a wide variety of biologically active molecules, such as antimicrobial proteins, proteases and pro-inflammatory cytokines and are significant in inflammation (Baetta and Corsini, 2010). Drechsler et al. (2010) showed that granulocyte-colony stimulating factor (G-CSF) levels are increased in ApoE−/− mice fed a high fat diet  for four weeks leading to increased peripheral neutrophil counts.  Also, it has been shown that the increase in circulating neutrophil levels due to disruption of retention in bone marrow in ApoE-/- mice led to an increase in plaque size (Zernecke et al., 2008). In the same study, Zernecke et al. (2008) demonstrated that inhibition of neutrophils in ApoE−/− mice by anti-polymorphonuclear leukocyte antibodies reduced the size of the plaque and the number of macrophages in atherosclerotic plaques. 

Oxidised LDL accumulates in macrophages by binding to the scavenger receptors SR-A and CD36, which leads to transformation of macrophages into foam cells (Yuri V, 2006). Foam cells contribute to the ongoing inflammatory process through the excretion of inflammatory mediators that recruit additional immune cells, such as neutrophils and macrophages, to the intima layer (Figure 1.2 C). These steps form the initial lesions of atherosclerosis, which are known as fatty streaks (Noble, 2010). This stage of the initial lesion may have no clinical significance and may disappear from the intima or may progress to an atherosclerotic plaque.

[bookmark: _Toc424586720]Advanced lesion development
In the initial lesion of atherosclerosis, macrophage apoptosis inhibits the development of atherosclerosis (Liu et al., 2005). In advanced lesions, several factors, such as oxidative stress and presence of oxidised LDL, contribute to impaired phagocytosis of apoptotic cells (Schrijvers et al., 2005). This impairment increases formation of the necrotic core (Tabas, 2005). Within atherosclerotic plaque, foam cells are transformed to a lesion with a more fibrous character. Vascular smooth muscle cells (VSMCs) are involved in all stages of atherosclerotic lesion development and contribute to leukocyte recruitment. VSMCs particularly play important role in transforming atherosclerosis from early lesion to advanced lesion. Induction of migration and proliferation of VSMCs is driven through release of growth factors (e.g. platelet-derived growth factor) released from activated leukocytes. In addition,  VSMCs secrete collagen that provides the strength for the plaque (Libby and Ridker, 2006). This strength presents in the fibrous cap that covers the necrotic core of plaque. Deformity of the arterial wall as a consequence of accumulation of cells, lipids, and necrotic core formation is known as advanced lesions (Figure 1.2 D) (Stary et al., 1995). This stage of lesion includes extensive changes to the vessel and can be clinically significant.  

[bookmark: _Toc424586721]Plaque rupture and atherothrombosis
Atherosclerotic plaque disruption with superimposed thrombosis is known as atherothrombosis, which is the main cause of acute coronary syndromes (Viles-Gonzalez et al., 2004). The cell composition and the ratio of extracellular matrix (ECM) to lipid content in atherosclerotic plaques determine the stability of the lesion (Badimon et al., 2009). Vulnerable plaque is used to define a plaque prone to rupture and the plaque is characterised by a thin fibrous cap. The vulnerable plaque is described by a thin fibrous cap, depletion of smooth muscle cells and large accumulations of lipids and macrophages within the plaque (Libby et al., 1998). 

Matrix metalloproteinases (MMPs), also called matrixins, are a family of proteases that degrade ECM. Cytokines (e.g. IL-1 and TNF-α) stimulate different cells, such as macrophage vascular smooth muscle cells, to produce MMPs (Galis et al., 1994a, Saren et al., 1996). It has been found that MMPs collagenases (MMP-1 and 13)(Sukhova et al., 1999), stromelysins (MMP-3 and 11) and gelatinases (MMP2 and 9) degrade the ECM proteins within the lesion (Galis et al., 1994b, Schonbeck et al., 1999). The degradation of the matrix of the fibrous cap, which is located between the vascular lumen and the necrotic core, make the plaque more vulnerable. This process may lead to erosion or rupture of the plaque, exposing the thrombogenic lipid-rich core and leading to platelet adhesion to the necrotic core as well as expression of tissue factor and consequent generation of thrombin that leads to the formation of fibrin. Accumulation of platelets and fibrin leads to the formation of thrombus (Figure 1.2 E) (Thim et al., 2008). 

There are three major determinants of the thrombotic response to plaque rupture (Falk and Fernandez-Ortiz, 1995). These include the components of the lipid-rich core, such as tissue factor protein (derived from disintegrated macrophages), that increase the thrombogenicity of the core (Fernández-Ortiz et al., 1994, Wilcox et al., 1989){Fernández-Ortiz, 1994 #91}. Also, the degree of stenosis at the rupture site causes a disturbance of blood flow that activates platelets (Falk, 1983). In addition, the state of activation of platelets, coagulation and fibrinolysis influence the propensity to development of occlusive thrombus, as documented by the protective effect of antiplatelet therapies in individuals at risk of coronary thrombosis (Falk and Fernandez-Ortiz, 1995). P2Y12 antagonists are types of antiplatelet therapies that inhibit platelet aggregation and thrombus formation. Further details about platelets and their antagonists will be provided in later sections.  
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[bookmark: _Toc426231992]Figure 1.2 Atherosclerotic lesion development
(A). Healthy endothelial cells release antithrombotic molecules such as nitric oxide that inhibit platelet adhesion and aggregation, leukocyte adhesion/infiltration, and proliferation of VSMCs. (B).  The initiating step of atherosclerosis, LDL molecules accumulate in the vascular intima. Then, LDL molecules are oxidized by reactive oxygen species and cause damage to the endothelium.  This initial damage stimulates expression of selectins and cell adhesion. As a result, monocytes and other inflammatory cells migrate into the intima layer. (C). Monocytes differentiate to macrophages, which engulf oxidized LDL and become foam cells. (D). The continued release of cytokines and growth factors and accumulation of foam cells promote the migration and proliferation of VSMCs from the vessel media. This results in a plaque with lipid-rich necrotic core covered by a fibrous cap. (E). Atherosclerotic plaque becomes vulnerable, most likely due to release of metalloproteinases, which degrade the extracellular matrix and destabilise the lesion. Rupture of the atherosclerotic plaque increases fibrin formation, platelet activation and aggregation to form a thrombus. 

[bookmark: _Toc405817869][bookmark: _Toc424586722]Platelets in atherosclerosis
Platelets play an important role in haemostasis and pathological atherothrombosis and can enhance inflammatory processes, which supports plaque formation by recruiting different types of cells such as monocytes, neutrophils, endothelial cells or endothelial progenitor cells (May et al., 2008). Under normal conditions, endothelial cells release nitric oxide (NO) and prostacyclin, which inhibit platelet activation (Mitchell et al., 2008). The rupture of atherosclerotic plaque or the erosion of endothelial cells leads to  platelet aggregation and causes formation of a thrombotic occlusion, which can prevent adequate blood supply (Fuster et al., 2005). 

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]However, the interaction between the glycoprotein (GP) Ib/V/IX receptor complex and von Willebrand factor (vWF) and between GP VI or GP Ia receptors and collagen are important to initiate arrest and activation of adherent platelets on injury sites (Varga-Szabo et al., 2008, Angiolillo et al., 2010). The activated platelets on the sites of vascular injury then release platelet activators such as thromboxane A2 (TXA2), thrombin and adenosine diphosphate (ADP). These activators recruit additional platelets, increasing the stability of the haemostatic plug. TXA2 enhances recruitment and aggregation of new platelets to the primary plug of adherent platelets (Jennings, 2009).

Thrombin is a potent platelet agonist and plays a critical role in haemostasis by also converting fibrinogen to fibrin. It promotes platelet activation and aggregation through stimulation of two subtypes of protease-activated receptor (PAR) (Coughlin, 2005). Thrombin can activate platelets at very low concentrations by binding to PAR-1, which is the main receptor for thrombin on the surface of human platelets (Coughlin, 2005). PAR-4 is also present on human as well as murine platelets and contributes to platelet activation by higher concentrations of thrombin (Kahn et al., 1998).

The adherent platelets also release ADP, which binds to two different G-protein-coupled receptors, P2Y1 and P2Y12 receptors (Kim and Kunapuli, 2011). Furthermore, these soluble platelet agonists are able to change the shape of platelets and increase the expression of pro-inflammatory molecules (Dorsam and Kunapuli, 2004). Glycoprotein IIb/IIIa (αIIbβ3) is an important integrin in platelet aggregation. αIIbβ3 is able to bind fibrinogen, vWF and other matrix proteins, allowing interactions between platelets (Bennett, 2005).   

Currently, different types of anti-platelet agents are used to target and inhibit these platelet activation pathways. For example, abciximab is used as a non-competitive irreversible inhibitor for GPIIb/IIIa and aspirin is an inhibitor for TXA2 synthesis. In addition, the P2Y12 antagonists such as clopidogrel, cangrelor and ticagrelor are examples of these inhibitors, which form a dominant part of the treatment strategy for patients with ACS (Figure 1.3).
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[bookmark: _Toc426231993]Figure 1.3 Mechanism of platelet activation, amplification and inhibition
Following blood vessel injury, platelets adhere to exposed subendothelium through adhesive glycoproteins. For example, GPVI binds to collagen and GPIb-IX-V complex binds to von Willebrand factor (vWF) present in the exposed subendothelial matrix. This initiates platelet rolling and activation. The activated platelets release different mediators such as ADP, and thrombin, which act through different platelet receptors to strengthen the adhesion, induce platelet-shape change, and further drive the formation and release of mediators. This activation is amplified by binding of ADP, which is released from dense granules, to platelet P2Y12 receptors. P2Y12 antagonists such as clopidogrel and ticagrelor have been used to inhibit platelet activation and prevent thrombus formation.  
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]

[bookmark: _Toc424586723]Dual antiplatelet therapy 
In patients with ACS and following revascularisation, the combination of aspirin and a P2Y12 antagonist (dual antiplatelet therapy) has become the standard-of-care antiplatelet therapy.  Percutaneous coronary intervention (PCI) and coronary artery bypass graft (CABG) are the two primary modalities for revascularization (Desmond et al., 2005). PCI is a non-surgical procedure that uses a catheter to place a metal device known as a stent to expand the stenosed segment of the artery. A catheter is inserted into the coronary vessels either in the femoral, radial or brachial artery and it is passed to the stenosed segment of the artery. Then, a balloon covered with stent is inflated to compress the plaque and expand the permanent stent. CABG is a surgical procedure that is commonly used for patients with multivessel disease (Sipahi et al., 2014). In this procedure, surgeons may remove a vein from the leg (saphenous vein) and attach one end to the ascending aorta and the other to the affected artery to divert blood around the narrowed segment of the artery and improve blood flow to the heart. According to the European Society of Cardiology, adding P2Y12 inhibitor to aspirin is recommended for 12 months for ACS patients with or without PCI (Hamm et al., 2011). 

[bookmark: _Toc424586724]Aspirin 
The cyclooxygenase-1 (COX-1) enzyme in platelets is involved in formation of prostaglandin G2, which is converted to prostaglandin H2.  TXA2, which stimulates platelet activation and aggregation, is a product of this pathway. Aspirin irreversibly inhibits COX-1 by acetylating the hydroxyl group of serine residue 530 (Ser 530) of this enzyme. The resultant decrease in production of TXA2  inhibits platelet activation (Vane and Botting, 2003, Majerus, 2014). The plasma half-life of aspirin is approximately 20 minutes in the blood stream, but its effect on platelets is irreversible and so lasts for the life of the platelet which is approximately 7-10 days (Altman et al., 2004). 

However, a number of clinical trials demonstrate that adding a P2Y12 antagonist to aspirin is more beneficial in patients with ACS compared to aspirin alone (Mehta et al., 2001, Gurbel et al., 1998, Chen et al., 2005). Therefore, further details about the P2Y12 receptor and its antagonists will be discussed in the following sections.

[bookmark: _Toc405817873][bookmark: _Toc424586725]P2Y12 inhibitors
[bookmark: _Toc405817874][bookmark: _Toc424586726]Structure of P2Y12 receptor
There are three families of extracellular receptors for purine and pyrimidine nucleotides. P2Y receptor is one of these families that plays an essential role in purinergic signalling (Burnstock, 2012). The transmembrane P2Y receptors are characterized by coupling to heterotrimeric G-proteins (Kim and Kunapuli, 2011). P2Y consists of eight subfamilies: five of them couple to the Gαq family and the other three couple to Gi family (Jacobson and Boeynaems, 2010). From these subfamilies, the Gi-coupled P2Y12 is of particular interest. This is because P2Y12 receptor has a significant role in platelet activation. ADP, which is released from platelet dense-granules and injured cells, binds to the P2Y1 receptor and causes the initiation of platelet activation. This activation includes stimulation of phospholipase C, formation of inositol phosphate, intracellular calcium mobilization and a change of platelet shape (Jin et al., 1998).

Conversely, the binding of ADP to P2Y12 receptors plays a major role in amplification of platelet activation initiated through other pathways. The P2Y12 receptor in humans consists of 342 amino acid residues, and it is particularly expressed in platelets and the brain (Hollopeter et al., 2001). The P2Y12 gene (P2RY12) is located on chromosome 3q24-q25. The P2Y12 receptors have seven transmembrane domains (Michelson, 2007). Four Cys residues at positions 17, 97, 175 and 270 have an essential role in P2Y12 activity. For example, the disulphide bridge between Cys 97 and Cys 175 has a role in receptor expression, while Cys 17 and Cys 270 are potential targets of thienopyridine antithrombotic drugs such as clopidogrel (Michelson, 2007). 

[bookmark: _Toc405817875][bookmark: _Toc424586727] Signalling mechanism of P2Y12
P2Y12 receptors are stimulated by ADP and its analogues, such as 2-methylthio-ADP and (N)-methanocarba-2methylthio-ADP. In contrast, adenosine triphosphate (ATP) and some of its analogues such as 2-methylthio-ATP (2MeSATP) and 2-chloro-ATP (2ClATP) act as antagonists at P2Y12 receptors  (Kauffenstein et al., 2004). Binding of ADP to the Gi-coupled P2Y12 receptor leads to the inhibition of adenylyl cyclase, mainly through activation of Gαi2 (Michelson, 2007). Although the Gαi2 is the most robust coupling to P2Y12, P2Y12 receptors can couple to other Gαi protein subtypes. For instance, Gαi1 and Gαi3 can couple effectively to P2Y12 receptors, whereas the coupling between P2Y12 and Gαo or Gαq may be less effective (Michelson, 2007).

[bookmark: OLE_LINK1][bookmark: OLE_LINK2] Activation of Gαi2 by ADP and other signalling events downstream of Gαi2 are required for integrin αIIbβ3 activation and platelet aggregation. It has been shown that different isoforms of phosphoinositide-3-kinase (PI3K) such as PI3Kγ play a crucial role in ADP-dependent P2Y12 receptor-mediated amplification of platelet activation (Garcia et al., 2010). The serine–threonine protein kinase B/Akt (PKB/Akt) and small GTPase Rap1 are possible targets downstream of PI3K activation (Hirsch et al., 2001). In normal platelets, the phosphorylation of PKB/Akt results from interaction of ADP with P2Y12. However, there is no phosphorylation in platelets that lack PI3Kγ (Hirsch et al., 2001). G-protein-gated inwardly rectifying potassium channels (GIRKs) are activated by Gi signalling and have an important role in PKB/Akt phosphorylation and help to regulate ADP-mediated platelet function (Kahner et al., 2006). 

It has been shown that Rap1 contributes to integrin activation, and it is activated by Gαi family members. In addition, activation of PI3K is necessary to activate Rap1 by P2Y12 (Woulfe et al., 2002, Michelson, 2007). Rap1b activation is critical for the maintenance of fibrinogen receptor (αIIbβ3) activation. In turn, P2Y12 signalling is necessary for Rap1b activation (Kamae et al., 2006). P2Y12 -dependent signalling increases the platelet-activating effect of thrombin by amplifying the mobilization of cytoplasmic Ca2+ (van der Meijden et al., 2008). 
[bookmark: _Toc405817876][bookmark: _Toc424586728] Role of P2Y12 in platelet function
[bookmark: OLE_LINK10]Agonists such as thrombin and TXA2 trigger human platelet activation and induce the release of platelet dense granules. ADP amplifies and sustains these responses by binding to P2Y12. Several studies demonstrated that human platelets that congenitally lack P2Y12 (or P2Y12-knockout mice) have impaired platelet aggregation and secretion (Nurden et al., 1995, Cattaneo et al., 1992, Cattaneo et al., 2000). 

P2Y12 receptors can act as an important cofactor in different pathways of platelet activation. For example, when platelet activation is stimulated by cross-linking FcγRIIa receptors with a particular antibody or serum from patients with heparin-induced thrombocytopenia (Polgár et al., 1998). This also occurs when platelets  are activated through the GPVI/tyrosine kinase/PLCα2 pathway by collagen (Nieswandt et al., 2001). Moreover, P2Y12 contributes to platelet-derived microparticle (PMP) formation induced by collagen (Takano et al., 2004) and thrombin receptor activating peptide  (Storey et al., 2000). In high shear flow conditions, P2Y12 receptors stabilize the thrombi formed on atherosclerotic plaques (Nergiz-Unal et al., 2010). P2Y12 receptors also play an important role in the formation of platelet–leukocyte conjugates mediated by platelet surface P-selectin exposure (Storey et al., 2002).

A number of studies suggest that anti-platelet drugs that target P2Y12 receptors have an anti-inflammatory effect (Diehl et al., 2010, Storey et al., 2002). Thus, P2Y12 receptors may have a critical role in stimulating pro-inflammatory cells. The anti-inflammatory effect of P2Y12 inhibitors was explained by Evangelista et al. (2005) who demonstrated that clopidogrel inhibits platelet P-selectin expression and platelet-neutrophil interaction (Evangelista et al., 2005). Furthermore, Diehl et al. (2010) suggested that P2Y12 receptor is expressed on leukocytes and could be a target for clopidogrel. However, the effect of P2Y12 inhibitors on leukocytes needs more investigation.


[bookmark: _Toc405817878][bookmark: _Toc424586729] Irreversibly binding P2Y12 inhibitors
Reversibly and irreversibly binding inhibitors are the major types of drugs that inhibit P2Y12 receptors. Thienopyridines are irreversibly binding P2Y12 inhibitors and include ticlopidine, clopidogrel and prasugrel. In contrast, ticagrelor, cangrelor and elinogrel are reversibly binding P2Y12 inhibitors (Storey, 2011).

Ticlopidine
Ticlopidine is a first generation thienopyridine that needs to be metabolized in the liver in order to give an active metabolite. It is administered orally and inhibits platelet aggregation after approximately 3-5 days of treatment (Collet and Montalescot, 2009). However, ticlopidine has several side effects such as severe neutropaenia, aplastic anaemia and thrombotic thrombocytopenia (Gur et al., 1998, Wallentin, 2009). 

Prasugrel
The third generation of thienopyridines is prasugrel. It is orally active and requires biotransformation to active metabolite by cytochrome P450 (CYP) enzymes. Prasugrel needs only a single CYP-dependent step to create an active metabolite and it is faster acting and more potent than clopidogrel (Wallentin, 2009, Mousa et al., 2010). However, in some cases irreversible binding to P2Y12 inhibitors may be associated with bleeding complications (Kim and Kunapuli, 2011). It has been suggested that prasugrel may act directly on neutrophils and inhibit their activation (Liverani et al., 2013).

Clopidogrel
Clopidogrel [methyl (+)-(S)-α-(ochlorophenyl)-6, 7-dihydrothieno [3,2-c]pyridin-5(4H)-acetate] is a second generation thienopyridine. The metabolism of clopidogrel in the body is divided into two pathways (Wallentin, 2009). The de-esterification pathway converts most of the clopidogrel (approximately 85% of a dose) to inactive metabolites by hydrolysis. CYP pathways convert clopidogrel to its active metabolite. At least two CYP-dependent steps are required to convert clopidogrel to its active metabolite. The intermediate metabolite (2-oxo-clopidogrel) results from oxidisation of the thiophene ring of clopidogrel. Further processes of oxidisation for 2-oxo-clopidogrel form a carboxyl and a thiol group. The thiol group of the active metabolite of clopidogrel binds covalently to cysteine residues of the P2Y12 receptor by a disulphide bridge and causes irreversible inhibition of platelets (Angiolillo et al., 2008, Savi et al., 2000). 

Dose-dependent platelet inhibition with clopidogrel can be demonstrated 2 hours after oral dose. The elimination half-life of the circulating metabolite may reach 8 hours after administration, whereas platelet function is restored 7-10 days after treatment discontinuation as a result of formation and release of new, uninhibited platelets (Weber et al., 2001). However, clopidogrel has a more favourable safety profile than ticlopidine (Angiolillo et al., 2010). In addition to its inhibitory effects on platelet aggregation, a number of studies have shown other effects for clopidogrel.

Evangelista et al. (2005) investigated the effect of clopidogrel on ADP- and thrombin-induced P-selectin expression in mouse platelets and on platelet-neutrophil interaction by using flow cytometry. This study showed that clopidogrel significantly inhibited the capacity of platelets to express P-selectin following activation with ADP and thrombin. Also, the formation of platelet-neutrophil conjugates in cell suspensions incubated under stirring (1000 rpm) was inhibited by clopidogrel compared to vehicle. Furthermore, the production of reactive oxygen species (ROS) in neutrophils from mice treated with clopidogrel was lower than the cells from controls (Evangelista et al., 2005). 

Storey et al. (2002) demonstrated that clopidogrel inhibits platelet-neutrophil conjugate formation and suppresses ADP-induced platelet aggregation and P-selectin expression in human (Storey et al., 2002).The effects of clopidogrel on soluble CD40 ligand (sCD40L) were assessed in patients with stable coronary artery disease (CAD). Results showed that clopidogrel reduces the production of sCD40L from platelets (Azar et al., 2006), and this may inhibit  the interaction of CD40 on neutrophil  with platelet sCD40L,  which in turn may reduce the inflammatory effects at the site of injury (Vanichakarn et al., 2008). In addition, clopidogrel may act directly on P2Y12 receptors which are expressed on leukocytes (Diehl et al., 2010). Clopidogrel withdrawal causes increased platelet reactivity and pro-inflammatory cells in patients with diabetes (Angiolillo et al., 2006). 

Li et al. (2007) observed that clopidogrel treatment leads to a significant reduction in atherosclerosis in rabbits that were injured in the iliac artery and fed with a high cholesterol diet. This study also indicated that clopidogrel decreases the expression of ICAM-1, VCAM-1 and MCP-1 in the serum and vascular walls of early atherosclerosis (Li et al., 2007). On the other hand, Garcia et al. (2011) indicated that treatment with clopidogrel in rats with peptidoglycan polysaccharide (PG-PS)-induced arthritis led to an increase in joint diameter and plasma levels of pro-inflammatory cytokines which include IL-1ᵦ, IFNᵧ and IL-6 compared to rats with PG-Ps-induced arthritis (Garcia et al., 2011). The results of these studies demonstrate a need for further clarity on the potential modulation of inflammation by these inhibitors.

[bookmark: _Toc405817879][bookmark: _Toc424586730]Reversibly binding P2Y12 inhibitors 

Cangrelor
Cangrelor was the first reversibly-binding P2Y12 inhibitor to enter clinical development and is administered intravenously. Cangrelor is an adenosine triphosphate (ATP) analogue that is relatively resistant to the breakdown by endonucleotidases (Patel et al., 2013). It has a mean half-life of ~2.6 minutes, with a rapid onset within minutes of infusion and a rapid offset (van Giezen and Humphries, 2005). The initial major phase-III clinical trials with cangrelor were not able to show significant advantages over standard clopidogrel therapy in percutaneous coronary intervention (Bhatt et al., 2009, Harrington et al., 2009) but a further phase III study has supported its recommendation for approval by the European Medicines Agency (Bhatt et al., 2013). 


Ticagrelor
Ticagrelor (AZD6140) is an oral, selective, reversibly-binding P2Y12 receptor antagonist and belongs to a new class of antiplatelet called cyclopentyl-triazolo-pyrimidine (CPTP). Ticagrelor is orally active and does not require metabolic activation. The inhibitory action of ticagrelor is seen at approximately 30 minutes and the peak effect is achieved at about 2 hours after maintenance or loading dose (Storey, 2011). The plasma half-life is approximately 6–13 hours. 

Ticagrelor does not directly affect the binding of ADP to P2Y12, but binds to a distinct site on the receptor that induces a conformational change in the receptor and prevents activation (Van Giezen et al., 2009). When the plasma drug level falls, the reversibly-binding inhibitor dissociates from the P2Y12 receptors and platelet reactivity can recover (Storey, 2011). The PLATO study compared ticagrelor with clopidogrel in total 18,624 patients with ACS. At 12 months follow-up, the outcome was a reduction in the combined rate of death from vascular causes, myocardial infarction and stroke in patients receiving ticagrelor (Wallentin et al., 2009). 

In addition to its role in platelet inhibition, ticagrelor inhibits cellular adenosine uptake selectively via equilibrative nucleoside transporter 1 (ENT1). This partial inhibition for ENT1 is expected to be sufficient to increase local concentrations of adenosine in the circulation  (Armstrong et al., 2014). This inhibition was also observed in animal models (van Giezen et al., 2012) and healthy volunteers (Wittfeldt et al., 2013). In addition, adenosine plasma concentration was measured by liquid chromatography in ACS patients receiving ticagrelor or clopidogrel. The result indicated that ticagrelor increases adenosine plasma concentration in ACS patients compared with clopidogrel by inhibiting adenosine uptake by erythrocytes (Bonello et al., 2014). 

The results of a substudy of PLATO trial demonstrated that the mortality risk following pulmonary infection and sepsis in patients with ACS might be lower in patients receiving ticagrelor compared to clopidogrel (Storey et al., 2013). This substudy pointed to the possibility of ticagrelor to modulate susceptibility to serious bacterial infection and lung injury through its impact on adenosine. 

[bookmark: _Toc405817870][bookmark: _Toc424586731]Adenosine and inflammation
Adenosine is an endogenous metabolite and plays an important role in pathological conditions such as inflammation, myocardial infarction and thrombosis (Koupenova et al., 2012). In the University of Cambridge in 1929, an extract from heart was injected intravenously into animal and caused an immediate decrease in heart rate and impaired heart conduction (Drury and Szent-Gyorgyi, 1929). The metabolic substance causing these effects was adenosine. Adenosine has since been used to restore normal heart rate and rhythm of patients suffering from excessively increased heart rate caused by supraventricular tachycardia (DiMarco et al., 1985). Following the initial discovery of the effects of adenosine on the cardiovascular system, adenosine has been found to exhibit a wide spectrum of regulatory functions in the human body. 

The ability of adenosine to play a crucial role in inflammation may arise from the expression of adenosine receptors on immune cells such as neutrophils, lymphocytes, macrophage and dendritic cells (Kumar and Sharma, 2010). In normal conditions, adenosine levels in the extracellular space are approximately 30 to 200 nM. The concentration of adenosine can increase depending on the tissue metabolic demand or in pathological conditions (i.e. inflammation and ischaemia) either by intracellular or extracellular formation. The production of intracellular adenosine is regulated by the dephosphorylation of adenine nucleotides by the cytosolic nucleotidases (Sala-Newby et al., 1999) or by the hydrolysis of S-adenosylhomocysteine (Palmer and Abeles, 1979). Once generated, adenosine can cross the cell membrane into the extracellular space via equilibrative nucleoside transporters (Baldwin et al., 2004). 

In the extracellular region, ATP or ADP is sequentially hydrolysed, first by ecto-nucleoside triphosphate diphosphohydrolase 1 (ENTPD1; also known as CD39) to form adenosine monophosphate (AMP). AMP is then hydrolysed to adenosine by ecto-5’-nucleotidase (ecto-5’-NTase, CD73) (Chen et al., 2013). Extracellular adenosine is rapidly taken up by cells via equilibrative nucleoside transporters and this mechanism maintains the low level of extracellular adenosine in healthy tissues. When adenosine is taken up by cells, further metabolism converts adenosine to either inosine by adenosine deaminase or AMP by adenosine kinase. 

[bookmark: _Toc405817871][bookmark: _Toc424586732]Adenosine receptors
The receptors for ATP, ADP and adenosine are known as purinoceptors and have been classified to two major classes. The first is adenosine P1 receptors whereas the second is P2 purinoceptors (Fredholm et al., 1997). Adenosine receptors (P1) have seven transmembrane domains and couple to intracellular GTP-binding proteins (G proteins); they are subdivided into A1, A2A, A2B and A3. All of these receptors are expressed on neutrophils and regulate their function during inflammatory responses. A1 and A2A receptors have the highest affinity for adenosine (Ki values in binding of 10–30 nM at the high affinity sites), whereas A3 has a lower affinity for adenosine (1 μM) (Jacobson, 2009). A2B showed the lowest affinity for adenosine (Ki > 1 μM) (Ryzhov et al., 2006)

The adenosine A1 receptor gene (ADORA1)  is localized on chromosome 1q32.1 (Townsend-Nicholson et al., 1995a). It is a Gi-coupled receptor and its  activation is associated with inhibition of adenylyl cyclase  and calcium channels, and the activation of potassium channels (Vancalker et al., 1979, Olah and Stiles, 1995). A1 receptor signalling has been linked to various kinase pathways such as protein kinase C (PKC) and phosphoinositide 3 (PI3) kinase (Jacobson and Gao, 2006).  Most of these pathways were observed in non-immune cells and the signaling mechanisms of A1 receptor in cells of the immune system are not known (Hasko et al., 2008). 

The adenosine A2A receptor gene (ADORA2A) is localized on chromosome 22q11.23 (MacCollin et al., 1994). The A2A receptor is a Gs protein-coupled receptor, which, upon activation, results in increased cAMP concentrations. A number of signaling pathways were proposed to mediate the anti-inflammatory characteristics of the activated A2A receptor. For instance, activation of A2A receptor activates protein kinase A (PKA), which in turn activates the cAMP responsive element-binding protein (CREB). The activated CREB can compete with nuclear factor-κB (NFκB), inhibiting its transcriptional activity and subsequently suppressing cytokine expression (e.g., tumor necrosis factor) in immune cells (Bshesh et al., 2002) (Fredholm et al., 2007). Another study observed that occupancy of neutrophil adenosine A2A receptors activates serine/threonine protein phosphatase and that inhibits superoxide anion generation (Revan et al., 1996). 

The adenosine A2B receptor gene (ADORA2B) is localized on chromosome 17p11.2–p12 (Townsend-Nicholson et al., 1995b). A2B receptor activation comprises Gs -mediated activation of cAMP and Gq-mediated stimulation of PLC leading to increased protein kinase C (PKC) activation and elevation of intracellular calcium levels (Haskó et al., 2009, Feoktistov et al., 1994). It has been found to mediate pro-inflammatory as well as anti-inflammatory responses (Konrad et al., 2012, van der Hoeven et al., 2011, Antonioli et al., 2014). Little is known about their specific functions in neutrophils (Feoktistov and Biaggioni, 2011).

The adenosine A3 receptor (ADORA3) gene was mapped to chromosome 1p13.3 (Atkinson et al., 1997). The A3 receptor is Gi-mediated inhibition of adenylyl cyclase (Zhou et al., 1992). Also, it been linked to Gq-mediated stimulation of PLC and calcium mobilization (Abbracchio et al., 1995, Fossetta et al., 2003). A recent study showed that, treatment of human colonic epithelial cells with A3 agonist caused inhibition of NF-κB signaling pathway, which leads to inhibition of TNF-α-stimulated IL-8 (Ren et al., 2014). It has been suggested that A3 receptors regulate processes that involve cytoskeletal remodelling (e.g., chemotaxis) (Chen et al., 2006, Corriden et al., 2013).  However, it seems that adenosine receptors are implicated in regulation of neutrophil migration and may respond differently based on different factors (e.g., type of neutrophil stimulator (Table 1.1)) 

[bookmark: _Toc426232024]Table 1.1Effect of adenosine receptors on neutrophil migration
	Adenosine receptor
	Species
	Adenosine receptor 
activator or inhibitor
	Neutrophil stimuli
	Study
	Effects on neutrophil
	Reference

	A1
	Human
	Adenosine
PIA
	ZAP
	In vitro
	↑ migration
	(Rose et al., 1988)

	A1
	Human
	CPA
	fMLP
	In vitro
	↑ migration
	(Cronstein et al., 1990)

	A1
	Human
	CPA
	CCL5
	In vitro
	↑ migration
	(Zhang et al., 2006)

	A1
	Cat
	DPCPX

Bamiphylline
	Endotoxin
	in vivo
	↓ migration into the alveoli
	(Neely et al., 1997)

	A1
	Mouse
	A1 -/-

2′Me-CCPA
	LPS
	in vivo
	↑ recruitment in lung (A1−/−) mice.

Activation A1 ↓ recruitment in lung. 
	(Ngamsri et al., 2010)

	A1
	Mouse
	2′Me-CCPA
	FBS
	In vitro
	↓Bone marrow- neutrophils migration
	(Fernandez et al., 2013)

	A1
	Mouse
	A1 -/-

DPCPX
	Influenza A virus
	in vivo
	↓ recruitment in lung (A1−/−).

DPCPX ↓ recruitment in lung. 
	(Aeffner et al., 2014)

	A2A
	Human
	CGS21680 
	CCL5
	In vitro
	↓ migration
	(Zhang et al., 2006)

	A2A
	Mouse
	CGS21680 
	fMLP
	In vitro
	No effect on migration

	(van der Hoeven et al., 2008)

	A2A
	Human
	CSC

CGS21680
	fMLP
	In vitro
	Antagonist ↓ migration speed


Agonist impaired gradient sensing
	(Bao et al., 2013)

	A2B
	Mouse
	A2B -/-
	IL-8
	in vivo
	No effect on in peritoneal
	(Kolachala et al., 2008)

	A2B
	Mouse
	BAY 60-6583
	fMLP
	In vitro
	No effect on migration
	(van der Hoeven et al., 2011)

	A3
	Human
	Adenosine

MRS 1191
	fMLP
	In vitro
	Adenosine ↑ migration

Antagonist ↓ migration
	(Chen et al., 2006)

	A3
	Mouse
	CP-532,903
	fMLP

Thioglycollate
	In vitro

in vivo
	↓ migration

	(van der Hoeven et al., 2008)

	A3
	Human
	Cl-IB-MECA

MRS1220
	fMLP

IL-8
	In vitro

	No effect on migration through untreated polycarbonate filters. 

Agonist and antagonist ↓ migration across physiological surfaces
	(Butler et al., 2012)

	A3
	Human
	MRS1334 
	fMLP
	In vitro

	↓ migration
	(Corriden et al., 2013)


PIA, (A1 agonist); CPA, (A1 agonist); DPCPX, (A1 antagonist); Bamiphylline (A1 antagonist); 2′Me-CCPA, (A1 agonist); CGS21680, (A2A agonist); CSC, (A2A antagonist); BAY 60-6583, (A2B antagonist); MRS 1191, (A3 antagonist); CP-532,903, (A3 agonist); Cl-IB-MECA, (A3 agonist); MRS1220,(A3 antagonist); MRS1334, (A3 agonist). ZAP, Zymosan-activated Plasma; fMLP, N-formyl-methionyl-leucyl-phenylalanine; CCL5, chemokine (C-C motif) ligand 5; FBS, Fetal bovine serum; IL-8, Interleukin 8; (−/−), gene knockout; ↑, Increase; ↓ Decrease.

[bookmark: _Toc405817872][bookmark: _Toc424586733]Adenosine transporters
ATP, ADP and AMP are classified as nucleotides whereas adenosine is known as a nucleoside. Nucleotides consist of a nitrogenous heterocyclic base (a purine or a pyrimidine), a five-carbon sugar (pentose sugar) (deoxyribose or ribose), and one or more phosphate groups. Nucleosides have a similar structure to nucleotides except that it is lacking the phosphate group. Nucleotides serve as the energy-rich currency of intermediary metabolism and play important roles in signaling. Nucleosides, in particular adenosine, are involved in many physiological processes through binding with cell surface P1 purinergic receptors.  Nucleosides and their derivatives are hydrophilic and their movement across plasma membranes are mediated by nucleoside transporter (NT) proteins. The NTs have been classified to two unrelated families, the concentrative nucleoside transporter (CNT) family (SLC28), responsible for active transport system, and the equilibrative nucleoside transporter (ENT) family (SLC29), a passive transport. 

[bookmark: _Toc424586734]SLC29 (ENT) nucleoside transporters
The SLC29 family is characterized by equilibrative (passive, facilitated diffusion) nucleoside transporters that transport nucleosides across cell membranes in either direction depending on intra- and extracellular nucleoside concentrations (Löffler et al., 2007). The human genome contains four SLC29 family genes (SLC29A1, SLC29A2, SLC29A3 and SLC29A4) that encode four ENT proteins (ENT1-4, respectively). They are located at in the p21.1 to 21.2 region of chromosome 6 (Coe et al., 1997), 13q on chromosome 11, 22.1 of chromosome 10 and 22.1 on chromosome 7 respectively (Podgorska et al., 2005). 

ENTs are able to transport adenosine, but they have variable capabilities to transport other nucleosides or nucleotides (Baldwin et al., 2004). ENT1 and ENT2 are the best-characterized of these isoforms and have been classified on the basis of their differential sensitivity to inhibition by the nucleoside analogue, S6-(4-nitrobenzyl) mercaptopurine riboside (NBMPR). The ENT1 is known as “es” (equilibrative-sensitive) because of the ability of NBMPR to inhibit this nucleoside transporter at low nanomolar concentrations, whereas ENT2 is described as “ei” (equilibrative-insensitive) because it is inhibited only by micromolar concentrations (Yao et al., 1997). Also, ENT1 is more sensitive (100- to 1000-fold) to inhibition by the coronary vasodilators dipyridamole and dilazep, compared to ENT2 (Visser et al., 2002). 

ENT1 and ENT2 are the most abundant NTs on the vascular endothelium (Löffler et al., 2007). In conditions of hypoxia, the repression of ENT1 (in vascular endothelial and mucosal epithelial cells) was associated with elevated extracellular adenosine and is most likely to control adenosine signaling compared to ENT2 (Eltzschig et al., 2005). Also, repression of ENT1 and ENT2 that was associated with an attenuation of extracellular adenosine uptake. A murine model of inflammatory lung injury (exposed to aerosolized LPS) treated with dipyridamole or the specific ENT1 inhibitor S-(4-nitrobenzyl)-6-thioinosine showed that ENT inhibitors reduced accumulation of neutrophils into the lungs and inflammatory cytokines induced by LPS (Morote-Garcia et al., 2013). 

It has been found that ENT2 has a lower affinity for adenosine than ENT1  (Ward et al., 2000) and it probably plays a role  in strenuous physical exercise by reuptake of inosine and hypoxanthine generated from adenosine (Crawford et al., 1998). The transport activity for ENT3 was relatively insensitive to transport inhibitors (dipyridamole and dilazep) (Baldwin et al., 2005) and ENT4 showed the lowest affinity for adenosine among the ENT proteins (Podgorska et al., 2005). 

[bookmark: _Toc424586735]Adenosine uptake inhibitors
Since ENTs are predominant in many cells, movement of adenosine across cell membranes in either direction depends on intra- and extracellular adenosine concentrations. Under various adverse conditions, increased ATP degradation in the extracellular space leads to increase in the level of extracellular adenosine which in turn is taken up into cells by nucleoside transporters. The expected role of adenosine uptake inhibitors is to inhibit adenosine uptake by blocking nucleoside transporters and enhancing the interaction between extracellular adenosine and adenosine receptors (Noji et al., 2004). 

Currently, a number of drugs have been known to act as adenosine uptake inhibitors and, among these inhibitors, dipyridamole and ticagrelor are of particular interest in this project. Dipyridamole, a pyrimidopyrimidine derivative, is used clinically as a coronary vasodilator by inhibiting phosphodiesterase (PDE). PDE inhibition causes an increase in prostacyclin PGI2 production and vascular smooth muscle cyclic guanine monophosphate (cGMP) levels, leading to vasodilation (Kim and Liao, 2008). Also, dipyridamole inhibits platelet aggregation by inhibiting adenosine uptake by red blood cells (Dresse et al., 1982). This increases plasma adenosine levels leading to stimulation of adenylyl cyclase in platelets. Adenylyl cyclase converts cyclic adenosine triphosphate (cATP) to cAMP.  Increased  level of cAMP within platelets has antiaggregatory effects (Kim and Liao, 2008, Behan and Storey, 2004) (Figure 1.4). 

Dipyridamole inhibits both ENT1 and ENT2 (Ward et al., 2000). It has been reported that dipyridamole inhibits adenosine uptake in whole blood with IC50 values of 10-7 M (Yeung et al., 1991). In vivo, inhibition of ENTs requires a high dosage of dipyridamole because it is characterised by short lasting action and poor oral bioavailability (Noji et al., 2004). A recent study demonstrated that ticagrelor also inhibits adenosine uptake via ENT1 in Madin-Darby canine kidney (MDCK) cells (Armstrong et al., 2014). In MDCK cells, the inhibition potency for ticagrelor (IC50 of 260 nmol/L) was approximately 35-fold less than dipyridamole (IC50 7.4 nmol/L). In human erythrocytes, ticagrelor inhibits adenosine uptake with potency approximately 10-fold less than dipyridamole (van Giezen et al., 2012). Adenosine not only has an inhibitory effect on platelet responses but also has wide-ranging effects on other cells function such as neutrophil chemotaxis and phagocytosis (Barletta et al., 2012). Thus, adenosine uptake inhibitors such as dipyridamole and ticagrelor may influence neutrophil function.
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[bookmark: _Toc426231994]Figure 1.4 Adenosine production and effect of adenosine uptake inhibitors on platelet aggregation

ATP can be rapidly broken down to adenosine in blood plasma via CD39 and CD73. Under various adverse conditions, an increase in ATP degradation in the extracellular space leads to an increase in the level of extracellular adenosine which is in turn taken up into cells by nucleoside transporters. Some antiplatelet agents such as dipyridamole and ticagrelor can act as adenosine uptake inhibitors by erythrocytes. These inhibitors block nucleoside transporters and increase plasma adenosine levels. Adenosine inhibits platelet aggregation mainly via A2A receptors on platelets that stimulate adenylyl cyclase in platelets and increases intracellular levels of cAMP. ATP, Adenosine triphosphate; ADP, Adenosine diphosphate; AMP, adenosine monophosphate; Ado, adenosine; AR, adenosine receptor; ENT, equilibrative nucleoside transporter; cAMP, Cyclic adenosine monophosphate. 


[bookmark: _Toc424586736]Neutrophils
The innate immune system consists of different cells such as neutrophils, monocytes/macrophages and dendritic cells (DCs). Neutrophils are the predominant leukocyte in peripheral blood, accounting for 50-60% of the total white blood cell count in humans. In bone marrow, a mature neutrophil takes approximately 14 days to develop. The half-life of neutrophils in the circulation is about 4-10 hours and their ability to survive in tissue is estimated to be 1-2 days only (Hannigan et al., 2009). 

The size of a mature neutrophil under the light microscope is approximately 12-15μm in diameter. Neutrophils are characterized by multi-lobed nucleus and granular cytoplasm. Based on the time of appearance and the content of proteins, neutrophil granules are classified to peroxidase-positive granules, peroxidase-negative granules and secretory vesicles (Borregaard et al., 1993).

The major function of neutrophils is to kill, engulf and digest infectious agents, and this role is enhanced by the substances that are stored in neutrophil granules such as extracellular matrix proteins, cytotoxic enzymes and antimicrobial proteins (See Faurschou and Borregaard, 2003 for review). The secretory vesicles fuse with the plasma membrane in response to inflammatory stimuli and express several adhesion molecules, such as β2 integrin CD11b/CD18, which initiates neutrophil recruitment. Stimulated exocytosis of these granules is a critical cellular event in converting inactive, circulating neutrophils to fully activated cells (Faurschou and Borregaard, 2003).

[bookmark: _Toc424586737] The adhesion cascade
The recruitment of neutrophils to sites of inflammation is a highly regulated process known as the adhesion cascade (Figure 1.5). Under normal physiological conditions, less than 2% of the total bone marrow neutrophil population is released into circulation (Semerad et al., 2002). The egress of neutrophils from the bone marrow into the peripheral blood is increased during infection (Semerad et al., 2002). Chemokine receptors play a critical role in regulating the levels of neutrophils in bone marrow and the bloodstream. CXCR4 is expressed on the surface of mature neutrophils and the interaction of CXCR4 with its major ligand CXCL12 retains neutrophils within the marrow environment (Ma et al., 1999, Martin et al., 2003, Suratt et al., 2004). 

In contrast, CXCR2 facilitates neutrophil egress from the bone marrow into the bloodstream by binding to its ligand CXCL1 (Martin et al., 2003, Eash et al., 2010). In normal conditions, the CXCR4/CXCL12 complex dominates but exposing the cells to different chemokines and cytokines as a result of inflammation inhibits the role of the CXCR4/CXCL12 complex and stimulates CXCR2/CXCL1 function. For example, granulocyte colony-stimulating factor (G-CSF) is increased during inflammation (Metcalf et al., 1996) and influences mobilization of neutrophils from the bone marrow into the blood circulation. G-CSF down regulates the expression of CXCR4 on the surface of neutrophils and increases the expression of CXCL1 and CXCL2 in bone marrow endothelial cells (Semerad et al., 2002, Kim et al., 2006). Other chemotactic factors, such as C5a and IL-8, also help mobilise neutrophils from bone marrow into the bloodstream (Furze and Rankin, 2008). 

Exposure of vascular endothelial cells and immune cells, such as macrophages and mast cells, to stimuli such as pathogen-associated molecular pattern (PAMP) and damage-associated molecular pattern (DAMP) molecules after microbial infection or tissue damage, leads to secretion of a range of different cytokines and chemokines (e.g. TNF-α and MIP-2) (McDonald et al., 2010, Dimasi et al., 2013). The activated vascular endothelium enhances the expression of adhesion molecules and participates in the mobilisation and recruitment of neutrophils to the inflammatory site (Krishnaswamy et al., 1999). 

[bookmark: _Toc424586738]Capture
The up-regulation of adhesion molecules facilitates the first contact between neutrophils and the endothelium, known as capture. In this initial step of the adhesion cascade, E-, L- and P-selectin transmembrane glycoproteins significantly mediate this binding. Neutrophils express L- selectin (Tedder et al., 1990), whereas activated vascular endothelial cells express both E- and P-selectin (Leeuwenberg et al., 1992, McEver et al., 1989).

PSGL-1 is a selectin ligand on neutrophils that mediates the capture and rolling by binding to P-selectin (Norman et al., 1995) and E-selectin (Xia et al., 2002).  Different studies either support (Shigeta et al., 2008) or oppose (Eriksson, 2008) the existence of an endothelial ligand for L-selectin. It has been suggested that L-selectin on neutrophils can bind to E-selectin on endothelial cells (Zollner et al., 1997, Kishimoto et al., 1991). In vivo studies using mice have demonstrated the importance of E-selectin (Kunkel and Ley, 1996), L-selectin (Tedder et al., 1995) and P-selectin (Mayadas et al., 1993) in the recruitment of neutrophils to the endothelium. 

[bookmark: _Toc424586739]Rolling
Following capture, neutrophils roll along the endothelium in the direction of the inflamed area and this rolling is also mediated by binding selectins to their counter ligands. Binding P-selectin to PSGL-1 is critical in neutrophil rolling (Mayadas et al., 1993, Moore et al., 1995). Blocking L-selectin by antibody (mAb MEL-14) and using L-selectin gene-deficient mice showed an inhibition in neutrophil rolling (Ley et al., 1995). Binding of E-selectin to E-selectin ligand-1 (ESL-1) has been suggested to convert the initial capture into a rolling step (Hidalgo et al., 2007). The subsequent step seems to reduce the velocity of the rolling neutrophil – known as slow rolling – which can be caused by switching E-selectin from ESL-1 to another plasma membrane protein, called CD44 (Hidalgo et al., 2007). Binding β2-integrins lymphocyte function-associated antigen 1 (LFA-1) and macrophage receptor 1 (MAC-1 or CD11b/CD18) to the endothelial ligand ICAM-1 is also required for slow rolling (Dunne et al., 2002). 

[bookmark: _Toc424586740]Adhesion 
Binding of LFA-1 and MAC-1 to ICAM-1 is increased and allows neutrophils to undergo an arrest phase by exposing the neutrophils to numerous chemotactic stimuli such as IL-8 (Smith et al., 1989). Integrin activation increases the strength of the receptor–ligand interaction and it is associated with a conformational change in the structure of the receptor (Alon and Feigelson, 2002, Luo et al., 2007). This activation stimulates signalling molecules such as the Src family kinases Fgr and Hck (Giagulli et al., 2006)  and PI3Kγ (Smith et al., 2006) inside the cell and increases firm adhesion. Also, it has been suggested that the binding of very-late antigen 4 (VLA-4) to vascular cell adhesion protein 1 (VCAM-1) is involved in the firm adhesion step (Reinhardt et al., 1997).

[bookmark: _Toc424586741]Crawling
Prior to transmigration, the crawling step was investigated initially in vitro to visualise monocytes (Schenkel et al., 2004) and then reported in subsequent in vivo studies (Wojciechowski and Sarelius, 2005, Ryschich et al., 2006). It is believed that neutrophils crawl inside the vessel seeking preferred locations for transmigration and this luminal motility occurs perpendicularly to the direction of the blood flow mainly via Mac-1/ICAM-1 interaction (Phillipson et al., 2006). 

[bookmark: _Toc424586742]Transendothelial migration
Neutrophil transendothelial migration is the final stage in the adhesion cascade and it is defined by the breaching of the endothelial cell barrier by neutrophils. Neutrophils migrate from the vascular lumen and penetrate endothelial cells via two routes. The first route is passage of neutrophils through junctions between endothelial cells (paracellular migration). This route represents the most prominent mode of breaching the endothelium (Woodfin et al., 2011). The second route is penetration of neutrophils through the endothelial cell body (transcellular migration). The mechanisms that determine whether a neutrophil transmigrates via the paracellular or transcellular pathway are still not fully understood, although they share many similarities in terms of molecular interactions and mediators. 

The change in stability of endothelial cell junctions is an important feature of paracellular migration. Vascular endothelial cadherin (VE cadherin) expressed on adjacent endothelial cells is associated with the transmembrane VE protein tyrosine phosphatase under basal conditions. Dissociation of VE cadherin and protein tyrosine phosphatase during inflammation is required to open endothelial cell junctions and help neutrophil transmigration (Broermann et al., 2011). Also, increases in the levels of Ca2+ cause endothelial cell contraction and an increase in its permeability (Huang et al., 1993). 

Numerous molecules within the endothelial junction and stimulus have now been identified and implicated in the transmigration process. The role of cytokines IL-1β or TNFα on leukocyte transmigration were investigated in mice. Using monoclonal antibodies or knockout mice revealed that IL-1β promotes transmigration by platelet endothelial cell adhesion molecule-1 (PECAM-1), intercellular adhesion molecule-2 (ICAM-2), and the junctional adhesion molecule-A (JAM-A) on endothelial cells and this effect was not seen with TNFα. In addition, TNFα stimulated transmigration was mediated by macrophage antigen-1 (Mac-1) (neutrophils) and JAM-C (endothelial cells) (Woodfin et al., 2009). Endothelial cell–selective adhesion molecule (ESAM) (Wegmann et al., 2006)  and CD99 (Lou et al., 2007) were found to be involved in the  transmigration process. 

Once at the site of injury/infection, neutrophils are able to engulf and digest infectious organisms. This is enhanced when the pathogen is coated (opsonised) with complement or antibody. After engulfment, the pathogen is enclosed within a phagosome and then digested by activation of the respiratory burst or lysosomal enzymes (Hannigan et al., 2009).
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[bookmark: _Toc426231995]Figure 1.5 Neutrophil adhesion cascade
 Prior to adhesion cascade, chemotactic stimulation of neutrophils induces polarized morphological changes characterized by a leading actin-rich lamella and a tail-like uropod at the rear end. The adhesion cascade steps include  (1) the capture of neutrophils on activated endothelial cells followed by (2) rolling, (3), slow rolling,  (4) firm adhesion, (5) Intravascular crawling and (6) paracellular and transcellular transmigration. Key molecules involved in adhesion cascade are indicated under each step . PSGL-1, P-selectin glycoprotein ligand 1;  ESL-1, E-selectin ligand-1; CD44,  cluster of differentiation 44; LFA-1, lymphocyte function-associated antigen 1;  MAC-1, macrophage antigen 1; ICAM-1, intercellular adhesion molecule 1; VLA-4, very late antigen 4; VCAM-1, vascular cell-adhesion molecule 1; PI3K, phosphoinositide 3-kinase; PECAM-1, platelet/endothelial-cell adhesion molecule 1; JAMs,  junctional adhesion molecules; ESAM, endothelial cell-selective adhesion molecule;  CD99,  cluster of differentiation 99.	







[bookmark: _Toc424586743] Neutrophil migration 
Neutrophil activation by bacterial by-products or other immune stimuli, such as lipopolysaccharide and glycolipids, executes several specialized functions that include chemotaxis, phagocytosis, and the generation of reactive oxygen species. These help to eliminate invading micro-organisms or cellular debris. In 1884, Pfeffer described the term ‘chemotaxis’ as directional migration of leukocytes to a chemical gradient (Cicchetti et al., 2002). Response of neutrophils to chemoattractants results in the neutrophil acquiring a polarized morphology that is characterized by a leading actin-rich lamella and a tail-like uropod at the rear end. (Wang, 2009). The lamella is a sheet-like structure that consists of actin filaments (actin is a 42-kDa protein) and important for normal neutrophil chemotaxis. 

Activation of neutrophils by chemoattractants is mediated via G-protein-coupled receptors (GPCRs) such as Gαo/i (Goldman et al., 1985) and Gα12/13 proteins (Xu et al., 2003). A broad and growing family of intracellular signalling effectors engaged by G-protein activation have been found to play a role in neutrophil migration (Stephens et al., 2008). Examples of these effectors include PI3Ks, phospholipase C (PLC), Ras- and Rho-family. Phosphatidylinositol-4, 5-bisphosphate 3-kinases (PI3Ks) are a family of enzymes involved in cellular functions such as cell growth and motility. PI3Ks can phosphorylate inositol phospholipids such as phosphatidylinositol (3, 4, 5)-trisphosphate particularly at the D3-position of the inositol ring. It has been shown that inhibition of PI3K activity impairs leading edge formation and inhibits chemotaxis in human neutrophils (Knall et al., 1997).


However, the precise sequence and regulation of these biochemical and morphologic changes in neutrophils are yet not fully understood. For example, cAMP regulates a wide range of cellular processes such as regulation of cell shape and migration. Several studies suggested that stimulation of neutrophils migration causes an elevation in the production of cAMP (Simchowitz et al., 1980, Smolen et al., 1980, Spisani et al., 1996, Ali et al., 1998). Conversely, other studies concluded that increases in cAMP levels inhibit neutrophil migration (Harvath et al., 1991, Elferink and de Koster, 1993, Elferink and de Koster, 2000). Therefore, it has been suggested that a small increase in cAMP increases neutrophil migration  whereas a greater rise in  cAMP inhibits neutrophil migration (Lorenowicz et al., 2007). 

The migration of neutrophils to sites of infection is an important step for containment and clearance of infectious particles. Therefore, impairment of neutrophil migration is associated with severity of infection. For example, the overproduction of circulating inflammatory cytokines, such as TNF-α and IL-8, which induce the NO production systemically, result in impaired neutrophil migration to sites of infection observed during lethal sepsis (Alves-Filho et al., 2005, Benjamim et al., 2000). However, the importance of neutrophil migration in this thesis is raised from the results of post hoc analysis of the PLATO study (Storey et al., 2013). In the PLATO study, full blood counts including differential leukocyte counts were performed in ACS patients who received either ticagrelor or clopidogrel (Wallentin et al., 2009). Although there was no difference in baseline counts prior to treatment with ticagrelor or clopidogrel, subsequent neutrophil counts in patients treated with ticagrelor were significantly higher than in the patients treated with clopidogrel. This significant difference was consistent during the treatment at 1, 3 and 6 months. After discontinuation of treatment, the mean neutrophil counts fell significantly in the ticagrelor group and increased in the clopidogrel group at 1 month after discontinuation. In addition, this analysis showed that there were fewer deaths following pulmonary infection and sepsis in the ticagrelor group compared to the clopidogrel group. These findings suggest potential modulatory effects of the P2Y12 inhibitors on the immune system. Therefore, this project will investigate the effect of clopidogrel and ticagrelor primarily on neutrophil function. We will focus particularly on migration because it is the first function for neutrophils in response to infection. 

[bookmark: _Toc424586744]Interaction of neutrophils with platelets 
In addition to classical neutrophil recruitment to the surface of inflamed endothelial cells, neutrophils can bind to activated platelets and transmigrate through a platelet monolayer (Mine et al., 2001, Kirchhofer et al., 1997) (Figure 1.6). This mechanism is known as ‘secondary capture’, characterised first by the binding of platelets to activated endothelial cells, followed by the interaction of neutrophils with platelets. Similar to the adhesion cascade, the recruitment of neutrophils into developing thrombi is coordinated through a multi-step adhesion cascade. The initial capture and rolling of neutrophils on the platelet surface is mediated mostly by the binding of P-selectin on platelets to P-selectin glycoprotein ligand-1 (PSGL-1) on neutrophils. Blocking P-selectin or PSGL-1 with monoclonal antibodies inhibited the capture and rolling of neutrophils on platelets (Evangelista et al., 1999). 

The stimulation of neutrophils by platelets through PSGL-1 induces signalling pathways that prime β2 integrin on neutrophils and enhance adhesion (Wang et al., 2007, Zarbock et al., 2007). In addition, binding of integrin (Mac-1) on neutrophils to its platelet ligands including glycoprotein  Ib alpha (GP Ibα) (Simon et al., 2000) and ICAM-2 (Kuijper et al., 1998) enhances firm adhesion. It also has been suggested that neutrophil transendothelial migration is enhanced by platelets via P-selectin-PSGL-1 interactions (Lam et al., 2011). 

However, it has been observed that the P2Y12 inhibitor clopidogrel has the ability to inhibit the expression of P-selectin on activated platelets and consequent interaction of platelets with monocytes and neutrophils via interaction of P-selectin with PSGL on the leukocytes (Storey et al., 2002, Evangelista et al., 2005, Xiao and Théroux, 2004); this has the potential to disrupt neutrophil recruitment to injury site. Ticagrelor as adenosine uptake inhibitor may also have additional effects, beyond P2Y12 inhibition, in modulating neutrophil function. The inhibition of adenosine uptake by erythrocytes may increase its concentration and thereby modulate neutrophil function (Barletta et al., 2012).  Therefore, this thesis will investigate the effect of clopidogrel and ticagrelor on neutrophil migration. 
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[bookmark: _Toc426231996]Figure 1.6 Platelet-neutrophil-endothelial interactions
 'Secondary capture'  consists of a three step process comprising of an initial adhesion between platelets and activated endothelial cells, followed by an interaction between platelets and neutrophils mediated mainly by P-selectin interacting with PSGL-1. This interaction leads to neutrophil activation and stimulates the interaction between neutrophils and activated endothelial cells. List of abbreviations:  Intracellular adhesion molecule  (ICAM), platelet glycoprotein Ibα (GPIbα), glycoprotein IIb/IIIa (GPIIb/IIIa), von Wilebrand factor (vWF), αvß3  (integrin), P-selectin glycoprotein ligand-1 (PSGL-1) and cluster of differentiation (CD).




[bookmark: _Toc405817880][bookmark: _Toc424586745]Hypothesis and Aims
A subset study of the PLATO trial compared the total leukocyte (i.e. monocytes, neutrophils and lymphocytes) counts in patients with ACS treated with ticagrelor with those receiving clopidogrel therapy (Storey et al., 2013). Among leukocytes, neutrophil counts were significantly different in treated patients. The differences in neutrophil counts among treated patients in the PLATO study could be associated with the role of ticagrelor as an adenosine reuptake inhibitor. Ticagrelor has been shown to inhibit adenosine reuptake and adenosine is known to have an impact on neutrophil migration. Therefore, we will investigate the effect of clopidogrel and ticagrelor on neutrophil migration. This thesis will focus on neutrophil migration, which is an essential aspect of neutrophil function against invading pathogens, while the effects of P2Y12 antagonists on other neutrophil functions such as phagocytosis have been investigated by other members of our group. The hypothesis of this thesis is that the P2Y12 inhibitors such as clopidogrel and ticagrelor are involved in modulating neutrophil migration.
 
The main aims of the work presented within this thesis are as follows:

· Investigate the effect of P2Y12 receptor and clopidogrel on murine neutrophil migration in vitro. 


· Investigate the effect of P2Y12 receptor, clopidogrel and ticagrelor on murine neutrophil recruitment in vivo.

· Investigate the effect of ticagrelor on human neutrophil migration in the presence of adenosine and erythrocytes in vitro. 


[bookmark: _Toc405817881][bookmark: _Toc424586746] Materials and Methods























[bookmark: _Toc405817882][bookmark: _Toc424586747]Animals
Male C57BL/6 mice weighing approximately 20-27g were purchased from Harlan (Oxon, UK) and were used in wild-type animal experiments. P2Y12-/- mice were derived from an in-house colony established from breeding pairs supplied by Dr M Chintala (Schering-Plough Research Institute, USA). The P2Y12 strains were developed on a C57BL/6 background and backcrossed 10 generations (Foster et al., 2001). The P2Y12-/- mice, which were used in this thesis, were obtained from an established homozygous knockout colony and  had been genotyped when the colony was set up. All experimental procedures were approved by University of Sheffield Ethics Committee and the Home Office Animals (Scientific Procedures) Act 1986 of the United Kingdom.

[bookmark: _Toc405817883][bookmark: _Toc424586748]Isolation of murine neutrophils
Negative immunomagnetic separation was used to isolate neutrophils from the murine whole blood as described previously (Cotter et al., 2001). Each mouse was anaesthetised with an intraperitoneal injection of 0.2 mL sodium pentobarbital (100 mg/mL) (Pharmasol LTD, Andover, UK). The blood was drawn directly via cardiac puncture into a syringe pre-coated with heparin to inhibit blood clotting. Then, the anti-coagulated blood was collected into a 15ml falcon tube containing 3ml of 1.25% dextran (Sigma-Aldrich Company Ltd, Dorset, UK). The volume was increased 10ml with 1.25% dextran for every 1 ml of blood. The sample was left to sediment erythrocytes for 30 minutes at room temperature. Subsequent steps were carried out using cold buffers with no calcium present and at 4˚C in order to minimise activation of the neutrophils. The supernatant, containing lymphocytes (70%), neutrophils (25%) and monocytes (5%), was collected and centrifuged at 300xg for 6 minutes at 4˚C. The leukocyte pellet was washed in 4 ml cold buffer (phosphate-buffered saline (PBS) (Invitrogen, Paisley, UK) and 0.1% Bovine serum albumin (BSA) (Sigma-Aldrich Company Ltd., Dorset, UK) followed by centrifugation (300xg, for 6 minutes at 4˚C). The pellet was resuspended in 2ml cold buffer (PBS and 0.1% BSA) and leukocyte count was calculated. 

The volumes of cocktail antibodies (Appendix A) were calculated based on the total number of unwanted cells to be removed. These antibodies were: anti-CD2 (1.5μg /106 lymphocytes) (BD Pharmigen™, Oxford, UK), anti-CD5 (2μg / 106 lymphocytes) (BD Pharmigen™, Oxford, UK), anti-CD45 (10μg/106 lymphocytes) (eBioscience, Hatfield, UK), anti-F4/80 (2μg / 106 monocytes) (eBioscience, Hatfield, UK) and anti-CD115 (7.5μg/106 monocytes) (AbD Serotec, Kidlington, UK). The mixture of leukocytes and antibodies was incubated for 30 minutes at 4˚C. After incubation, excess antibodies were removed by adding 10 ml of cold buffer and centrifuging the sample (300xg, for 6 minutes at 4˚C). The leukocyte pellet was resuspended in 80μl of PBS and incubated with microbeads conjugated to goat anti-rat IgG (F (ab’) 2 fragments (20 μl/107 cells) (Miltenyi Biotech, Bisley, UK) for 15 minutes in the refrigerator (agitated every 5 minutes).
 
While cells were incubating, 10ml of cold buffer was run through an LD separation column attached to Midi MACS magnet (Miltenyi Biotech, Bisley, UK). Then, the cell suspension/microbeads mixture was run through the column. The unwanted cells (lymphocytes and monocytes) previously labelled with primary and secondary antibodies remain on the surface of the column due to the effect of the magnetic field (Figure 2.1). Neutrophil-rich runoff was collected and centrifuged (300xg, for 6 minutes at 4˚C). The pellet was resuspended in hypotonic lysis buffer (7ml of 0.2% NaCl) and gently inverted x10 to lyse contaminating erythrocytes. This was quickly followed by addition of hypertonic rescue buffer (7ml of 1.6% NaCl supplemented with 0.1% glucose) and the tube inverted once. The cell suspension was centrifuged (300 x g, for 6 minutes at 4˚C), and the pellet was resuspended in 6ml buffer and washed by centrifugation (300xg, for 6 minutes at 4˚C).
 
The pellet was resuspended in 1ml of cold buffer and neutrophils were counted by using a disposable haemocytometer (Digital Bio, Korea) (Appendix B). In addition, purity was determined by differential counts made using cytospins (see section 2.3). The neutrophils represented 28% of whole-blood murine leukocytes, consistent with previous observation (Cotter et al., 2001). The number of neutrophils obtained was ~0.5 x 106 cells per ml of whole blood. Therefore, this represents a recovery of ~ 70% of circulating neutrophils. Mice were all studied at the same age (3 months) and gender (male) to minimize the variability between the mice. 
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[bookmark: _Toc426231997]Figure 2.1 Negative immunomagnetic separation
Neutrophils were isolated from mice and primary antibodies were used to target lymphocytes and monocytes. Then, secondary antibodies conjugated to magnetic beads were added to the mixture. The lymphocytes and monocytes which bind to magnetic beads will stick to the surface of column due to effect of Magnetic field. Neutrophils will run through the column without any binding.






[bookmark: _Toc405817885][bookmark: _Toc424586749]Transmigration of Neutrophils in vitro
Chemotaxis assay was used to measure the response of murine and human neutrophils to chemoattractant KC and IL-8 (Peprotech EC Ltd, London, UK), respectively in different situations. The type of species (e.g. human or murine) and chemokine chemoattractant play a major role in the migratory behaviour for neutrophils (Sugawara et al., 1995). IL-8 is CXC chemokine that has potent effects on neutrophil chemotaxis (Baggiolini et al., 1989). KC acts as a potent murine neutrophil chemoattractant both in vivo and in vitro and it is the murine homologue of human Gro-α (CXCL1) and its receptor is an IL8 type B (CXCR2) receptor homologue (Bozic et al., 1995).

A 96-well chemotaxis chamber (NeuroProbe, Inc., USA) was used to measure neutrophil chemotaxis using a modification of the protocol reported by Frevert et al., (1998). The chemotaxis chamber was composed of a 96-well microplate and a polycarbonate membrane filter with 5 µm pores. These pores are surrounded by hydrophobic rings that restrict the neutrophil suspension to these sites (Figure 2.2).

Isolated neutrophils were centrifuged (300xg, for 6 minutes at 4 C˚) and the pellet was resuspended in RPMI buffer (Invitrogen, Paisley, UK), to give a final concentration of 2 x 106 neutrophils per ml buffer. The microplate wells were loaded with 30 µl of control medium (RPMI) or (DMSO) and different concentrations of chemoattractants and performed in triplicate.  The filter membrane was positioned firmly over the loaded microplate. A total volume of 30 µl of neutrophil suspension was placed directly onto the 5 µm filter pores. Chemokinesis control was also performed by adding 30 µl of neutrophils resuspended in a specific concentration of chemoattractant (KC 10-6 or IL-810-9)  to the filters corresponding to a series of wells containing the same concentrations of chemoattractants i.e. no concentration gradient is present. The chemotaxis chamber was incubated for 1 hour (murine neutrophils) (Kornerup et al., 2010) or 30 minutes (human neutrophils) (Kawa et al., 1997) at 37˚C in 5% CO2.
After incubation, the remaining non-migrated neutrophils were removed from the filter using a cotton bud. The filter membranes were washed twice by adding 30 µl of RPMI buffer, and this medium was removed by wiping with a cotton bud. The chemotaxis chamber was centrifuged for 10 minutes at 300 x g at 4˚C to dislodge any migrated neutrophils adherent to the bottom surface of the filter membrane into the wells. The filter was removed carefully and migrated cells were resuspended in the 30µl control buffers or chemoattractants already in the wells. Migrated neutrophils were counted by transferring 10µl of the cells into a disposable haemocytometer. As mentioned before, the chemokinesis control was used to correct any chemokinesis or spontaneous movement of neutrophils. Therefore, the number of neutrophils that migrated due to chemokinesis was subtracted from the final number of neutrophils migrating. Finally, the percentage of neutrophils that migrated to the control buffers or chemoattractants was calculated by using the following formula: 



             % Migration =
Migrated Neutrophil Count X 100
Neutrophil Count 
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[bookmark: _Toc426231998]Figure 2.2 Chemotaxis cell migrating assay
Each well was loaded with 30μl of KC chemoattractant. The polycarbonate membrane filter is bonded to a metallic frame and consists of a 5µm 96-pore. These pores are surrounded by hydrophobic rings that restrict the neutrophil suspension to these sites.












[bookmark: _Toc405817886][bookmark: _Toc424586750] Clopidogrel preparation and administration 
To determine the effect of clopidogrel (Plavix) (Sanofi Pharma Bristol-Myers Squibb) on neutrophil migration, C57BL/6 or P2Y12-/- mice were divided into 2 groups. The first group was gavaged with vehicle (mannitol) as a control. The second group was gavaged with clopidogrel (20mg/kg) in 200μl water. The dose of clopidogrel was based on previous investigations in our laboratory (Evans et al., 2009). Two hours after gavage, neutrophils were isolated and the chemotaxis assay was performed or thioglycollate-induced peritonitis method was applied.

[bookmark: _Toc405817887][bookmark: _Toc424586751]Flow cytometry
Flow cytometric studies were carried out on LSRɪɪ™ (Becton Dickinson) with BD FACSDiva version 6.1.1 software (BD Bioscience). Forward light scatter (FSC) is used to measure the size of cells, whereas side scatter (SSC) is used to measure the granularity of cells.  A flow cytometry based platelet function assay was used to determine the effect of clopidogrel on platelet P-selectin expression (CD62P). The expression of P-selectin was induced by exposing the blood to thrombin receptor-activating peptide (TRAP, AYPGKF). TRAP is a potent platelet agonist of the protease-activated receptor (PAR)-4 that stimulates platelet cell surface expression of P-selectin. Flow cytometry was used to detect and quantify this activation marker, which binds to specific fluorescently-labelled antibodies.  

Briefly, C57BL/6 wild-type mice were treated with either mannitol or clopidogrel (8 or 20mg/Kg). Prior to blood collection, hirudin (an inhibitor of thrombin; Canyon Pharmaceuticals™, Switzerland) was added to Eppendorf tubes and diluted with saline (1:10 dilution i.e. 5µl hirudin + 45µl saline). Two hours after gavage, a whole blood was collected from each mouse and added to Eppendorf tubes containing diluted hirudin at a ratio 1:10, hirudin to blood (i.e. 5µl diluted hirudin in 50µl blood). Therefore, the final concentration of hirudin in the blood was 1:100. The flow cytometry tubes were prepared with 10µl fluorescein isothiocyanate (FITC) anti-mouse CD62p (BD Biosciences, Oxford, UK), 2µl TRAP (0, 0.3, 1, 3 or 10 mM) (Almac Sciences, East Lothian, UK) and 5µl of blood. Then, PBS was added to make up a total volume of 50 µl per tube.  FITC isotype rat IgG1λ polyclonal isotype antibody (BD Biosciences, Oxford, UK) was used without TRAP to determine non-specific binding in place of anti-CD62p. The tubes were mixed gently and incubated at room temperature in the dark for 20 minutes. 2ml of buffer (1.33ml of BSA + 100 ml of PBS) was added to each tube. Platelets were gated by size, using forward and scatter. 10,000 events were collected and CD62p median fluorescence was determined for the entire platelet population.

[bookmark: _Toc405817888][bookmark: _Toc424586752]Thioglycollate-Induced Peritonitis
Intraperitoneal (ip) injection of thioglycollate induces peritonitis which in turn leads to local influx of neutrophils into peritoneal cavity (Call et al., 2001). This method was used to study the effect of anti-platelet therapies (clopidogrel and ticagrelor) on neutrophil recruitment in vivo. Therefore, C57BL/6 and P2Y12-/- mice were gavaged with either mannitol (20mg/Kg or 100mg/kg) as control or clopidogrel (20mg/kg) or ticagrelor (100mg/kg) (AstraZeneca, UK). This high dose of ticagrelor is required in mice to achieve maximum inhibition of platelet function as observed in our laboratory (Patil et al., 2010).

2 hours after gavaging, mice were injected i.p. with 1ml of thioglycollate broth (4% thioglycollate powder (Sigma-Aldrich Company Ltd, Dorset, UK) in 0.9% w/v NaCl; autoclaved and aged for >7 days). After 0, 1, 2, 4, 6, 8 and 24 hours mice were sacrificed by cervical dislocation and 5ml of cold lavaging fluid (PBS + 0.1% BSA + 10U/ml heparin (to avoid clumping)) was injected into the peritoneum. The abdomen was gently massaged for a few seconds and the peritoneal lavage fluid recovered by using a 5ml syringe or pasteur pipette and transferred to 15ml lavage collection tubes on ice. 10ul of lavage fluid was diluted in 90ul of 3% acetic acid and total leukocyte count calculated using a haemocytometer. The percentage of neutrophils was calculated using differential cell count. The number of neutrophils was calculated as total number of leukocytes multiplied by the percentage of neutrophils. 
[bookmark: _Toc405817889][bookmark: _Toc424586753]Human Neutrophil isolation 
Neutrophils were isolated from human peripheral blood, based on a previously described method (English and Andersen, 1974). Briefly, 8.9 ml venous blood was collected from healthy volunteers and immediately transferred to tubes containing 1.1 ml of sodium citrate (3.8%; Martindale Pharmaceuticals, UK). The anticoagulated blood was centrifuged at 260 x g for 20 minutes at 20˚C and platelet-rich plasma was then discarded. Erythrocytes were sedimented using 6% dextran (Sigma-Aldrich Company Ltd, Dorset, UK) for 30 minutes at room temperature. Leukocyte-rich plasma was withdrawn, layered gently over 15 ml Histopaque 1077 (Sigma-Aldrich Company Ltd, Dorset, UK) and centrifuged (400 x g, 25 minutes, 20˚C). Supernatant was discarded and the pellet subjected to hypotonic lysis (0.2% NaCl) to lyse residual erythrocytes and then hypertonic rescue buffer (1.6% NaCl supplemented with 0.1% glucose). The cell suspension was centrifuged (280 x g, 7 minutes, 20˚C) and resuspended in RPMI buffer (Life Technologies Ltd, UK), to give a final concentration of 2 x 106 neutrophils/ml.

[bookmark: _Toc424586754]Purity of isolated neutrophil population
Neutrophil purity was assessed in each experiment by using the traditional method of differential counts of cytospin. 100µl of the final neutrophil-rich cell suspension (100ul/1*106 cells) was transferred onto a glass slide using a cytospin (Shandon Scientific Products, Cheshire, UK) to spin the slides at 900 rpm for 6 minutes. Slides were stained with Diff-Quick set (BDH, Poole, UK). The smears were flooded in Diff-Quik fixative reagent (Methanol), Diff-Quik solution I (haematoxylin) and Diff-Quik solution II (eosin) for 5, 3 and 6 seconds respectively. Then, the slide was rinsed with distilled water for 30 seconds and left to air dry. The smear of leukocytes was determined using a microscope equipped with X100 objective (Olympus CH30). Neutrophils were recognized by their multilobular nuclei, and the percentage of neutrophils was calculated. The purity of murine neutrophils was > 85%, whereas human neutrophils was >95%. 

[bookmark: _Toc405817890][bookmark: _Toc424586755]Neutrophil preparation in the presence of erythrocytes 
In parallel with the neutrophil isolation, 3 ml of blood was collected from healthy volunteers and immediately transferred to tubes containing sodium citrate. Platelet-rich plasma was discarded after centrifugation (260 x g 20 minutes, 20˚C). The erythrocyte-rich leukocyte pellet  was resuspended in 35ml buffer and layered over 15 ml Histopaque 1077 and centrifuged (400 x g, 25 minutes, 20˚C). In order to avoid blocking of the pores of the chemotaxis assay, the erythrocyte:neutrophil ratio was altered, by increasing the neutrophil concentration using erythrocyte-free isolated neutrophils to give a final concentration of (2 x 106 neutrophils/ml).

[bookmark: _Toc405817891][bookmark: _Toc424586756]Adenosine and adenosine receptor antagonists
The isolated neutrophils with or without erythrocytes were incubated with adenosine (Sigma-Aldrich Company Ltd, Dorset, UK) at a range of concentrations from 10-11 M to 10-5 M immediately prior to studying migration. Further experiments were performed following preincubation with adenosine receptor antagonists (10-7 M) DPCPX (A1 antagonist; Sigma-Aldrich Company Ltd, Dorset, UK), SCH58261 (A2A antagonist; Sigma-Aldrich Company Ltd, Dorset, UK) or MRS 1334 (A3 antagonist; Tocris Bioscience, UK) for 20 minutes (37˚C, 5% CO2). 

[bookmark: _Toc405817892][bookmark: _Toc424586757]Platelet inhibitors
The platelet inhibitors cangrelor (gift from The Medicines Company, USA), ticagrelor (Sequoia Research Products Limited, Dorset, UK) and dipyridamole (Sigma-Aldrich Company Ltd, Dorset, UK) were dissolved to a concentration of 10-3M in buffer (0.5ml of DMSO + 4.5ml of RPMI) and diluted with RPMI to final concentrations of 10-5 or 10-6M. These were added to isolated neutrophils, either in the presence or absence of erythrocytes and adenosine for 20 minutes before performing the chemotaxis assay.
[bookmark: _Toc405817893][bookmark: _Toc424586758]Statistical analysis 
Results are presented as mean ± SEM. Statistical analyses were performed using GraphPad Prism version 6.04 (GraphPad Software Inc., La Jolla, CA). One-way analysis of variance was used for statistical significance followed by Dunnett’s test to compare the treated groups with vehicle control or Bonferroni’s test to compare selected groups. Two-way Anova was used for any in vitro experiment that has more than one independent variable, followed by Bonferroni’s test for multiple comparisons to compare selected groups. The statistical comparison of leukocyte influx at the different time points between P2Y12-/- mice, clopidogrel or ticagrelor treated mice and control animals was determined by using multivariate two-way ANOVA followed by post hoc Bonferroni analysis. P value <0.05 was considered significant.
















[bookmark: _Toc405817894][bookmark: _Toc424586759]The role of the P2Y12 receptor and effect of clopidogrel on neutrophil migration in vitro






















[bookmark: _Toc405817895][bookmark: _Toc424586760]Introduction 
Platelet function is not only relevant to haemostasis; platelets are also known to be crucial in immune response and inflammation (Semple and Freedman, 2010, Semple et al., 2011). They release chemokines, growth factors, and angiogenic factors from their granules when activated and this release results in stimulation of other blood cells. P2Y12 is known to amplify platelet activation and potentiate granule release. P2Y12 inhibitors are used in patients with CVD for the secondary prevention of atherothrombotic events and clopidogrel is the most widely used thienopyridine (Akinosoglou and Alexopoulos, 2014). 

P2Y12 receptors are important in vascular inflammation and possibly asthma. For instance, investigations of the role of P2Y12 in a mouse model of atherogenesis showed that the P2Y12 receptors are involved in atheroma formation (Li et al., 2012, West et al., 2014). An investigation of the involvement of P2Y12 receptor signalling in human asthma observed that single nucleotide polymorphisms of the P2Y12 receptor gene were associated with altered lung function in a cohort of asthmatic children (Bunyavanich et al., 2012). Another study suggested that P2Y12 is required for leukotriene E4 (LTE4)-mediated pulmonary inflammation (Paruchuri et al., 2009). This study showed that inhalation of (LTE4) to sensitized mice potentiates eosinophilia, goblet cell metaplasia, and expression of interleukin-13. Paruchuri et al., (2009) found that the ability of LTE4 to potentiate pulmonary inflammation was abrogated in the absence of P2Y12 and mice treated with clopidogrel. These studies address the involvement of P2Y12 receptors in promoting inflammatory disorders such as asthma and atherosclerosis.

P2Y12 receptor antagonists such as clopidogrel have been observed to have either a pro-inflammatory or anti-inflammatory effect. For example, clopidogrel was able to significantly attenuate LPS-induced inflammatory responses and lung injury compared to a control in a rat model (Hagiwara et al., 2011). In contrast, a study suggested that clopidogrel enhances inflammatory responses in a rat model of peptidoglycan polysaccharide-induced arthritis (Garcia et al., 2011). A recent study suggested that ticagrelor was associated with lower rates of pulmonary infection and sepsis and slightly higher inflammatory markers such as C-reactive protein and IL-6 compared to clopidogrel in patients with acute coronary syndromes (Storey et al., 2013). In this study, the neutrophil count was lower in the clopidogrel group compared to the ticagrelor group. Recently, a few studies investigated the impact of P2Y12 antagonists on neutrophil function. For example, Liverani et al. (2013) showed that prasugrel active metabolite inhibits neutrophil migration in vitro. In addition, it has been suggested that ticagrelor can reduce pulmonary neutrophil recruitment and lung damage in a model of abdominal sepsis (Rahman et al., 2014). Taken together, these observations may provide additional evidence for the involvement of P2Y12 receptors and their antagonists as potential players in inflammation and neutrophil function. Despite the well-known function of neutrophils during the early stages of inflammation and their interaction with platelets, the role of P2Y12 receptors and effect of their antagonists on neutrophil chemotaxis is still unknown.

Therefore, the work described in this chapter aimed to determine the role of P2Y12 receptors and clopidogrel on neutrophil migration in vitro. The first experiment determined the appropriate concentration of KC chemoattractant to induce mouse neutrophil migration. Then, the  effect of  P2Y12 receptor deficiency on neutrophil migration was assessed. Also, the effective dose of clopidogrel that inhibited the expression of P-selectin on activated platelets was determined. The effect of the appropriate dose of clopidogrel on neutrophil migration was then investigated.

Negative immunomagnetic separation was used to isolate neutrophils from the mouse whole blood (section 2.2).  In this chapter, a chemotaxis assay was used in all in vitro experiments to measure the response of murine neutrophils to KC chemoattractant (section 2.3). A flow cytometry assay was used to determine the effect of clopidogrel on platelet P-selectin expression (section 2.5).  Blood cells were collected from C57BL/6 or P2Y12-/- mice (n= one sample of pooled blood from 3 mice). 


[bookmark: _Toc405817896][bookmark: _Toc424586761]Results
[bookmark: _Toc405817897][bookmark: _Toc424586762]Chemotactic response of neutrophils to increasing concentrations of KC
A chemotaxis assay was carried out to determine the optimal concentration of KC chemoattractant for maximum neutrophil migration. The results showed that the efficiency of murine neutrophils to migrate to the chemoattractant (KC) was concentration-dependent. There was a significant increase in neutrophil migration towards KC 10-7M and KC 10-6M compared to control (RPMI) (Figure 3.1). This is consistent with previous investigation which indicated that KC (10-7M to 10-5M) stimulates neutrophil migration compared to control (Nolan, 2005). KC10-8M and KC1-5M had less effect which was not significant compared to the control.








[bookmark: _Toc426231999]Figure 3.1 Response of neutrophil migration to different concentrations of KC
[bookmark: OLE_LINK9]Neutrophils were isolated from C57BL/6 mild-type mice and incubated for 1 hour (37˚C, 5% CO2). The number of neutrophils that migrated towards RPMI or increasing concentrations of KC (10-8M - 10-5M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber.  Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to RPMI and KC. Results are presented as mean ± SEM (n= 5)  and analysed  for statistical significance using one-way analysis of variance followed by Dunnett’s t-test. **P < 0.01 compared to control. 





[bookmark: _Toc405817898][bookmark: _Toc424586763]Migratory response of neutrophils from wild-type mice and P2Y12-/- mice toward KC
A previous study suggested that P2Y12 receptor is expressed on neutrophils and clopidogrel directly may be able to inhibit neutrophil activation (Diehl et al., 2010). Prior to testing the effects of P2Y12 antagonists on the spontaneous migratory behaviour of polymorphonuclear neutrophils, we investigated a role for P2Y12 receptors in neutrophil chemotaxis in vitro. Neutrophils were freshly isolated from P2Y12-/- mice and from C57BL/6 wild-type mice, which were used as a control. As the previous result indicated that KC 10-7M and KC 10-6M were the optimal concentrations of KC chemokine for maximum murine neutrophil migration over 1h, we exposed isolated neutrophils to these concentrations. The results showed that there was no significant difference in the migratory behaviour between neutrophils isolated from P2Y12-/- knockout mice and C57BL/6 wild-type mice (Figure 3.2). 














[bookmark: _Toc426232000]Figure 3.2 Migratory response of neutrophils from wild-type and P2Y12-/- mice toward KC
Neutrophils were isolated from C57BL/6 wild-type mice and P2Y12-/- mice and incubated for 1 hour (37˚C, 5% CO2). The number of neutrophils that migrated towards RPMI or KC (10-7M and 10-6M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to RPMI and KC. Results are presented as mean ± SEM (n= 5) and analysed  for statistical significance using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons








[bookmark: _Toc405817899][bookmark: _Toc424586764]Effect of clopidogrel (8mg/Kg) on platelet P-selectin expression
The human loading dose of clopidogrel 600 mg showed the maximal inhibition for platelet aggregation and the surface expression of P-selectin after 2 hours (Hochholzer et al., 2005). To ensure the efficacy of clopidogrel dose on murine neutrophil migration, the appropriate effective dose was tested first on platelet function. Platelet function was assessed by flow cytometry to test the effective dose of clopidogrel that inhibits the expression of P-selectin on platelets in response to the agonist thrombin receptor activating peptide (TRAP). To determine the effect of clopidogrel (8mg/Kg) on platelet activity, whole blood was isolated from treated mice. Treatment of mice with clopidogrel (8mg/Kg) resulted in modest inhibition of platelet P-selectin expression that was not statistically significant (Figure 3.3). 

[bookmark: _Toc405817900][bookmark: _Toc424586765]Effect of clopidogrel (20mg/Kg) on platelet P-selectin expression
Treatment of C57BL/6 wild-type mice with clopidogrel or mannitol (20mg/Kg) showed that there was a significant inhibitory effect of clopidogrel at the higher concentrations of TRAP (1-10mM) (Figure 3.4). These findings were consistent with previous data describing the role of the P2Y12 receptor in amplification of murine TRAP-induced P-selectin expression and therefore, this dose was also used to check the role of clopidogrel on neutrophil chemotaxis.








[bookmark: _Toc426232001]Figure 3.3 Effect of clopidogrel (8mg/kg) on platelet P-selectin expression of mice
Blood was taken from C57BL/6 wild-type mice treated with either mannitol or clopidogrel (8mg/kg), and analysed by flow cytometry to measure platelet P-selectin (CD62p) expression in response to TRAP. Median fluorescence was measured and is shown as increase over baseline for P-selectin. Results are presented as mean ± SEM (n=4) and analysed for statistical significance using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons. 






[bookmark: _Toc426232002]Figure 3.4 Effect of clopidogrel (20mg/kg) on platelet P-selectin expression of mice
Blood was taken from C57BL/6 wild-type mice treated with either mannitol or clopidogrel (20mg/kg), and analysed by flow cytometry to measure platelet P-selectin (CD62p) expression in response to TRAP. Median fluorescence was measured and is shown as increase over baseline for P-selectin. Results are presented as mean ± SEM (n=3) and analysed for statistical significance using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons. *P < 0.05 and ***P < 0.001.








[bookmark: _Toc405817901][bookmark: _Toc424586766]Effect of clopidogrel (8mg/Kg) on murine neutrophil migration toward KC
[bookmark: OLE_LINK8]As the neutrophils that were isolated from P2Y12­/- mice did not show any significant difference in migratory behaviour, we wanted to investigate whether the P2Y12 inhibitor clopidogrel could alter the response through an off-target effect. Treatment of C57BL/6 wild-type mice with the human equivalent dose (8mg/Kg) of clopidogrel showed that there was no significant difference in the neutrophil migratory behaviour between mannitol and clopidogrel groups towards KC (10-7M and 10-6M) (Figure 3.5). 

[bookmark: _Toc405817902][bookmark: _Toc424586767]Effect of clopidogrel (20mg/Kg) on murine neutrophil migration toward KC
As the previous dose of clopidogrel (8mg/Kg) provided suboptimal inhibition of platelet activity, the higher dose of clopidogrel (20mg/Kg) was used to investigate the effect of clopidogrel on neutrophil migration. Treatment of C57BL/6 wild-type mice with a higher dose of clopidogrel also showed that there was no significant difference in the neutrophil migratory behaviour between mannitol and clopidogrel groups towards KC (10-7M and 10-6M) (Figure 3.6). This confirms that clopidogrel has no direct role on neutrophil chemotaxis in vitro.








[bookmark: _Toc426232003]Figure 3.5 Effect of clopidogrel (8mg/kg) on mice neutrophil migration

Neutrophils were isolated from C57BL/6 wild-type mice gavaged with either mannitol as a control or clopidogrel and incubated for 1 hour (37˚C, 5% CO2). The number of neutrophils that migrated towards RPMI or KC (10-7M and 10-6M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to RPMI and KC. Results are presented as mean ± SEM (n= 4) and analysed for statistical significance using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons.






[bookmark: _Toc426232004]Figure 3.6 Effect of clopidogrel (20mg/kg) on mice neutrophil migration
Neutrophils were isolated from C57BL/6 wild-type mice gavaged with either mannitol as a vehicle or clopidogrel and incubated for 1 hour (37˚C, 5% CO2). The number of neutrophils that migrated towards RPMI or KC (10-7M and 10-6M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to RPMI and KC. Results are presented as mean ± SEM (n= 14) and analysed  for statistical significance using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons.







[bookmark: _Toc405817903][bookmark: _Toc424586768]Discussion 
The present studies were designed to investigate the role of P2Y12 and the effect of clopidogrel on neutrophil function in a murine model. The first aim was to determine the optimal concentration of KC for maximum murine neutrophil migration in vitro. Results showed that KC 10-7M and KC 10-6M had the maximum ability to induce neutrophil migration.  This is consistent with previous studies which showed that KC (10-7M to 10-5M) induces neutrophil migration (Hannigan et al., 2001, Nolan, 2005).

Results also indicated that when the concentration of KC increased to 10-5M, the response of neutrophil migration decreased, suggesting that elevated levels of KC may cause receptor desensitisation. A number of studies suggested that elevated levels of KC inhibit neutrophil migration. For instance, Wiekowski et al. (2001) demonstrated that calcium mobilisation of neutrophils was inhibited in response to high concentrations of KC and suggested that elevated levels of KC desensitise the CXCR2 receptor which mediates neutrophil migration to KC. Here, as the initial data showed that KC 10-7M and 10-6M induced maximum neutrophil migration, these concentrations were used in subsequent experiments to test the effect of P2Y12 receptors and their antagonists on neutrophil chemotaxis in vitro.

Chen et al., in 2006, showed that the P2Y2 receptor, which is a member of the purinergic receptor subfamily, is involved in neutrophil migration by controlling cell orientation in response to FMLP (N-formyl-methionine-leucine-phenylalanine). ATP is released from neutrophils and binds to P2Y2 receptors on the same cell. As a result, the activity of phosphoinositide 3-kinase (PI3K) and consequent production of phosphatidylinositol 3, 4, 5-trisphosphate (PIP3) is increased, and Rac, Cdc42, and F-actin are recruited to the leading edge. This helps to control gradient-sensing and facilitates directed migration (Chen et al., 2006). In addition, it has been suggested that activation of both P2Y2 and P2Y12 in macrophages induced the formation of lamellipodia to amplify the responses initiated by chemoattractant receptor signalling (Kronlage et al., 2010). 

Diehl et al. (2010) investigated the expression of P2Y12 receptors in neutrophils by isolating RNA from neutrophils and using RT-PCR. The results showed that P2Y12 receptors were expressed by neutrophils. In addition, the expression of CD11b in neutrophils was inhibited by clopidogrel in seven out of nine patients. So, the effect of P2Y12 receptors on chemotaxis has been tested by using P2Y12-/- mice. Results demonstrated that there is no significant difference between the migration of neutrophils from P2Y12-/- and C57BL/6 wild-type mice in response to KC. This suggests that the presence of the P2Y12 receptors is not required for neutrophil chemotaxis in response to KC. Hollopeter et al. (2001) demonstrated that the P2Y12 mRNA is not expressed in peripheral white blood cells, which may explain why P2Y12 has no clear role in neutrophil chemotaxis.

Similar to the effect of prasugrel on neutrophil function (Rahman et al., 2014), clopidogrel may have an off-target effect on neutrophil migration and this effect is not mediated by P2Y12 receptors. As the data suggested that P2Y12 had no observed function in neutrophil migration, we needed to draw a clear picture by examining the effect of clopidogrel on neutrophil chemotaxis. Treatment of C57BL/6 wild-type mice with a human equivalent dose of clopidogrel showed no significant effect in neutrophil migration towards KC compared to the control.

Expression of P-selectin on activated platelets is believed to be important in mediating interaction with leukocytes and incorporating leukocytes into the thrombus (Hamburger and McEver, 1990, Palabrica et al., 1992). This interaction causes the activation of neutrophils, resulting in increased ROS production (Moon et al., 1989) and neutrophil lysosomal enzyme release (Del Maschio et al., 1989). Although a number of studies demonstrated the inhibitory effect of clopidogrel on platelet P-selectin expression (Evangelista et al., 2005, Storey et al., 2002), the human equivalent dose of clopidogrel did not cause a significant inhibition in P-selectin expression of the platelets of mice in our experiment. 

It is probable that the dose of clopidogrel was insufficient to inhibit the P-selectin expression. Clopidogrel is insoluble in water and during the oral gavage a small amount of the drug remained in the gavage needle and this may affect the accuracy of the dose. A similar study using a lower dose (2mg/Kg) of clopidogrel did not show an inhibition effect for clopidogrel on P-selectin expression on the platelets of horses. (Brainard et al., 2012). Most studies use a higher dose of clopidogrel to magnify its effect on P-selectin expression (Evans et al., 2009, West et al., 2014). The results indicated that the higher dose of clopidogrel (20mg/Kg) was able to inhibit the expression of P-selectin. The significant inhibition for P-selectin through the higher dose of clopidogrel led us to repeat the chemotaxis experiment using this dose to test its effect on neutrophil migration. Our results also showed that clopidogrel was not able to cause a significant effect on neutrophil migration compared to the control.  This is consistent with Dunzendorfer et al. (2002) who observed that clopidogrel did not significantly alter neutrophil migration in humans. In the Dunzendorfer et al. study, neutrophils were isolated from the peripheral blood of healthy volunteers. In addition, plasma was isolated from volunteers treated with clopidogrel. Then, neutrophils were incubated with plasma for 15 min and a chemotaxis experiment was applied (Dunzendorfer et al., 2002).

Another study showed that in a mouse model of zymosan-induced peritonitis and a mouse model of LPS-induced lung inflammation, the busulfan-induced thrombocytopenia significantly inhibited neutrophil recruitment (Kornerup et al., 2010). This may illustrate the effective role for platelets in stimulating neutrophilic inflammatory response. In addition, clopidogrel is known to inhibit platelet activation and platelet-neutrophil interaction (Storey et al., 2002) and has a varying effect on the expression of inflammatory markers (Muhlestein, 2010); this may support its ability to affect inflammation. However, it is unlikely that clopidogrel has a direct effect on neutrophil chemotaxis but has the potential to have an indirect effect on neutrophils (i.e. through inhibiting platelets). 

In conclusion, the optimal concentrations of KC for the maximum neutrophil migration were 10-7M and 10-6M. Absence of P2Y12 receptors did not show a direct effect on neutrophil migratory behaviour in vitro. Also, mice treated with clopidogrel did not show alterations in neutrophil migratory behaviour in vitro. However, absence of platelets and other cells such as monocytes in this model probably obscure any indirect effect of clopidogrel on neutrophil migration. Using an in vivo model may help to reveal the possibility of an indirect effect of P2Y12 inhibitors. 

Key findings 
This work described in this chapter has investigated the effect of P2Y12 receptors and clopidogrel on neutrophil migration in vitro using a chemotaxis assay. In summary:
· The optimal concentrations of KC for  maximum neutrophil migration were 10-7M and 10-6M.
· Absence of P2Y12 receptors did not lead to  a significant difference in neutrophil migration in vitro when compared to migration of neutrophils isolated from wild-type mice. 
· Treatment of mice with a human loading dose of clopidogrel (8mg/Kg) resulted in modest inhibition of platelet P-selectin expression that was not statistically significant. 
· A higher dose of clopidogrel (20mg/KG) showed a significant inhibition of platelet P-selectin expression.
· Treatment of mice with both doses (8mg/Kg) and (20mg/KG) of clopidogrel did not show a significant effect on neutrophil migration ex vivo.







[bookmark: _Toc405817904][bookmark: _Toc424586769]The effect of P2Y12 inhibitors on neutrophil recruitment in vivo 



























[bookmark: _Toc405817905][bookmark: _Toc424586770]Introduction 
A subset study of the PLATO trial compared clopidogrel and ticagrelor in patients who underwent coronary artery bypass graft surgery (CABG) and noticed that infections that were the direct or contributing cause of death were more common in patients randomised to clopidogrel than to ticagrelor (Varenhorst et al., 2012). Also, in patients with acute coronary syndromes, ticagrelor was associated with lower pulmonary infection and sepsis than clopidogrel (Storey et al., 2013).  However, both clopidogrel and ticagrelor share a common target, the P2Y12 receptor. Li et al. (2012) examined the role of P2Y12 receptors in WBC migration, particularly monocytes. This study demonstrated that P2Y12 receptors regulate the release of platelet factor 4 that, in turn, affects monocyte recruitment and infiltration. 

Many factors may alter the results seen in vitro compared to in vivo. Therefore, an in vitro chemotaxis system would not be an appropriate model to observe an indirect effect of P2Y12 inhibitors on neutrophil migration. To illustrate, a recent study found that platelet serotonin had no influence on neutrophil migration in vitro but in vivo they found that platelets deliver serotonin to sites of inflammation to enhance the recruitment of neutrophils (Duerschmied et al., 2012). Therefore, the researchers suggested that platelet serotonin has the ability to enhance neutrophil extravasation by regulating endothelial selectin expression. Also, in the last decade many studies noticed a collaborative relationship between platelets and neutrophils in response to inflammation (Lam et al., 2011, Maugeri et al., 2012). In addition, other immune cells such as monocytes cooperate with either platelets (Passacquale et al., 2011) or neutrophils (Dhaliwal et al., 2012) or both to initiate a specific mechanism (von Bruhl et al., 2012). 

Taken together, the inhibition of platelet aggregation by P2Y12 antagonists or the expression of P2Y12 receptors on other immune cells such as monocytes and lymphocytes (Wang et al., 2004, Diehl et al., 2010) may increase the possibility of an indirect effect on neutrophil recruitment, especially if we consider excluding the direct effect of clopidogrel on neutrophil migration in vitro, as explained in the previous chapter. 

Therefore, the aim of the work presented in this chapter was to investigate the effect of clopidogrel, ticagrelor and P2Y12 receptors on neutrophil influx in vivo by using a thioglycollate-induced peritonitis model to test if any indirect factor exists. The first experiment aimed to investigate the effect of clopidogrel on neutrophil recruitment in vivo. The effect of clopidogrel compared to control was investigated in C57BL/6 mice injected with thioglycollate. Then, the P2Y12-/- mice injected with thioglycollate were used to assess the effect of clopidogrel in the absence of P2Y12 receptors on neutrophil recruitment in vivo. Also, the effect of ticagrelor on neutrophil recruitment in C57BL/6 mice injected with thioglycollate was investigated. 

In all experiments described in this chapter, mice were injected with thioglycollate to induce peritonitis that leads to local influx of neutrophils into the peritoneal cavity (section 2.6). All mice injected with thioglycollate survived through  all time points of the experiment and the survival rate was 100% before the sacrifice. Peritoneal lavage fluid was collected from C57BL/6 or P2Y12-/- mice (n= one sample of peritoneal lavage fluid from one mouse).
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[bookmark: _Toc405817907][bookmark: _Toc424586772]The effect of clopidogrel on leukocyte influx and neutrophil recruitment in C57BL/6 mice in vivo
Figure 4.1 shows the time-courses of leukocyte influx after clopidogrel or mannitol gavage and thioglycollate injection in C57BL/6 mice.  The thioglycollate-induced leukocyte influx into the peritoneal cavity had its maximal levels at 4hrs and 8hrs after the injection in mice treated with clopidogrel and mannitol respectively. There was no significant difference in leukocyte influx between the groups. Figure 4.2 shows that there was no significant difference in the percentage of neutrophils at all the time points between the mice treated with clopidogrel compared to the control. Also, the maximum percentage for neutrophils was at 4h and this was consistent with the data in Figure 4.3, which shows that the maximal level for neutrophil influx into the peritoneal cavity was at 4h, which gradually decreased over 24h. This result also demonstrates that there was no significant difference in neutrophil migratory behaviour in vivo between the clopidogrel and mannitol groups.








[bookmark: _Toc426232005]Figure 4.1 Effect of clopidogrel on leukocyte influx in wild-type mice peritoneum
C57BL/6 mice were gavaged with either mannitol (20mg/Kg) or clopidogrel (20mg/Kg) and after 2 hours thioglycollate was injected to each group. Peritoneal lavage was performed at the times indicated and the number of leukocytes present in the lavage fluid was counted. Results are presented as mean ± SEM (n= 3 to 8) mice per treatment group and analysed for statistical significance using two-way ANOVA analysis of variance followed by Bonferroni’s test for multiple comparisons. 
. 







[bookmark: _Toc426232006]Figure 4.2 Percentage of neutrophils in wild-type mice treated with either mannitol or clopidogrel in peritonitis model
C57BL/6 mice were gavaged with either mannitol (20mg/Kg) or clopidogrel (20mg/Kg) and after 2 hours thioglycollate was injected to each group. Peritoneal lavage was performed at the times indicated and the number of leukocytes present in the lavage fluid was counted. Differential counts were performed on cytospin preparations to obtain percentage of neutrophils. Results are presented as mean ± SEM (n= 3 to 8) mice per treatment group and analysed for statistical significance using two-way ANOVA analysis of variance followed by Bonferroni’s test for multiple comparisons.




[bookmark: _Toc426232007]Figure 4.3 Effect of clopidogrel on neutrophil influx in wild-type mice peritoneum
C57BL/6 mice were gavaged with either mannitol (20mg/Kg) or clopidogrel (20mg/Kg) and after 2 hours thioglycollate was injected to each group. Peritoneal lavage was collected at the times indicated and the number of leukocytes present in the lavage fluid was counted. Differential counts were performed on cytospin preparations to obtain percentage of neutrophils.  The number of neutrophils was calculated as total number of leukocytes multiplied by the percentage of neutrophils. Results are presented as mean ± SEM (n= 3 to 8) mice per treatment group and analysed for statistical significance using two-way ANOVA analysis of variance followed by Bonferroni’s test for multiple comparisons.







[bookmark: _Toc405817908][bookmark: _Toc424586773] The effect of clopidogrel on leukocyte influx and neutrophil recruitment in P2Y12-/- mice in vivo
To demonstrate the effect of clopidogrel in the absence of P2Y12 receptors, we examined the effect of clopidogrel on P2Y12-/- mice at 3 time points (0, 4 and 6h) due to a lack of the required number of P2Y12-/- mice for more comprehensive assessment. Figure 4.4 shows that there was no significant difference in leukocyte influx between the mannitol group and clopidogrel group.  Also, the differential count did not show any significant difference in the percentage of neutrophils between the two groups (Figure 4.5). In addition, the result of neutrophil influx in P2Y12-/- mice (Figure 4.6) was similar to the result in C57BL/6 mice (Figure 4.3) and did not show any significant effect of clopidogrel on neutrophil recruitment.  

[bookmark: _Toc405817909][bookmark: _Toc424586774]The effect of ticagrelor on leukocyte influx and neutrophil recruitment in C57BL/6 mice in vivo
A recent study has shown that more infections were observed in patients treated with clopidogrel than patients treated with ticagrelor (Varenhorst et al., 2012). To determine whether the reversibly-binding P2Y12 antagonist ticagrelor could influence neutrophil recruitment, we investigated the effect of ticagrelor on thioglycollate-induced peritonitis in vivo. Similar to the results obtained with clopidogrel there were no significant differences in leukocyte influx (Figure 4.7), neutrophil percentage (Figure 4.8) or neutrophil recruitment (Figure 4.9) in the peritoneum of C57BL/6 mice at all time-points after thioglycollate injection.  







[bookmark: _Toc426232008]Figure 4.4  Effect of clopidogrel on leukocyte influx in P2Y12 -/- mice peritoneum
P2Y12 -/- mice were gavaged with either mannitol (20mg/Kg) or clopidogrel (20mg/Kg) and after 2 hours thioglycollate was injected to each group. Peritoneal lavage was performed at the times indicated and the number of leukocytes present in the lavage fluid was counted. Results are presented as mean ± SEM (n= 3) mice per treatment group and analysed for statistical significance using two-way ANOVA analysis of variance followed by Bonferroni’s test for multiple comparisons.










[bookmark: _Toc426232009]Figure 4.5 Percentage of neutrophils in P2Y12-/- mice treated with either mannitol or clopidogrel in peritonitis model
P2Y12 -/- mice were gavaged with either mannitol (20mg/Kg) or clopidogrel (20mg/Kg) and after 2 hours thioglycollate was injected to each group. Peritoneal lavage was performed at the times indicated and the number of leukocytes present in the lavage fluid was counted. Differential counts were performed on cytospin preparations to obtain percentage of neutrophils. Results are presented as mean ± SEM (n= 3) mice per treatment group and analysed for statistical significance using two-way ANOVA analysis of variance followed by Bonferroni’s test for multiple comparisons.
 












[bookmark: _Toc426232010]Figure 4.6 Effect of clopidogrel on neutrophil influx in P2Y12-/- mice peritoneum
[bookmark: OLE_LINK5]P2Y12 -/- mice were gavaged with either mannitol (20mg/Kg) or clopidogrel (20mg/Kg) and after 2 hours thioglycollate was injected to each group. Peritoneal lavage was performed at the times indicated and the number of leukocytes present in the lavage fluid was counted. Differential counts were performed on cytospin preparations to obtain percentage of neutrophils.  The number of neutrophils was calculated as total number of leukocytes multiplied by the percentage of neutrophils. Results are presented as mean ± SEM (n= 3) mice per treatment group and analysed for statistical significance using two-way ANOVA analysis of variance followed by Bonferroni’s test for multiple comparisons.







[bookmark: _Toc426232011]Figure 4.7 Effect of ticagrelor on leukocyte influx in wild-type mice peritoneum
C57BL/6 mice were gavaged with either mannitol (100 mg/Kg) or ticagrelor (100 mg/Kg) and after 2 hours thioglycollate was injected to each group. Peritoneal lavage was performed at the times indicated and the number of leukocytes present in the lavage fluid was counted. Results are presented as mean ± SEM (n= 4) mice per treatment group and analysed for statistical significance using two-way ANOVA analysis of variance followed by Bonferroni’s test for multiple comparisons.














[bookmark: _Toc426232012]Figure 4.8 Percentage of neutrophils in wild-type mice treated with either mannitol or ticagrelor in peritonitis model
C57BL/6 mice were gavaged with either mannitol (100 mg/Kg) or ticagrelor (100 mg/Kg) and after 2 hours thioglycollate was injected to each group. Peritoneal lavage was performed at the times indicated and the number of leukocytes present in the lavage fluid was counted. Differential counts were performed on cytospin preparations to obtain percentage of neutrophils.  Results are presented as mean ± SEM (n= 4) mice per treatment group and analysed for statistical significance using two-way ANOVA analysis of variance followed by Bonferroni’s test for multiple comparisons.





[bookmark: _Toc426232013]Figure 4.9 Effect of ticagrelor on neutrophil influx in wild-type mice peritoneum
C57BL/6 mice were gavaged with either mannitol (100 mg/Kg) or ticagrelor (100 mg/Kg) and after 2 hours thioglycollate was injected to each group. Peritoneal lavage was performed at the times indicated and the number of leukocytes present in the lavage fluid was counted. Differential counts were performed on cytospin preparations to obtain percentage of neutrophils. The number of neutrophils was calculated as total number of leukocytes multiplied by the percentage of neutrophils. Results are presented as mean ± SEM (n= 4) mice per treatment group and analysed for statistical significance using two-way ANOVA analysis of variance followed by Bonferroni’s test for multiple comparisons. 










[bookmark: _Toc405817910][bookmark: _Toc424586775]Discussion
 Although clopidogrel did not show a direct effect on neutrophil migration ex vivo (section 3.2.6), using an in vivo model may help to show any indirect effect of antiplatelet agents on neutrophil recruitment that may be caused by other factors, such as chemokines, circulating platelets and leukocytes. Therefore, the thioglycollate-induced peritonitis model was used to examine the effect of P2Y12 antagonists (clopidogrel and ticagrelor) on neutrophil migration in vivo.  In the in vitro chemotaxis experiment, KC chemoattractant was only used to induce neutrophil migration. In addition to KC, thioglycollate administration to peritoneal cavities increases other inflammatory mediators (Lam et al., 2013). Some of these mediators,  such as  macrophage inflammatory protein 2 (MIP-2), induce localised neutrophil infiltration in the peritoneum after thioglycollate injection (Call et al., 2001).

Circulating platelets could also be important in neutrophil recruitment in response to acute inflammation; however, there is no clear evidence from the literature that thioglycollate could activate platelets, but a study by Petri et al. (2010) showed that the depletion of platelets or the use of blocking antibodies against VWF or its receptor (GPIb) inhibits neutrophil recruitment into the thioglycollate-inflamed peritoneum. This suggests that circulating platelets may promote leukocyte recruitment in the peritoneum of mice injected with thioglycollate. 

Calculation of total leukocytes showed that clopidogrel slightly inhibited leukocyte influx compared to mannitol but this was not statically significant (Figure 4.1). The slight difference in the total leukocytes between clopidogrel and mannitol may be associated with other types of leukocytes. Theoretically, monocytes and lymphocytes are more susceptible to targeting by P2Y12 antagonists as noted in a study that showed P2Y12 receptors are expressed on these cells (Wang et al., 2004). Although the main focus of this project was the effect of platelet inhibitors on migratory behaviour of neutrophils, the effect of clopidogrel on other leukocytes may require further investigation in the future. 

However, clopidogrel did not significantly alter the percentage and the count of neutrophil migration compared to mannitol in the thioglycollate-induced peritonitis model. This in vivo result is consistent with our in vitro chemotaxis result. This is consistent with the findings of a study by Dunzendorfer et al. (2002) that demonstrated that clopidogrel did not significantly alter human neutrophil migratory behaviour in vitro. 

A number of studies have addressed the impact of clopidogrel on inflammation (Heitzer et al., 2006, Garcia et al., 2011) but we could not find a study to prove any significant effect of clopidogrel on neutrophil migration or find one that focused on the effect of clopidogrel on neutrophil function with the exception of the study by Dunzendorfer et al. (2002). Also, Polanowska-Grabowska et al. (2010) demonstrated that treatment of sickle mice with clopidogrel before hypoxia/reoxygenation, which increases the inflammatory response in sickle mice, inhibits platelet–leukocyte formation and lowers neutrophil activation.

To determine the effect of P2Y12 receptors on neutrophil migration in vivo, we repeated the previous thioglycollate experiment but this time administered mannitol (20mg/kg) or clopidogrel (20mg/kg) to P2Y12-/- mice. As expected, there was no significant effect of clopidogrel or P2Y12 receptors on leukocyte influx, neutrophil ratio or neutrophil recruitment.

It seems that P2Y12 receptors, which are expressed on platelets and some leukocytes, have no direct role on neutrophil recruitment. Liverani et al. (2012) suggested that the P2Y12 antagonist prasugrel has a direct effect on neutrophil function but this effect is not mediated by P2Y12 receptors. In addition, a number of studies showed that the P2Y12 receptor is not expressed on neutrophils (Li et al., 2012, Liverani et al., 2012). Further experiments are required to determine whether P2Y12 antagonists could have off-target effects on neutrophil responses other than chemotaxis.

In a subset study of the PLATO trial, clopidogrel was associated with higher  rates of serious infection in ACS patients undergoing CABG compared to ticagrelor (Varenhorst et al., 2012). The results presented in this chapter showed that there was no significant difference in leukocyte influx between the mice treated with ticagrelor compared to those treated with mannitol. Also, the neutrophil percentage and neutrophil recruitment were similar to the control. Thus, as with clopidogrel, ticagrelor did not show a significant effect on neutrophil migration in the thioglycollate-induced peritonitis model. 
Our results suggest that the risk of infection in patients treated with clopidogrel (vs. ticagrelor) in the subset study of the PLATO trial is not related to any direct effect of either drug on neutrophil migratory behaviour. Also, our model could not be sufficient to recapitulate the clinical scenario of the PLATO study. The thioglycollate-induced peritonitis model was used to investigate the effect of P2Y12 inhibitors on neutrophil recruitment in the peritoneum. In contrast, the findings of the subset study of the PLATO trial were associated with sepsis and lung infection. Hence, the response of neutrophil migration can be different between two tissues (e.g. lung and peritoneum) due to chemokine production, chemokine dimerization, and differences in gradient formation (Gangavarapu et al., 2012). In addition, the migratory behaviour of neutrophil into the lung is different from other tissues and partially independent of adhesion molecules (Wagner and Roth, 2000). Further experiments using different models, such as LPS-induced lung inflammation or caecal ligation and puncture-induced sepsis, may reveal the effect of P2Y12 inhibitors on neutrophil migration.   

Interestingly, recent studies have shed light on the effect of ticagrelor on neutrophils and its ability to inhibit the reuptake of adenosine (van Giezen et al., 2012, Bonello et al., 2014). These studies lead us to investigate the relationship between ticagrelor and adenosine and the effect on neutrophil migration, as discussed in the next chapter. Some limitations in this chapter were associated with a lack of availability of P2Y12-/- mice; we would have increased the number of P2Y12-/- mice and repeated the experiments. 

In conclusion, we found no evidence that P2Y12 receptors play a role in the observed neutrophil response in a thioglycollate-induced peritonitis model and also found no evidence that the P2Y12 antagonists clopidogrel and ticagrelor had any significant effect on neutrophil migratory behaviour in this model. Our data suggest that it is unlikely that observed differences in pulmonary infection in a study comparing ticagrelor and clopidogrel were due to a direct effect of either drug on neutrophil chemotaxis. Using a different model could be more appropriate to investigate the effect of P2Y12 antagonists on neutrophil migration in the lung. Also, knowing the relationship between platelet inhibitors and adenosine and their impact on neutrophil migration are required.

Key findings:
This studies described in this chapter have investigated the effect of clopidogrel in the presence or absence of P2Y12 receptor, and ticagrelor in the presence of P2Y12, on neutrophil recruitment in vivo  using a thioglycollate-induced peritonitis model. In summary:
· Clopidogrel did not show a significant effect on neutrophil recruitment in the presence of P2Y12 receptors in vivo.
· Clopidogrel had no significant effect on neutrophil recruitment in the absence of P2Y12 receptors in vivo.
· Ticagrelor did not show a significant effect on neutrophil recruitment in the presence of P2Y12 receptors in vivo.















[bookmark: _Toc405817911][bookmark: _Toc424586776]The effect of ticagrelor on neutrophil migration in the presence of adenosine and erythrocytes





















[bookmark: _Toc405817912][bookmark: _Toc424586777]Introduction 
Adenosine is an endogenous purine nucleoside with a plasma half-life of less than 10 seconds (Moser et al., 1989, Barletta et al., 2012) and is a product of the intracellular and extracellular breakdown of ATP. Intracellular adenosine can cross the cell membrane into the extracellular space via nucleoside transporter proteins (Baldwin et al., 2004). Adenosine and its G protein-coupled cell-surface receptors A1, A2A, A2B and A3 have been implicated in several biological functions, including haemostasis (Johnston-Cox and Ravid, 2011) and inflammation (Haskó and Cronstein, 2004), and are potential therapeutic targets (Jacobson and Gao, 2006). 

Adenosine plays an important role as a regulator of platelet aggregation by binding to A2A or A2B, increasing levels of intracellular cyclic AMP (cAMP), an inhibitor of platelet activation (Johnston-Cox and Ravid, 2011). Under normal conditions, adenosine is removed from the systemic blood circulation and this uptake is mediated by members of the sodium-dependent concentrative nucleoside transporter (CNT) family (CNT2, CNT 3) (Plagemann, 1991) and the sodium-independent equilibrative nucleoside transporter (ENT) family (ENT1, ENT 2) (Ward et al., 2000). 

Dipyridamole was introduced in 1959 as a coronary vasodilator and has been used as a powerful inhibitor of the nucleoside transport system, blocking the uptake of adenosine (Luthje, 1989, Klabunde, 1983). This, in turn, inhibits platelet function by increasing plasma concentrations of adenosine. Recent studies have also demonstrated that the P2Y12 inhibitor, ticagrelor, has some inhibitory action at therapeutic concentrations on adenosine uptake via ENT1 (van Giezen et al., 2012, Bonello et al., 2014, Armstrong et al., 2014) and this may increase its inhibitory effects on platelet aggregation (Nylander et al., 2013). Consequently, both dipyridamole and ticagrelor may enhance the concentration of adenosine in the extracellular space, potentially playing a protective role in some pathophysiological conditions such as myocardial ischaemia (Ely and Berne, 1992). 
Adenosine also exerts an important role in inflammation and immune cell regulation (Haskó and Cronstein, 2004, Ramakers et al., 2011). Adenosine can act in an autocrine and paracrine fashion to promote or inhibit neutrophil migration, adhesion, transmigration and phagocytosis (Barletta et al., 2012). Four adenosine receptor subtypes are expressed in human neutrophils and three of these (A1, A2A and A3) have been shown to play important roles in neutrophil migration (Barletta et al., 2012, Corriden and Insel, 2012). In 1988, Rose et al. suggested that adenosine enhances neutrophil migration by A2 (Rose et al., 1988). Later, Cronstein et al. found that the A1 receptor has a higher affinity for adenosine than the A2 receptor to promote neutrophil recruitment (Cronstein et al., 1990). In addition, A1 is found to play a pro-inflammatory role, whereas A2A had an anti-inflammatory role (Cronstein et al., 1992). Another study suggested that A3 receptors accumulate at the leading edge of neutrophils to facilitate chemotaxis by controlling migration speed (Chen et al., 2006). 

In patients with acute coronary syndromes (ACS), ticagrelor has been associated with higher plasma adenosine concentrations compared to clopidogrel (Bonello et al., 2014). The recent PLATO study has shown that the use of ticagrelor reduces mortality in patients following ACS compared to clopidogrel but the mechanisms underlying this mortality reduction are unclear (Wallentin et al., 2009). A post hoc analysis of PLATO observed that ticagrelor was associated with lower morbidity and mortality related to pulmonary infection and sepsis compared to clopidogrel therapy (Storey et al., 2013). Also, a slightly higher blood neutrophil count was observed in patients treated with ticagrelor compared to clopidogrel. In order to explore whether there may be any biological mechanisms underlying these observations, we studied whether adenosine reuptake inhibition by ticagrelor might influence neutrophil migration.

The aim of the work described in this chapter was to investigate the effect of ticagrelor in the presence of adenosine and erythrocytes on neutrophil migration in vitro. The first experiment aimed to determine the appropriate concentration of IL-8 chemoattractant to induce human neutrophil migration in vitro. Also, we studied whether adenosine itself could act as a neutrophil chemoattractant. In addition, the effect of the presence of increasing concentrations of adenosine on neutrophil migration in response to IL-8 was tested. The role of adenosine receptors (A1, A2A and A3) on neutrophil migration was investigated. The next experiment aimed to determine the effect of the presence of erythrocytes on adenosine-enhanced neutrophil migration. Then, the effect of ticagrelor on neutrophil migration in the presence of erythrocytes and presence or absence of adenosine was investigated. 

In all experiments , blood samples were isolated from healthy volunteers (section 2.7) and a chemotaxis assay was used to measure the response of human neutrophils to IL-8 chemoattractant (section 2.3). Adenosine receptor antagonists (section 2.10) were used in the presence of low (10-8M) or high (10-5M) concentrations of adenosine to investigate the role of adenosine receptors (A1, A2A and A3) on neutrophil migration. Blood cells were collected from healthy volunteers (n= one sample of blood from one volunteer).
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[bookmark: _Toc405817914][bookmark: _Toc424586779]Optimising Human Neutrophil Migration towards IL-8 in vitro
IL-8 is a potent CXC chemokine used to induce human neutrophil chemotaxis in vitro (Nolan et al., 2008). To determine the appropriate concentration of IL-8 in our experiments, neutrophil chemotaxis was induced by increasing concentrations of IL-8 (10-10-10-7M) for 30 minutes (37˚C, 5% CO2) and compared to the vehicle control (RPMI). Figure 5.1 shows that isolated human neutrophils responded to IL-8, which induced a characteristic bell-shaped dose-response that was dependent on the concentration used. The lower concentration of IL-8 (10-10M) did not cause a significant increase in neutrophil migration compared to the vehicle control. However, higher IL-8 concentrations (10-9-10-7M) induced a significant increase in neutrophil migration compared to RPMI. The optimal concentration for maximal neutrophil migration was 10-8M and the higher concentration (10-7M) decreased the response of neutrophil chemotaxis compared to this optimal concentration. A sub-optimal concentration (10-9M) was used for all subsequent experiments as a standard concentration to maximise any potential increase in migration caused by platelet inhibitors. 





[bookmark: _Toc426232014]Figure 5.1 Dose response curve to human chemokine IL-8
 Neutrophils were isolated from healthy volunteers and incubated for 30 minutes (37˚C, 5% CO2). The number of neutrophils that migrated towards RPMI or increasing concentrations of IL-8 (10-10-10-7M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to RPMI and IL-8. Results are presented as mean ±SEM (n=4) and analysed for statistical significance using one-way analysis of variance followed by Dunnett’s t test.  **P<0.01 and ***<0.001 compared to control.







[bookmark: _Toc405817915][bookmark: _Toc424586780]Effect of Adenosine on Neutrophil Migration
Adenosine either inhibits or stimulates neutrophil chemotaxis by occupying the low affinity adenosine A2A receptor or high affinity A1 receptor respectively (Cronstein, 1994). Therefore, this experiment first aimed to study whether adenosine itself could act as a neutrophil chemoattractant in vitro. When adenosine (10-8-10-5 M) was added to the lower wells of the chemotaxis assay, there was no significant effect on the migratory behaviour of isolated neutrophils compared to RPMI control (Figure 5.2). 

We then tested the effect of adding neutrophils to the upper well of the chemotaxis chamber in the presence of increasing concentrations of adenosine on their response to IL-8 (10-9 M). The presence of adenosine at a concentration of 10-8 M induced a significant enhancement of IL-8-induced neutrophil migration (Figure 5.3) and was therefore used in subsequent experiments. 






[bookmark: _Toc426232015]Figure 5.2 Dose response curve to adenosine
 Neutrophils were isolated from healthy volunteers and incubated for 30 minutes (37˚C, 5% CO2). The number of neutrophils that migrated towards RPMI or increasing concentrations of adenosine (10-8-10-5M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to RPMI and adenosine. Results are presented as mean ±SEM (n=4) and analysed for statistical significance using one-way analysis of variance followed by Dunnett’s t test. 





[bookmark: _Toc426232016]Figure 5.3  Effect of varying concentrations of adenosine on neutrophil chemotaxis in response to IL-8
 Neutrophils were isolated from healthy volunteers, resuspended in RPMI (control) or increasing concentrations of adenosine (10-11-10-5M) and incubated for 30 minutes (37˚C, 5% CO2). The number of neutrophils that migrated towards RPMI or IL-8 (10-9M) were counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to RPMI and IL-8. Results are presented as mean ±SEM (n=8) and analysed for statistical significance using one-way analysis of variance followed by Dunnett’s t test. **P<0.01 compared to control.





[bookmark: _Toc405817916][bookmark: _Toc424586781]Identifying the role of adenosine receptors in neutrophil migration 
Four adenosine receptor subtypes are expressed in human neutrophils and three of them (A1, A2A and A3) are strongly linked to an important role in neutrophil migration (Barletta et al., 2012, Corriden and Insel, 2012). Therefore, specific receptor antagonists were used to determine which adenosine receptor was involved. DPCPX (10-7 M), a specific antagonist of the A1 receptor (Lohse et al., 1987), caused significant inhibition of neutrophil migration in the presence of adenosine (10-8 M; Figure 5.4 A), but had no effect in the presence of the higher concentration of adenosine (10-5 M; Figure 5.4 B). Conversely, treatment of neutrophils with SCH58261 (10-7 M), a specific antagonist of the A2A receptor (Zocchi et al., 1996), had no effect in the presence of 10-8 M adenosine (Figure 5.5 A), but in the presence of a higher concentration of adenosine (10-5 M), significantly increased neutrophil migration toward IL-8 (Figure 5.5 B). The A3 receptor antagonist MRS 1334 (10-7 M) did not affect neutrophil migration in the presence of either 10-8 M or 10-5 M adenosine (Figure 5.6 A and Figure 5.6 B). 





 











[bookmark: _Toc426232017]Figure 5.4 Effect of A1 receptor antagonist (DPCPX) in the presence of adenosine  on neutrophil migration

Neutrophils were isolated from healthy volunteers, resuspended in RPMI (control) or adenosine 10-8M (A) or adenosine 10-5M (B) or DPCPX (10-7M) and incubated for 30 minutes (37˚C, 5% CO2). The number of neutrophils that migrated towards IL-8 (10-9M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to IL-8. Results are presented as mean ±SEM (A) (n=6), (B) (n=7) and analysed for statistical significance using one-way analysis of variance followed by Bonferroni’s test for multiple comparisons. **P<0.01.






[bookmark: _Toc426232018]Figure 5.5 Effect of A2A receptor antagonist (SCH58261) in the presence of adenosine  on  neutrophil migration

Neutrophils were isolated from healthy volunteers, resuspended in RPMI (control) or adenosine 10-8M (A) or adenosine 10-5M (B)  or SCH58261 (10-7M) and incubated for 30 minutes (37˚C, 5% CO2). The number of neutrophils that migrated towards IL-8 (10-9M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to IL-8. Results are presented as mean ±SEM (A) (n=6), (B) (n=7) and analysed for statistical significance using one-way analysis of variance followed by Bonferroni’s test for multiple comparisons. *P<0.05 and **P<0.01.




[bookmark: _Toc426232019]Figure 5.6 Effect of A3 receptor antagonist (MRS1334) in the presence of adenosine on neutrophil migration

Neutrophils were isolated from healthy volunteers, resuspended in RPMI (control) or adenosine 10-8M (A) or adenosine 10-5M (B) or MRS1334 (10-7M) and incubated for 30 minutes (37˚C, 5% CO2). The number of neutrophils that migrated towards IL-8 (10-9M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to IL-8. Results are presented as mean ±SEM (A) (n=6), (B) (n=7) and analysed for statistical significance using one-way analysis of variance followed by Bonferroni’s test for multiple comparisons. **P<0.01.




[bookmark: _Toc405817917][bookmark: _Toc424586782]The effect of adenosine on neutrophil migration in the presence of erythrocytes
To determine the effect of the presence of erythrocytes on adenosine-enhanced neutrophil migration, the chemotaxis experiment was performed by comparing neutrophil migration in the presence of adenosine and presence or absence of erythrocytes. Whereas adenosine (10-8M) significantly potentiated neutrophil migration towards IL-8 in the absence of erythrocytes, this effect was not seen in the presence of erythrocytes (Figure 5.7). 













[bookmark: _Toc426232020]Figure 5.7  Effect of erythrocytes on the response to adenosine
Neutrophils were isolated from healthy volunteers, resuspended in RPMI or adenosine (10-8M) in the absence (white columns) or presence (black columns) of erythrocytes and incubated for 30 minutes (37˚C, 5% CO2). The number of neutrophils that migrated towards IL-8 (10-9M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to IL-8.  Results are presented as mean ± SEM (n = 14) and analysed for statistical significance using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons. **P < 0.01 and ***<0.001.





[bookmark: _Toc405817918][bookmark: _Toc424586783]Effect of Ticagrelor (10-5M) on Neutrophil Chemotaxis in the Presence of Erythrocytes and Presence or Absence of Adenosine
On the basis of these findings showing a critical role of adenosine in regulating neutrophil chemotaxis, we next pursued the hypothesis that adenosine reuptake inhibition by ticagrelor as well as another adenosine reuptake inhibitor, dipyridamole, might influence neutrophil migration. For this purpose, we first examined the effect of platelet inhibitors (cangrelor, ticagrelor and dipyridamole) on neutrophil chemotaxis by using a chemotaxis assay in the presence of erythrocytes and presence or absence of adenosine at 10-8M. Cangrelor, like ticagrelor, is a reversibly-binding P2Y12 receptor inhibitor but belongs to a different chemical class that is not known to inhibit adenosine reuptake (Armstrong et al., 2014) and was therefore used as a control. None of the platelet inhibitors tested (cangrelor, ticagrelor and dipyridamole; 10-5M) altered neutrophil migration in the presence of erythrocytes and absence of adenosine (Figure 5.8). However, in the presence of erythrocytes and adenosine, ticagrelor and dipyridamole (10-5M) significantly increased neutrophil migration in response to IL-8 compared to the samples treated with these inhibitors in the presence of erythrocytes but absence of adenosine. No such effect was seen with cangrelor. Similar effects were seen with lower concentrations (10-6M) of the platelet inhibitors (Figure 5.9). 








[bookmark: _Toc426232021]Figure 5.8 Effect of cangrelor, ticagrelor and dipyridamole (10-5M) on neutrophil migration in the presence of erythrocytes and the absence or presence of adenosine
Neutrophils were isolated from healthy volunteers, resuspended in RPMI, cangrelor, dipyridamole (10-5M) (controls), or ticagrelor (10-5M) in the absence (white columns) or presence (black columns) of adenosine (10-8M) and incubated for 30 minutes (37˚C, 5% CO2). The number of neutrophils that migrated towards IL-8 (10-9M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to IL-8. Results are presented as mean ± SEM (n = 7) and analysed for statistical significance using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons. *P<.05 and ***P < 0.001.




[bookmark: _Toc426232022]Figure 5.9 Effects of cangrelor, ticagrelor and dipyridamole (10-6M) on neutrophil migration in the presence of erythrocytes and the absence or presence of adenosine
Neutrophils were isolated from healthy volunteers, resuspended in RPMI, cangrelor, dipyridamole (10-6M) (controls), or ticagrelor (10-6M) in the absence (white columns) or presence (black columns) of adenosine (10-8M) and incubated for 30 minutes (37˚C, 5% CO2). The number of neutrophils that migrated towards IL-8 (10-9M) was counted and are shown as a percentage of the total number of neutrophils that were placed in the upper chamber. Spontaneous migration was excluded by subtracting the number of neutrophils migrating to the chemokinesis control from the number of neutrophils migrating to IL-8. Results are presented as mean ± SEM (n = 7) and analysed for statistical significance using two-way analysis of variance followed by Bonferroni’s test for multiple comparisons. *P<.05.




[bookmark: _Toc405817919][bookmark: _Toc424586784]Discussion
In the PLATO study, ticagrelor treatment was associated with higher levels of inflammatory markers such as neutrophil count, C-reactive protein (CRP), interleukin-6 (IL-6) and lower mortality rate in patients with acute coronary syndromes (ACS) compared to clopidogrel treatment (Storey et al., 2013). Both ticagrelor and clopidogrel are P2Y12 inhibitors but ticagrelor has a secondary mechanism over clopidogrel and acts as an inhibitor of adenosine reuptake by erythrocytes and other cells.

Adenosine has been shown to regulate various physiological and pathophysiological processes and is reported to have a dual role in inflammation, both activating and inhibiting the function of human neutrophils (Cronstein, 1994, Barletta et al., 2012). To investigate whether adenosine reuptake inhibition by ticagrelor might influence leukocyte function we first identified the appropriate concentration of IL-8 to induce neutrophil chemotaxis. 

As shown in the results section, IL-8 was able to induce significant migration with a maximum effect in response to 10-8M and this is consistent with a previous study (Frevert et al., 1998). In contrast, the higher concentrations of IL-8 (10-7-10-5M) caused a decrease in neutrophil migration. It is believed, as described for KC (section 3.3), that the higher concentrations of IL-8 lead to homologous desensitisation and describe a loss of receptor function, and this helps to prevent the migration of neutrophils once it reached the tissue site (Stillie et al., 2009). Both CXCR1 and CXCR2 (IL-8 receptors) exposed to homologous desensitisation, which involves the subsequent internalisation of agonist-occupied receptors, degrade chemoattractants by lysosomal enzymes and recycle receptors on the cell membrane. This results in a lower response upon restimulation with the same stimulus (Stillie et al., 2009, Zeilhofer and Schorr, 2000)

The impact of the breakdown product of ATP (adenosine) on neutrophil chemotaxis was investigated. Although ATP itself does not function as a neutrophil chemoattractant (Chen et al., 2006, McDonald et al., 2010), it promotes cell migration in response to chemoattractants, such as fMLP (Chen et al., 2006). Similarly, we found that adenosine itself was not able to act as a chemoattractant and we could find no contradicting study in the literature. 

On the other hand, a number of reports have shown that adenosine can either inhibit or promote neutrophil chemotaxis (Cronstein et al., 1992, Barletta et al., 2012). Our results confirmed this and showed the ability of a nanomolar concentration of adenosine to potentiate IL-8-induced neutrophil chemotaxis with loss of this effect at micromolar concentrations. This supports the observation of Cronstein et al. which suggested that the lower concentrations of adenosine promoted neutrophil chemotaxis, whereas high concentrations of adenosine inhibit neutrophil chemotaxis (Cronstein et al., 1992). A similar result was also observed by adding adenosine (1 nM to 1 µM) in the lower wells with fMLP in a chemotaxis assay and this showed a bell-shaped dose-response (Chen et al., 2006). 

To explore the function of different adenosine receptors in neutrophil migration, specific adenosine receptor antagonists were used in the presence of high and low concentrations of adenosine.  Our results revealed that the low concentration of adenosine stimulates neutrophil chemotaxis through the A1 receptor. In contrast, the A2A receptor attenuates neutrophil chemotaxis in response to IL-8 in the presence of a high concentration of adenosine. In accordance with our findings, a previous study found CPA, a specific agonist of the A1 receptors, induced neutrophil chemotaxis. (Zhang et al., 2006). Also, Cronstein et al. suggested that the binding of the selective A1 agonist to the low affinity A1 receptor promotes neutrophil chemotaxis, whereas the binding of the selective A2A agonist to the high affinity A2A receptor limits neutrophil migration (Cronstein et al., 1992).  

The precise role for adenosine receptors either to promote or inhibit neutrophil chemotaxis is still unclear. The counter-regulatory effect for adenosine can be explained by the different intracellular signalling pathways for the different adenosine receptors. For instance, A1 is Gi/o-coupled and the occupancy of A1 diminishes cAMP accumulation, whereas A2A is Gs-coupled and the binding of adenosine to the A2A receptor increases the formation of cAMP (Cronstein, 1994). 

It has been suggested that stimulation of neutrophils with chemotactic stimulus causes a low increase in cAMP, whereas the higher concentration of cAMP provides opposing regulatory influences on neutrophil response to chemotactic stimulation and inhibits its migration (Lorenowicz et al., 2007). This may explain the dual role for adenosine receptors in neutrophil chemotaxis. Another study suggests that activation of A2A receptors induces heterologous desensitisation of chemokine receptors and this causes a decrease in neutrophil migration (Zhang et al., 2006).

The different functions for A1 and A2A receptors were also reported in different cells. For instance, A1 receptors were found to be the dominant adenosine receptor subtype expressed by human immature plasmacytoid dendritic cells that act as a potent chemotactic stimulus for them. In turn, mature plasmacytoid dendritic cells switch from A1 to A2A receptor expression and lose the response to adenosine as a chemotactic stimulus (Schnurr et al., 2004). The different sensitivities and distributions of adenosine receptors reveal their complexity and importance. Therefore, this area requires extensive study to determine their roles in cell regulation. 

The role of A3 receptors is more controversial. Some studies showed that A3 receptors enhance neutrophil migration (Chen et al., 2006, Inoue et al., 2008), whereas other evidence suggests that using the A3 selective agonist CP-532-903 inhibits the migration of murine neutrophils (van der Hoeven et al., 2008). In addition, using a selective A3 agonist (Cl-IB-MECA) showed a decrease in neutrophil accumulation in the lungs in a model of inflammation (Mulloy et al., 2013). 

In our study, we could not find a significant role for A3 receptors in response to neutrophil chemotaxis to IL-8. This is consistent with a previous study that pre-treated neutrophils with Cl-IB-MECA or MRS1220 and tested their ability to migrate to fMLP or IL-8 by using chemotaxis assays (Butler et al., 2012). The researchers observed no significant differences in the chemotactic response of neutrophils pre-treated with A3 specific compounds in an untreated transwell filter. On the other hand, when the transwell filters were pre-coated with a monolayer of primary human bronchial airway endothelial cells, a significant reduction was found in the number of migrated cells in the compound treated groups. 

The research suggests that treatment of neutrophils with A3 selective agonists and antagonists and exposing them to chemoattractants showed no significant direct effect on chemotaxis. In contrast, disruption of A3 activity by specific compounds impaired the migration across physiological surfaces such as the surface of endothelial cells. The lack of physiological surfaces in our experiment may explain the absence of any effect mediated by A3 receptors in our studies. Another possibility is that using lower concentrations of A3 antagonists (10-7M) compared to the experiment of (Corriden and Insel, 2012) (10-6M) was not enough to show an effect on neutrophil migration. 

Recent work, using a murine model of lung injury associated with abdominal sepsis, demonstrated that ticagrelor reduced neutrophil recruitment and lung damage in this model (Braun et al., 2013) Also, ticagrelor was associated with lower rates of reported pulmonary infection in patients with ACS compared to clopidogrel (Storey et al., 2013). Currently, it is not clear whether these possible effects of ticagrelor relate to its antiplatelet effects, since the platelet P2Y12 receptor promotes the release of pro-inflammatory platelet α-granule contents, or ‘off-target’ effects, such as might be mediated by adenosine. In our results, ticagrelor and the other antiplatelet therapies did not show a direct effect on neutrophil migration in vitro compared to controls. 

Plasma adenosine concentrations have been shown to be higher in ACS patients receiving ticagrelor compared to clopidogrel (Bonello et al., 2014).  In human subjects, ticagrelor potentiates adenosine-induced increases in coronary blood flow and this effect is reversed by theophylline, a non-selective adenosine receptor antagonist (Wittfeldt et al., 2013). Ticagrelor and dipyridamole were also shown to augment adenosine-induced increases in coronary artery blood flow in a dog model (van Giezen et al., 2012).  Van Giezen et al. (2012) investigated the potential for ticagrelor to inhibit adenosine uptake by human erythrocytes in vitro. A scintillation counter was used to measure adenosine uptake and the results demonstrated that ticagrelor dose-dependently inhibited adenosine uptake and these findings were confirmed in our lab as well (data not shown) (van Giezen et al., 2012). Subsequently, it was shown that inhibition of adenosine uptake by ticagrelor is selectively mediated via ENT1 and it is unlikely that ticagrelor acts directly at adenosine receptors at clinically relevant levels (Armstrong et al., 2014). Cangrelor, on the other hand, was shown to have no effect on ENT1 at relevant concentrations (Armstrong et al., 2014).

Although no previous study has focused on the effect of ticagrelor as an adenosine uptake inhibitor on neutrophil function, dipyridamole has been found to exert beneficial effects secondary to an action on neutrophils; preoperative treatment with dipyridamole for patients who undergo coronary artery bypass graft inhibited neutrophil superoxide anion generation and neutrophil adhesion to endothelial cells (Chello et al., 1999). These researchers proposed that this effect was mediated by increased adenosine levels. Another study suggested that dipyridamole enhanced the inhibitory effects of adenosine which in turn reduced the effect of fMLP-activated neutrophil hydrogen peroxide (H2O2) production (Zhang et al., 2008).

Data presented in this Chapter demonstrate how adenosine uptake inhibition by dipyridamole and ticagrelor can promote neutrophil migration in the presence of erythrocytes and adenosine. Although ticagrelor has been shown to induce ATP release from human erythrocytes in vitro, which is subsequently degraded to adenosine (Öhman et al., 2012), our results did not demonstrate any effect via this mechanism on neutrophil recruitment, since there was no effect when ticagrelor was combined with erythrocytes and neutrophils in the absence of added adenosine. 

In conclusion, a nanomolar concentration of adenosine enhanced neutrophil migration toward IL-8 via A1 receptors whereas this effect was lost at higher concentrations of adenosine due to inhibition via the low affinity A2A receptor. Ticagrelor and dipyridamole had no direct effect on neutrophil recruitment but were able to preserve the enhancing effect of adenosine on neutrophil migration in the presence of erythrocytes through the inhibition of adenosine reuptake. Further work is required to determine whether adenosine might mediate immunostimulatory effects of ticagrelor that could provide protection against pulmonary infection and whether there is an optimal level of ENT1 inhibition that maximises any such effects.

Key findings: This chapter has described the effect of ticagrelor on neutrophil migration in the presence of adenosine and erythrocytes in vitro. In summary:
· IL-8 (10-9-10-7M) induced a significant increase in neutrophil migration compared to control. 
· Adenosine did not act as chemoattractant for neutrophils.
· Adenosine (10-8M) significantly enhanced neutrophil migration to IL-8 (10-9M).
· The presence of a low concentration (10-8M) of adenosine potentiated neutrophil migration to IL-8 through the adenosine A1 receptor. 
· The presence of a high concentration (10-5M) of adenosine abolished enhancement of neutrophil migration to IL-8 through the adenosine A2A receptor.  
· The adenosine A3 receptor did not have  a significant effect on neutrophil migration to IL-8. 
· Whereas adenosine (10-8 M) significantly potentiated neutrophil migration towards IL-8 in the absence of erythrocytes, this effect was not seen in the presence of erythrocytes. 
· Ticagrelor had no direct effect on neutrophil recruitment but was able to preserve the enhancing effect of adenosine on neutrophil migration in the presence of erythrocytes.





[bookmark: _Toc405817920][bookmark: _Toc424586785]General discussion 
























The lower mortality rate in the ticagrelor group compared with the clopidogrel group following pulmonary infection and sepsis in the PLATO study was associated with slightly higher inflammatory markers in the ticagrelor group (neutrophil count, C-reactive protein and IL-6) (Storey et al., 2013). The reason for these differences in the inflammatory marker levels is not known. Therefore, this thesis investigated the effect of the P2Y12 inhibitors (clopidogrel and ticagrelor) on neutrophil migration. Platelets are not only elements of primary importance in haemostasis and thrombosis, but also have an important role in inflammatory responses. Chemokines (e.g. CCL7 and IL-8) released from activated platelet α-granules (Gear and Camerini, 2003) or the interaction of platelets with neutrophils (Page and Pitchford, 2013) enhance neutrophil activation. An increasing body of evidence suggests that antiplatelet agents such as aspirin, clopidogrel and prasugrel can affect inflammation. Both in animal models (Polanowska-Grabowska et al., 2010, Jia et al., 2013) and in human cells (Evangelista et al., 2005, Xiao and Théroux, 2004), clopidogrel reduced the formation of platelet-neutrophil aggregates. Also, clopidogrel was associated with a reduction in some inflammatory markers such as CRP, IL-6 and TNF-α in CVD (for review (Muhlestein, 2010). In addition, P2Y12 receptors and clopidogrel play a direct role in neutrophil activation (Diehl et al., 2010). Therefore, the first aim of this thesis was focused on the effect of P2Y12 receptors and the prodrug clopidogrel on neutrophils directly.

This was done in vitro by using a chemotaxis assay. The negative immunomagnetic separation technique was used to isolate neutrophils from mouse blood. The advantage of this technique is that it reduces neutrophil activation compared to positive selection (Cotter et al., 2001). This is done by targeting the other white blood cells and avoiding labelling neutrophils with antibodies. Also, this method is able to retrieve a high percentage of neutrophils (∼70 to 80%) with high purity compared to density gradient centrifugation. In addition, neutrophils isolated using negative immunomagnetic separation are viable for subsequent studies.

The chemotaxis assay, originally introduced by Boyden (Boyden, 1962), was used for the quantitative analysis of neutrophil migration. The advantages of the chemotaxis assay were described by Chen (2005); it aids the study of the effect of inhibitors or antibodies that may target a specific cell surface protein on cell motility by adding them with loaded cells to the upper chamber. Another advantage is time saving and allows for cell-motility analysis without consideration of the effect from cell proliferation. In addition, it allows for cell migration study without the consideration of the effect from cell–cell interactions. C57BL/6 wild-type mice were used to convert clopidogrel to its active metabolite and determine its effect on neutrophil migration. The P2Y12-/- mice were used to study the effect of P2Y12 receptors on neutrophil migration. In addition, the human IL-8 and its closest functional murine equivalent (KC) were used as a potent chemoattractant to induce neutrophil migration. 
 
The initial in vitro experiments aimed to find the optimal concentrations of KC and IL-8 chemoattractants to induce mice and human neutrophil migration.   In chemotaxis assay experiments with mice neutrophils, the optimal concentrations of KC for maximum neutrophil migration were 10-7M and 10-6M, which were used for all subsequent experiments to induce mice neutrophil migration in vitro. In chemotaxis assay experiments with human neutrophils, the optimal concentration of IL-8 for maximum neutrophil migration was 10-8M. A sub-maximal concentration of IL-8 (10-9 M) was used for all subsequent experiments to investigate any potential increase or decrease in migration caused by antiplatelet agents or adenosine. 

A previous study suggested that P2Y12 receptors are expressed on neutrophils and may be directly affected by a P2Y12 antagonist (clopidogrel) (Diehl et al., 2010). This observation has not been confirmed by other studies and contradicts Hollopeter et al.’s (2001) study, which showed that P2Y12 is not expressed on leukocytes. Hence, there is a need for further investigations to clarify whether P2Y12 receptors are expressed by neutrophils and whether or not they can modulate any aspect of neutrophil function. Therefore, before testing the effect of clopidogrel on neutrophil migration, we investigated the effect of the absence of P2Y12 receptors on neutrophil migration in vitro; neutrophils isolated from P2Y12-/- mice did not show significantly altered migration to KC compared to neutrophils isolated from wild-type mice in vitro. 

The expression of P2Y12 receptors has, however, been reported in other immune cells including monocytes, lymphocytes (Wang et al., 2004) and dendritic cells (Ben Addi et al., 2010). In addition, other studies (Paruchuri et al., 2009, Liverani et al., 2014) showed that P2Y12 receptors could play a role in inflammation. Our in vitro experiments exclude any direct role for P2Y12 receptors on neutrophil migration to KC. In our in vivo studies, we did not directly compare thioglycollate-induced neutrophil migration in untreated wild-type and P2Y12-/- mice due to a shortage of P2Y12-/- mice. Because of this shortage we focussed on the study of the effect of antiplatelets on neutrophil migration. Therefore, further investigations are required to test whether P2Y12 receptors have any indirect effect on neutrophil migration in vivo. A thioglycollate-induced peritonitis model could be a helpful tool to determine any change in neutrophil migratory behaviour between the wild-type and P2Y12-/- mice.  

Similar to the results of studies on the role of the P2Y12 receptor, clopidogrel did not cause any significant change in neutrophil migration directly in vitro. This supports another finding, which demonstrated that clopidogrel has no significant effect on human neutrophil migration in vitro (Dunzendorfer et al., 2002). This result was also confirmed in the thioglycollate-induced peritonitis model. The in vivo experiment showed that clopidogrel had no statistically significant effect on neutrophil recruitment in the peritoneum of either wild-type or P2Y12-/- mice. Taken together, our results demonstrate that clopidogrel has no direct effect on neutrophil migration. Further studies are required to study the effect of clopidogrel on neutrophil phagocytosis or determine the reasons for clopidogrel to either inhibit (Hagiwara et al., 2011, Liu et al., 2011) or enhance (Garcia et al., 2011) inflammation in different models.

The absence of effect of clopidogrel on neutrophil migration in our experiments and presence of a secondary role for ticagrelor as adenosine uptake inhibitor shifted our focus to the relationship between ticagrelor and adenosine on neutrophil migration. In addition, an interesting analysis observed that, in a post hoc analysis of the PLATO trial, ticagrelor was associated with lower morbidity and mortality related to pulmonary infection and sepsis compared to clopidogrel therapy (Storey et al., 2013). In this analysis ticagrelor therapy was also associated with slightly higher inflammatory markers (neutrophil count, C-reactive protein and IL-6) compared to clopidogrel therapy and the mechanisms for this are still not known.   Before testing the effect of ticagrelor and adenosine directly on neutrophil migration, we studied the effect of ticagrelor on neutrophil recruitment in a thioglycollate-induced peritonitis model. The results showed that 100 mg/kg of ticagrelor did not cause a significant change in neutrophil recruitment in the peritoneum of wild-type mice compared to the control.

The absence of the effect of ticagrelor in this model may be explained by an insufficient dose and time of treatment. For example, a previous study suggested that there was a positive correlation between the plasma dipyridamole levels, period of treatment and the elevation of extracellular adenosine levels (German et al., 1989). Five healthy volunteers were given 4 doses (100mg/dose) of oral dipyridamole per day for 5 days. The results showed that there was a slight significant increase in the levels of adenosine in the first 24hrs of drug administration but the most significant increase was after 48hrs. In addition, the average increase was approximately 60% compared to control during the last 3 days (German et al., 1989). Therefore, the increase in the period of treatment and the number of doses, which was not performed in our experiment, may associate with higher increase in plasma adenosine concentrations in vivo. 

The effect of ticagrelor in the presence of exogenous adenosine on human neutrophil migration was determined in vitro. The results showed that the low concentration of adenosine (10-8M) enhances neutrophil migration through A1 receptors, whereas a higher concentration (10-5M) abolishes this enhancement through A2A receptors. These findings are consistent with previous results (Cronstein et al., 1992, Chen et al., 2006), indicating that the low concentration of adenosine stimulates neutrophil migration. The uptake of adenosine by erythrocytes (Roos and Pfleger, 1972, Plagemann et al., 1985) was tested and the results showed that the effect of a low concentration of adenosine in enhancing neutrophil migration disappeared in the presence of erythrocytes. 
 
Ticagrelor and dipyridamole enhance a nanomolar concentration of adenosine to augment neutrophil migration to IL-8 by inhibiting the reuptake of adenosine by erythrocytes. This finding is likely one of the mechanisms that may help to explain why ticagrelor was associated with fewer pulmonary infections and fewer deaths following pulmonary infections and sepsis compared to clopidogrel in the PLATO study. 

[bookmark: _Toc424586786]Limitations
The aims of this study were based on clinical observations of a subset study of the PLATO trial. The use of animal models in chapters 3 and 4 to reflect the effect of antiplatelet therapies on humans represents a limitation to the actual findings. There are many anatomical and genetic differences between the species. The differences between mice and humans in immune system development, activation and response to challenge have been documented (Mestas and Hughes, 2004). Although the P2Y12 antagonists, which are used in this study, form a dominant part of the treatment strategy for patients with ACS, they were tested in non-atherosclerotic models. Naturally, mice do not develop atherosclerosis and require genetic manipulation (e.g. ApoE gene) to develop the disease (Vilahur et al., 2011). Therefore, it must be considered that the results of chapters 3 and 4 were obtained from experiments in non-human species, and so any findings may not necessarily be compatible with human biological responses. However, animal models are still powerful tools in addition to in vitro assays. In this thesis, mice models enable us to study the effect of the active metabolite of clopidogrel on neutrophil migration. Also, they were valuable to test the absence of P2Y12 receptors and to study the effect of antiplatelet therapies on neutrophil recruitment under inflammatory conditions (e.g. peritonitis).  

Using a gavage needle is an easy and fast way to administer a drug orally, yet it is not completely safe and may harm the throat of the mouse. Clopidogrel is insoluble in water and was resuspended in 200µL water and then orally administered to the mice. When clopidogrel was administrated a tiny amount of the drug remained in the gavage needle and this may affect the accuracy of the dose. To avoid that, a number of methods can be used but these methods also have disadvantages. For example, clopidogrel can be resuspended in 100µl of water and administrated to a mouse, using another 100µl of water only to remove any remaining dose of the drug in the gavage needle. This method may deliver the dose more accurately but repeated use of a gavage needle may harm the mouse’s throat. Mixing clopidogrel with food (e.g. jelly cube) is another method of drug delivery. This requires that the mice are trained to eat this type of food, which is time-consuming but is useful for long-term dosing studies.  

There is no strong evidence from the literature to support that adenosine A2B receptors play contribute to neutrophil migration. For example, using adenosine A2B antagonist or A2B-/- mice did not show a significant effect on neutrophil migration in vivo or in vitro (Kolachala et al., 2008, van der Hoeven et al., 2011). Therefore, we chose not to investigate the effect of adenosine A2B antagonist on neutrophil migration. However, other studies suggest that A2B inhibits neutrophil chemotaxis through the neuronal guidance molecule netrin-1 (Mirakaj et al., 2010, Rosenberger et al., 2009). Investigating the effect of adenosine A2B receptors on neutrophil migration in this thesis would provide a comprehensive analysis of the role of all subtypes of adenosine receptors on neutrophil migration. 

Detection of the expression of P2Y12 receptors on neutrophils represents another limitation in this thesis. The absence of a direct effect of P2Y12 antagonists on neutrophil migration in this study did not encourage us to investigate the expression of P2Y12 receptors on neutrophils. Whether there is a presence (Diehl et al., 2010) or an absence (Hollopeter et al., 2001) of P2Y12 receptors on neutrophils may require confirmation. Investigating the expression of P2Y12 receptors on neutrophils may not be critical in this study due to the absence of a direct effect of P2Y12 antagonists on neutrophil migration, but it could be helpful to study the effect of P2Y12 antagonists on other neutrophil functions.

[bookmark: _Toc424586787]Future work
Many questions and investigations could arise from the findings of this thesis. I believe continuation of this work will provide great opportunities to expand our understanding of disease progression, prevention and management. The following sections contain a few suggestions about what could be investigated. 
Studying the effect of ticagrelor and dipyridamole as adenosine uptake inhibitors on mice neutrophil migration in vitro could be a useful step prior to testing their effect in vivo. A thioglycollate-induced peritonitis model can be used to investigate the effect of ticagrelor and dipyridamole on neutrophil migration in vivo. Using continuous injection of adenosine in mice treated with ticagrelor, dipyridamole and a control may overcome the short half-life of adenosine. Also, using adenosine deaminase inhibitor may be required to prevent the breakdown of adenosine in circulation. Measuring the levels of extracellular adenosine in mice and comparing the concentrations to mice treated with antiplatelet therapies and a control could determine the relationship between adenosine concentration and the response of neutrophil migration in vivo. Also, a study similar to that of Morote-Garcia et al. (2013), which showed dipyridamole and a specific ENT1 inhibitor reduced accumulation of neutrophils in the lungs, may help to test the effect of ticagrelor on neutrophil recruitment to the lungs.  

Given more time, I would like to continue this work and investigate the effect of ticagrelor and dipyridamole on other neutrophil functions. Currently, members of our research group have been investigating the effect of antiplatelet therapies on neutrophil function. Similar to my findings, they showed that in the presence of erythrocytes, a low concentration of adenosine (10-8M) significantly increased the neutrophil phagocytic index compared to control when ticagrelor was present, but had no effect in the absence of ticagrelor.  

[bookmark: _GoBack]Monocytes/macrophages contribute to atherosclerotic lesion development. Adenosine showed significance in monocyte/macrophage functions, such as differentiation, maturation, proliferation and secretion of reactive oxygen species (Haskó et al., 2007). Studying the effect of ticagrelor as an adenosine inhibitor on monocyte function would be of interest. Finding significant results from such research could lead to the study of the role of adenosine uptake inhibitors in atherosclerotic lesion development and the possibility of using them as primary prevention in patients at risk of developing CVD.

The expression of P2Y12 receptors has been reported in other immune cells including monocytes, lymphocytes (Wang et al., 2004) and dendritic cells (Ben Addi et al., 2010). Testing the effect of P2Y12 receptors and their antagonists (e.g. clopidogrel and ticagrelor) on the function of these immune cells would be of interest. This may give us more details about P2Y12 receptors and their antagonists in inflammation and disease progression. 

Using different models of mice similar to the clinical scenario of the PLATO trail, which was associated with sepsis and lung infection, could be a useful method to compare the effect of clopidogrel and ticagrelor on neutrophil function. LPS-induced lung inflammation or caecal ligation and puncture-induced sepsis are examples of mice models that can be used to test the effect of P2Y12 inhibitors on neutrophil migration. This may overcome the differences in the response and behaviour of neutrophil migration between two tissues such as lung and peritoneal (Gangavarapu et al., 2012, Wagner and Roth, 2000).  

[bookmark: _Toc424586788]Summary and conclusion 
To summarise the findings of this thesis, KC and IL-8 stimulate mouse and human neutrophil migration. P2Y12 receptors and clopidogrel have no direct effect on neutrophil migration. The thioglycollate-induced peritonitis model did not show a significant effect for P2Y12 receptors, clopidogrel and ticagrelor on neutrophil recruitment. In vitro, low concentrations of adenosine potentiate neutrophil migration to IL-8 through the A1 receptor. In contrast, the A2A receptor abolishes this enhancement in the presence of a high concentration of adenosine. Inhibition of adenosine reuptake by ticagrelor and dipyridamole potentiates the effects of a nanomolar concentration of adenosine on neutrophil migration. 

In conclusion, these findings demonstrate a novel effect for ticagrelor in regulating neutrophil migration through its effects on adenosine re-uptake by erythrocytes (Figure 6.1). This may partially explain the observed benefit of ticagrelor over clopidogrel in the PLATO trial with respect to sepsis-related mortality.



[image: ]
[bookmark: _Toc426232023]Figure 6.1 The effect of ticagrelor and dipyridamole on neutrophil function
Ticagrelor and dipyridamole inhibit re-uptake of adenosine by erythrocytes. This inhibition potentiate neutrophil migration in presence of low concentrations of adenosine through A1 receptor. The higher concentrations of adenosine inhibit this increase of neutrophil migration through A2A receptor.  
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Appendix A: Antibodies used for mice neutrophils isolation
	Antibody
	Isotype
	Alternate Name (s)
	Supplier

	Anti-Mouse CD2
	Rat IgG2b, λ
	LFA-2
	BD Pharmigen™
(Oxford, UK)

	Anti-Mouse CD5
	Rat IgG2a, к
	Ly-1
	BD Pharmigen™
(Oxford, UK)

	Anti-Mouse CD45
	Rat IgG2a, к
	Ly-5, Lyt-4, T200 
	eBioscience (Hatfield, UK)

	Anti-Mouse F4/80
	Rat IgG2a, к
	BM8
	eBioscience (Hatfield, UK)

	Anti-Mouse CD115
	IgG1
	c-fms
	AbD Serotec (Kidlington, UK)
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Appendix B: Disposable Haemocytometer 
The disposable plastic haemocytometer was used for manual cell counting. It consists of surface –patterned two enclosed chambers (counting area). Each chamber has a small port for sample injection. The grid pattern or counting area consists of 9 large squares and each square has a total volume of 0.1mm3. The central square consists of 25 small squares and the four corner squares consist of 16 small squares. 
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